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General Introduction 

In the M1RD annual report of last year Dave 
Shirley noted his intention to resign as Division 
Head, His long-standing plan was to spend a /ear 
in full-time research as a Miller Research Profes
sor and then to return to his duties as a faculty 
member in the Chemistry Department and Investigator 
in MMRD. Things did not go according to plan. 
Andrew Sessler, having served seven and a half 
years as Director of the Lawrence ferkeley Labora
tory, asked to be relieved of !ds duties. After a 
national search for a new director, Dave Shirley 
was appointed, effective April 1, 1981. I became 
Division Head April 15, 1981. 

Dr. Shirley sacrificed considerable time from 
his formidable new job in order to inform and 
advise me on problems of managing MMRD. For this 
I am grateful, and I am particularly pleased that 
despite his heavy responsibilities as Director he 
has maintained his amazingly productive career as 
an Investigator in this Division. Conway Peterson, 
the Division Administrator, Rolf Muller, the 
Assistant Division Head, and the Division Adminis
trative Staft have continued to discharge their 
responsibilities effectively and efficiently and 
have, in addition, been tactful teachers for me. 

At the end of 1980 there were affiliated with 
MMRD 8 staff senior scientists! 53 faculty as 
faculty senior scientists or associated faculty, 
83 staff scientists; 84 postdoctorals and other 
scientific personnel; 353 graduate students; and 
H technical, administrative, or clerical support 
staff—for a total of 672. During calender year 
1980, 351 journal articles and LBL reports were 
published by members of MMRD, and 37 Ph.D. and 9 
M.S. degrees were awarded to MMRD students. 

In 1980 MMRD staff again garnered an impres
sive number of honors. A selected list appears 
below: 

Neil Bartlett was awarded the medal of the 
Josef Stefan Institute of Ljubljiana, Yugoslavia. 

Marvin Cohen was elected to the National 
Academy of Sciences. 

Yuan Lee was asked to serve as the Falk-Plaut 
Lecturer at Columbia University; was made an 
Honorary Professor of the Institute of Chemistry 
of the Chinese Academy of Sciences, Beijing, China, 
and an Honorary Professor at Fudon University, 
Shanghai, China; and he was elected member of the 
Academia Sinica, Taipei, Taiwan, China. 

John W. MovriBy Jr. was judged by program 
managers for the Materials Sciences Programs at 
DOE national laboratories and in Washington DC 
to have completed materials science research at 
a national laboratory with the most significant 
implications for energy during the previous year. 

Joseph Pask was awarded the Berkeley Citation 
by the University of California, Berkeley, for 
distinguished achievement and for notable service 
to the University. He was also given a medal of 
the Spanish Ceramic Society Foundation and 
membership in the Founders' Group of the Spanish 
Society for Ceramics and Glass, Madrid, Spain. In 
addition, he was a'/arded the 1979 Gold Medal and 
Certificate of the Societe de'Encouragement pour 
la Recherche et l'Invention, Paris, France. 

John Pr^ausnits was chosen as faculty research 
lecturer for 1980-81 by his academic colleagues 
of the Berkeley faculty. 

Kenneth Raymond was awarded a Guggenheim 
Fellowship. 

Glenn Seaborg was made one of the University 
of California System's 12 Uhiversirv Professors--
a title reserved for scholars of international 
distinction who are recognized and respected as 
teachers with exceptional ability. 

Steve Shaffer was awarded first prize for his 
poster in the student category at the International 
Metaliographic Exhibition in England. 

7. Bon Sh<m was made an honorary professor 
of the Institute of Physics, The Academy of 
Sciences; Beijiw, China. 

David A. Shipley was elected to the Academy 
of Arts and Sciences. 

Gahov Scmorjai was an invited scholar and 
received an Outstanding Scientist Award fvcm the 
German Federal Republic. He was announced to be 
the 1981 recipient of the ACS award in Colloid 
or Surface Chemistry. 

Gczreth Thonas was awarded -j. Humboldt Fellow
ship for research in the German Federal Republic. 

David Whittle was awarded a Doctor of Science 
from the University of Manchester, 

The year 1980 brought many new scientific 
accomplishments. The partial list below gives 
some idea of the diversity of research at MMRD. 

John Clarke and his associates made further 
progress on theoretical understanding and experi
mental development of superconducting quantum 
interference devices for use as supersensitive 
magnetometers and voltmeters. By reducing the 
areas of electrical junctions to less than 
10"5 mm^ t̂ ey have achieved a sensitivity that 
lies within a factor of 2 of the theoretical limit 
set by the quantum mechanical uncertainty principle. 

Marvin Cohen and his associates have used 
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pseudopotential theory to predict, with only the 
atomic number as an input parameter, the energy-
volume phase diagrams for silicon and germanium. 
Predicted properties such as interatomic distances 
and cohesive energies differ from experimental 
values by little more than the uncertainty in 
experimental measurements. 

Richard Marrus and his colleagues of the 
atomic physics group have been able to measure 
electron capture cross-sections as a function of 
ion velocity for N e 1 0 + ions {i.e., the ions 
produced by removing all the valence electrons 
from a neon atom) as a function of ion-kinetic 
energy. These data are of value to understanding 
energy loss mechanisms in fusion devices and astro-
physical plasmas. 

Several years ago, John W. Morris, Jr. and 
his coworkers showed that it was possible to 
achieve an outstanding combination of strength and 
toughness at 4 K in ferritic cryogenic steels. 
Now they have developed successful techniques for 
producing tough weldments of these steels that 
also remain ductile at 4 K. This opens the way 
to practical application of these cryogenic ma
terials in superconducting magnet cases. 

David Shirley and associates discovered and 
applied a new technique of normal photoelectron 
diffraction to study selenium and sulfur adsorbate 
structures on nickel surfaces. The ordered 
structures of Se on N'i showed photoelectron dif
fraction at low coverage for which no LEED pattern 
was obtained. 

Gabor Somorjai and coworkers demonstrated 
that a monolayer of gold, which itself is not a 
catalyst for the dehydroger.ation of cyclohexene, 
when present as a monolayer on a platinum surface 
increased the cyclohexane dehydrogenation rate by 
as much as a factor of 5 over the rate on a pure 
plarinum surface. 

MMRD suffered a serious setback in 1980 when 
we learned that some of the funds already allocated 
for the Chemical and Materials Sciences Laboratory 
(CMSL) in FY 1980 were withdrawn. As things stand 
in early 1981, the Atomic Resolution Microscope 
portion of the CMSL project will proceed, but the 
laboratory building appears unlikely to be funded 
before FY 1983. This delay constitutes a sad loss. 
We have made good progress in studies of surface 
science and related studies in coal chemistry 
and morphology and catalysis, but a centralized 
laboratory is badly needed to provide space to 
focus on these and other programs. On a brighter 
note, the National Electron Microscopy Center 
(NEMC) took tangible form as a new component of 
MMRD in 1980. Installation of the High Voltage 
CI.5 MeV) Electron Microscope was completed and 
its testing was well underway at the end of the 
year. Gareth Thomas, who has been the principal 
driving force in bringing the project to fruition, 
will serve as the Center Chairman; Kenneth 
Westmacott will be Manager of the High Voltage 
Electron Microscope (HVEM) facility; and Ronald 
Gronsky will be Manager of the Atomic Resolution 
Microscope (ARM) facility. The HVEM and ARM, 
which should become operational in 1982, will be 
made available free of charge upon approval of the 

scientific merits of a project by the Committee. 
Companies who wish to retain proprietary rights 
in processes studied with these instruments may 
do so upon arrangements to pay the full cocts of 
the study. 

Pine scientists—W. L. Bell (GE Vallecitos), 
D. G. Howitt (UC Davis), J. C. Spence (Arizona 
State), A. Taylor (ML, Argonne), M. Simnad 
(General Atomic Company, San Diego), and 
R. M. Glaeser, R. Gronsky, G. Thomas, and 
K. H. Westraacott of LBL--have accepted my invita
tion to serve as members of the NEMC Steering 
Committee, with Dr. Simnad as Committee Chairman. 
The Committee had i:s first meeting in December 
19S0. They have approved approximately 27 pro
posals for studies with the HVEM. About half of 
the proposals are from LBL or the Berkeley campus, 
and the remainder from elsewhere. 

Two new principal investigators joined MMRD 
in 1980. They are Professor Didier de Fontaine of 
the UC Berkeley Department of Materials Science 
and Mineral Engineering, and Professor Peter Yu of 
the Physics Department. Professor de Fontaine is a 
theoretical metallurgist; he will participate with 
the electron microscopists in coordinated theuret-
ical and experimental studies of ordering and 
clustering phenomena. Professor Yu will use 
tunable dye lasers to study the behavior of semi
conductors and superconductors. Professor Joseph 
Pask has reached retirement age at the University, 
but we hope to have him continue his association 
with MMRD. In fact, since his formal retirement he 
together with Professor A. G. Evans, presided over 
one of three very successful conferences sptnsored 
by MMRD in 1980, "Surfaces and Interfaces in 
Ceramic and Ceramic-Metal Systems," held July 28-
30, 1980, The other conferences were the "First 
Berkeley Catalysis and Surface Science Conference," 
hosted by Dr. Heinz Heineraann and Professor Gabor 
Somorjai, held July 16-18, 1980, and the "Semi-
Annual Bay Area High-Temperature Meeting," hosted 
by Professor Leo Brewer, held October 21, 1980. 

The Annual Review of our 1980 programs was 
held on February 9-10, 1981. Professor M. E. Fine 
of Northwestern University served as Chairman of 
th« Review Committee. Other members were: 
Professor R. L. Coble, Massachusetts Institute of 
Technology; Professor S. Liu, Iowa State Univer
sity; Professor M. Boudart, Stanford University; 
Professor R. B. Bernstein, Columbia University; 
and Dr. H. W. Paxton of United States Steel. 
They reviewed approximately half of the programs 
of the Division. It is our intention to review 
each Division program approximately every other 
year. 

MMRD is a remarkably vital and productive 
research organization. My predecessors—Kenneth 
Pitzer, Leo Brewer, and David Shirley--encouraged 
research studies that were not only individually 
strong but mutally interacting and stimulating. 
I will work to maintain the Division's momentum 
along the sound path that they laid out for us. 

Alan W, Searcy 
Division Head 



A. Metallurgy and Ceramics 

1. Structure of Materials 

a. Atomic Resolution In Microscopy* 

Ronald Gronsky and Gareth Thomas, Investigators 

Introduction. Atomic resolution microscopy 
received funding as a line item This year at a 
level that established i t as the largest project 
in transmission electron microscopy ever to be 
undertaken in the United States. Its objective 
is to study the structure and properties of 
materials directly a t the atomic level by electron-
optical imaging of individual atoms. To this end, 
a set of design specifications was issued by LBL 
earl ier th is year (see Fig. 1) for the Atomic 
Resolution Microscope (ARM) , an instrument that 
will be capable of resolving atomic positions in 
close-packed structures with the further provision 
^ r variable voltage operation so as not to exclude 
imaging of radiation-sensitive materials. On July 
24, 1980 the contract for the ARM was awarded to 
JEOL, 13SA, Inc., with shipment expected during 
August of 1982. When installed near I-MRD Building 
72, this instrument will become a shareable resource 
in LBL's National Facility for Electron Microscopy. 

The f irst of the feeder instruments associated 
with the ARM, a JEM 200 CX, was installed in 
December 1980. Ini t ia l resolution tests have been 
highly successful (Fig. 2) and this instrument is 
currently being calibrated for high resolution 
operation to in i t ia te the research programs in 
atomic resolution microscopy. 
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Fig. 1. Plot of theoretical resolution (r) as a 
function of accelerating potential for the atomic 
resolution microscope. Values are determined by 
maintaining a constant product of spherical aber
ration coefficient (Cs) and illumination wavelength 
(A). (XBL 803-4822) 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
Materials Sciences Division of the U. S. Department 
of Energy under Contract No, W-7405-ENG-48. 

Fig. 2. First run resolution tes t from the JEM 
200 CX. The image was taken in an axial illumina
tion mode at 200 kV v.ith a standard hairpin filament. 
The imaged periodicity represents the (004) spatial 
frequency (1.018 A) in the evaporated Au specimen. 

(XBB 811-627) 

To date, thsse programs include the study of 
coherent transformations with emphasis on incipient 
interfacial structure, the relationship between 
grain boundary structure and properties in metallic, 
ceramic and semiconductor materials, structural 
analysis of glass-like materials, and the theoreti
cal analysis of the imaging capabilities of modern 
electron-optical systems. 

Progress during the past year in a number of 
these areas is reported below. 

1. HiGH RESOLUTION TRANSMISSION ELECTRON 
MICROSCOPŶ  

Ronald Gronsky 

I t has by now been well established that the 
spatial periodicities recorded in a high resolution 
transmission electron microscope are not always 
uniquely representative of the atomic structure of 
a specimen. This effect is due to the resolutioi 
limitations imposed by Ions aberrations in the 
electron-optical case (as compared to illumination 
wavelength in the light-optical case). The purpose 
of this on-going program is to develop the necessary 
theoretical reference frame for accurate interpre
tation of atomic resolution images. 

Computations have been performed to determine 
the form of the envelope functions describing the 
detrimental effects of partial coherence1 in the 
electron course (Ea) which arise from a finite 
illumination aperture, a, and the effects (Ec) of 
chromatic aberration 2 due to fluctuations in 
voltage supply (AV), fluctuations in objective 
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less current (AI) and energy spread (AE) or temporal 
coherence of the electron beam. 

Using accepted forms ' of these functions, 

2J.(P) 

E c , e x p [ - 4 2 c c Q v ] 
where 

P = T ^ s ^ + A Z A y ] 

Q2 . $ t m > t [§f 
typical plots of the envelope functions were gener
ated as a function of the reciprocal space param
eter u, the electron wavelength \ , and the defocus 
(AZ) and aberration coefficients C s, C c of the 
objective lens (see cigs. 3 and 4). Comparisons 
with experimental results show some discrepancy 
with the fonn of E a for pointed cathodes, using 
optical Jiffractogram analysis, but the agreement 
with E c is very good. 

Excerpted in part from I.BL 137.4?. 
1. K.-J. Hanszen ind R. Trepte, Optik 33, 16 
C1971). 
2. P. I. Fejes, Acta Cryst A-<3, 109 (1977). 

Fig. 3. Plot of the effect of the envelope function 
(dotted line) on the Scherzer defocus coherent 
transfer function (solid line) for a 100 kV electron 
microscope with C. = 0.7 mm and a = 1 0 _ i rad. 

s (XBL 807-5500) 

Fig. 4. Plot of the effect of the envelope function 
(dotted line) on the Scherzer defocus coherent 
transfer function (solid line) for 100 kV electron 
microscope with C = 0.7 mm and CO = 50 A. 

s c (XBL 807-549D) 

2. GRAIN BOUNDARY STRUCTURE AND SEGREGATION IN Al 
ALLOYS+ 

Jose Briceno-Valero and Ronald Gronsky 

Studies of grain boundary segregation in metal
lurgical systems are traditionally based upon ths 
premise that grain boundaries are more likely si tes 
for solute atoms than their surrounding grains. 
This idea is manifested in experimental studies 
which distinguish the solute concentration at 
boundaries from that of grain interiors using 
various spectroscopic techniques, including more 
recently, energy dispersive spectroscopy (EDS) of 
x rays in TEM/STEM instruments. The present pro
gram is concerned with an alternative study of 
grain boundary segregation where the distribution 
of solute atoms along the boundary-!'lario (as 
opposed to that across the boundary plane) is 
sought. The interest here is to establish whether 
or not a relationship exists between the structural 
defect configuration of the boundary plane and the 
s i te preference for solute segregation. 

Aluminum bicrystal specimens with controlled 
amounts of 2n dopant were prepared according to 
Fig. 5 and examined in a Philips EM 400 TEM/STEM 
equipped with LaBg gun. The electron probe size 
was 50 A at the specimen surface and spot readings 
were taken at intervals of a few hundred angstroms 
along boundaries of constant thickness. 

Results of he study for a particular bicrystal 
are presented _n Fig. 6, which shows the Zn/Al 
count rate ratio at a function of distance along 
the boundary plane. A relative change in 2n con
centration of approximately 201 is evident at 
periodic intervals of approximately 4000 angstrans. 
Diffraction analysis of the bicrystals confirms 
that the adjacent grains are misoriented by a 58.73° 
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Fig. 5. Schematic of specimen preparation method, 
the M bicrystal is fir?t coated with an evaporated 
layer of solute, then subjected to a diffusion 
anneal. Foils are prepared from the edge-on doped 
boundary region after surface residue is removed. 

(XBL 802-8370) 
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Fig. 6. Plof of composition variation (count rate 
ratio of Zn to Al) as a function of distance along 
a <lll)/60° coherent twin boundary. The periodicity 
of the segregation events i s "~ 4000 A.. 

(XBL 802-8369J 

rotation about the direction [-1.0 -1.28 1.11]. 
This is very close to a <311>/60° CSL boundary 
which characterizes a coherent ti;in I t would not 
be unusual therefore to observe a 4000 A periodicity 
in the defect structure for this highly ordered 
boundary. Subsequent results confirm however that 
even secondary relaxations in the boundary plane 
can be significant so2ute s i t e s . 

TBrief version of LBL-10683. 

3. HIGH RESOLUTION STUDIES OF Hlffl-RANK COALS1" 

John A. Lit t le ' and Ronald Gronsky 

A study has been undertaken to characterize the 
mi<.coicopic <-, • ''MCIU. of coals at high levels 
of spatial resolution, not only for the purpose 
of identifying these constituents but also to 
determine their effects on various conversion 
(gasification or liquefaction) reactions. Parti
cular attention has been paid to the maceral 
content of the coal, and even i t s basic carbon 
skeleton with associated functional groups, as 
well as the submicron sized mineral particles whicn 
are known to profoundly influence the rate of gasi
fication reactions. For this phase of the research, 
higher-rank anthracites have been chosen, primarily 
to concentrate on the crystalline carbon regions 
of the microstructure. 

Specimens were prepared by careful hand-grinding 
using diamond paste down to a thickness of approxi
mately 5 to 10 urn, followed by ion beam milling 
to final perforation. Microscopy was performed 
in the axial illumination mode on a Siemens Elmiskop 
102 equipped with high-angle-tilt goniometer stage. 

As anticipated, the meta-anthracite specimens 
contained a large number of highly ordered regions 
similar to those shown in Fig. 7. At this level 
of resolution the true morphology of these regions 
was revealed however, and there were a number of 
interesting effects. Figure 7 clearly shows an 
undulation in the parallel la t t ice planes of carbon 
which are found to possess an average loc :1 spacing 
of 3.4 A, corresponding to the (0002) basal planes 
in graphite. In some regions these graphitic planes 
were arranged in. c i r t iar fashion at very small 
(10-15 A) radii of curvature. I t i s thought that 
such structures may correspond to the carbon chains 
in the original plant materials which have now 
sufficiently metamorphosed so that most of the 
hetero-atoms and aromatic groupings have become 
part of the pure carbon meta-anthracite skeleton. 
To date there has been no high resolution evidence 
of either long or short range carbon ordering in 
anthracite specimens, which agrees with earlier 
observations. 1 

At the same level of resolution, the small 
mineral partic" i present in the anthracite speci
mens were found to have a very characteristic 
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Fig. 7. High resolution image of ordered regions 
o£ the carbon skeleton in meta-anthracite. Lattice 
planes are spaced at 3.4 A, corresponding to the 
(0002) planes of graphite. (XBB 805-5616) 

morphology. A detailed version in Fig. 8 illus
trates that the surfaces of the particle are highly 
crystallographic, with broad faces parallel to 
the imaged set of lattice planes. The truncated 
corner however, has a high density of ledges, most 
only one or two atom layers in height (arrowed), 
which maximize the surface area of the same imaged 
lattice planes. This finding indicates a possible 

Fig. 8. High resolution image of a mineral particle 
in anthracite. Two sets of lattice planes are 
revealed at ~ 3.6 A spacing, but the exact composi
tion of the particle is unknown. (XBB 811-628) 

microscopic origin for the catalytic activity of 
such particles in coal conversion reactions. 

TBrief \-srsion of LBL-11612. 
^Now at Department of Metallurgy, University of 
Cambridge, Cambridi •, England. 
1. E. !,. Evans, J. . . Jenkins and J. M, Thomas, 
Carbon 1C, 657 (1972). 

4. LATTICE IMAGING OF GLASSY CARBON 

Runald Gronsky, A. S. Rao, and Robert H. Bragg 

The morphology of glassy carbon as a function 
of heat treatment temperature has been closely 
examined in this research program by phase contrast 
lattice imaging using the transmission electron 
microscope. Specimens were ion milled from samples 
treated at 1800DC, 1900°C, 2200°C, 2500°C and 
27Q0°C and viewed in a Siemens Elmiskop 102 operated 
at 100 kV. Images weTe recorded using axial 
illumination with no objective aperature, and 
subsequently examined by optical diffraction for 
their resolution content. Comparisons were then 
made between images recorded at identical camera 
lengths and objective lens focal settings (to 
±0.1 mA), with astigmatism corrected to within 
60 A. 

The deficiencies of conventio: al imaging are 
revealed in Fig. 9, which is an axial dark field 
representation of a specimen treated at 2500°C. 
Bright regions in the micrograph (a) represent 
those areas scattering strongly at the aperture 
position circled in (b), and obviously reveal only 
a severely restricted sampling of the actual 
structure. The ring-like diffraction pattern indi
cates the isotropic character of this carbon speci
men, and explains the origin of the designation 
"glassy." 

Fig. 9. Dark field (a) and selected area dif
fraction pattern (b) of glassy carbon treated at 
2500°C. (XBB 800-12200) 

file:///-srsion


By comparison, the through-focus high resolution 
images in Fig. 10 show that there is in fact a high 
degree of crystallinity in this specimen (2500°C) 
where the carbon atoms are arranged in inter
penetrating fibrils. The change in focus between 
images (220 A) is sufficient to reveal "optimum" 
imaging conditions (b). 

A higher magnification version of the 2700°C 
specimen is shown in Fig. 11 at the same focal 
increments, with the optimum image in (b). Here 
the graphitic ribbons are clearly shown in a number 
of confluence configurations. At the center of 
each image is a 2TT rotation disclination for 
example, with a very large degree of adjacent 
bending. 

The results of this study demonstrate directly 
that the character and gross morphology of the 
stabilized polymer chains in glassy carbon arc; 
identical throughout the heat treatment range. 
The principal differences between these specimens 
are the density of fibrils and consequently, their 
local morphology, i.e., the nature of disclination 
atmospheres. A continuation of this study at 
higher resolution is planned for the purpose of 
modeling a three-dimensional reconstruction of 
the fibril stacking sequences. 

'Now at Argorne National Laboratory, Materials 
Science Division, Argonne, Illinois 6043S. 

Fig. 10. High resolution images of the 2500CC specimen at 220 A focus 
increments. Optimum image is shown in (b). (XBB 800-12197) 

Fig. 11. High resolution images of the 2700°C specimen at 220 A focus 
increments. Optimum image is shown in (b), where lattice fringes are 
spaced by 3.4 A. (XBB 800-12193) 



5. TEM/STEM STUDY OF GRAIN BOUNDARY STRUCTURE AND 
SEGREGATION IN CVD THIN-FILM SILICON 

Jamie H. Rose and Ronald Gronsky 

With the r e l a t i v e l y recent advent of th in - f i lm 
polycrystalline silicon in integrated circuit 
devices, the influence of grain boundaries on 
electrical properties (e.g., res is t ivi ty , mobility) 
is of urgent concern. I t is anticipated that these 
boundaries exert two types of effect: f i r s t , dopant 
segregation to grain boundaries may reduce majority 
carrier concentration in the matrix;1 and second, 
the segregate species may induce defect states 
in the band gap, trapping free carriers and pro
ducing a spare charge region about the boundary 
plane. 2 In this program, attenticn is being paid 
to both effects, and the structure, and segregation 
of dopant species at grain boundaries are being 
monitored at high spatial resolution. 

Specimens have been prepared by low pressure 
chemicaJ vapor deposition (LPCVD) of silicon films, 
and characterized in the Philips EM 400 TEM/STEM. 
Undoped material deposited on native oxide was 
observed to be heavily faulted, but had attractive
ly large grain size (r~ 1 ym) after annealing. This 
is clearly an advantage both in terms of electrical 
properties and the potential for accurate assess
ment of the extent of boundary segregation. 

A subset of specimens was then heavily doped 
with phosphorus by annealing at 950°C in PH3 for 
40 minutes, yielding a substantial P peak in the 
EDS spectra (Fig. 12) which did not vary substan
t ia l ly between grain interior and grain boundary 
at this high concentration level. 

I t was also observed that subsequent anneals of 
the doped material resulted in a rapid loss of 
P to the specimen surfaces. This prompted an addi
tional surface coating treatment by Si02 sputtering, 
and comparisons with the Stanford University 

Fig. 12. EDS spectra from grain interior (dotted 
line) and grain boundary (solid curve) in heavily 
doped LPCVD polysilicon, (CBB 811-631) 

computer program for device modeling (SUPREM) of 
solute concentration profiles for both coated and 
uncoated specimens are currently underway. 

TEM images of these specimens reveal highly 
structured boundary regions, even after substantial 
annealing treatments. I t i s believed that these 
high energy configurations are responsible for 
much of the resist ivi ty observed even in undoped 
specimens. 

1. M. E. Cowher and T. 0 . Sedgwick, J . Electrochem. 
Soc. 119, 1565 (1972). 
2. T. I . Kamins, J . Appl. Phys. 42, "357 (1971). 

6. CHARACTERIZATION OF THE DEFECT STRUCTURE OF 
S i - S i 0 2 INTERFACES 

Je rzy Mazur and Ronald Gronsky 

Thermally grown s i l i c a layers on s i l i c o n are of 
considerable importance because of t h e i r amplica
t i ons in modern i n t eg ra t ed c i r c u i t technology. 
They are used as a ga te d i e l e c t r i c in MOS d e v i c e s , 
as masks aga ins t dopant d i f fus ion and as p a s s i v a t i n g 
agents in a c t i v e device regions and j u n c t i o n s . 
The na tu re of the oxide i s the re fore of ten c r i t i c a l 
t o device performance, p a r t i c u l a r l y in VLSI c i r c u i t s 
and tunnel ing d e v i c e s , e . g . , MOS so l a r c e l l s . i 

This study seeks to characterize the morphology 
and interfacial structure of s i l ica on silicon 
by high resolution electron microscopy and dif
fraction. 

MDS specimens were prepared from n -type Sb-doped 
(111) silicon wafers, wet oxidized at 8S0°C and 
evaporation coated wjth< 1000 A of Al at - 10" 6 
tDrr. The specimens were then annealed at 400°C 
in forming gas (90?N, 10%H) atmosphere for 10 
minutes. After ion milling, cross-sectional speci
mens were examined in a Siemens Elmiskop 102 at 
100 kV. In each instance the electron beam was 
oriented along a [100] Si direction in the interface 
plane. Images were obtained at -* 1U00 A defocus 
from Gaussian. 

Figure 13 shows a high resolution micrograph of 
a specimen with a 70 A oxide layer. The Si-Si0 2 

interface is irregular at a 5 A level but with no 
well-defined periodicity to the interfacial undula
tions. By comparison the 100 A oxide layer in 
Fig. 14 is irregular to ~ 10 A in ledge height with 
similar random ledge distribution along the inter
face. 

These thicker oxides differ from previously 
studied 2 oxides (~ 30 A thickness) in their image 
contrast features. I t is thought that the layered 
appearance may be due to the formation of a new 
oxide phase which may create further electronic 
effects to conpete with those due to greater sur
face irregularity. 
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Fig. 13. High resolution image of an MOS cross 
section with 70 A oxide layer. The interface is 
comprised of an irregular array of S A ledges. 

(XBB 811-630) 

Grain boundary precipitation. A comprehensive 
study of the grain boundary nucleation event in 
dilute Al base alloys is in progress and will 
continue through next year. These studies are 
being conducted at atomic resolution on the JEM 
200 CX and will be complemented with a full image-
simulation routine for accurate interpretation 
of the favored structural sites for precipitate 
nucleation. Data will be gathered on the nature 
of all interfaces, the extent and character of 
faceting and the effects on local boundary structure 
attributed to nucleation. 

Accommodation of deformation at grain boundaries. 
A study is underway to determine the mechanisms 
by which crystal dislocations dissociate at, and 
slip through, the grain boundary plane in bcc 
metals. Visibility conditions have been established 
for both weak beam and lattice resolution images 
using Fe, Nb and Mo bicrystal and noncrystalline 
specimens, and imaging will be performed and 
compared with computed structural unit models. 

Fig. 14. High resolution image of an MOS cross section with 100D A oxide 
layer. The interface is comprised of an irregular array of 10 A Iwges. 

1. R, G. Godfrey and M. A. Green, Appl. Phys. 
Lett. 34, 913 (1979). 
2. 0. L. Krivanek and J. Mazur, Appl. Phys. Lett. 
^7, 392 (1980). 

RESEARCH PLANS FOR CALENDAR YEAR 1981 

Grain boundary segregation. Data has been col
lected on the temperature variation of Zn segrega
tion in Al for a wide range of boundary structures. 
Correlations will be sought with the actual defect 
distribution observed by high resolution TEM and 
local activation energies computed for defect-
modified grain boundary segregation, enrichment 
factors, and phase stability limits. 

Similar studies will be carried out for P in Si 
and As in Si to correlate with measured electrical 
properties in polysilicon specimens. 

orphi 
quenched materials has begun with emphasis on the 
relaxation phenomena induced by annealing. Atten
tion will be given to the characterization of 
topological and compositional short range order 
by high resolution imaging and spectroscopic 
analysis. 

These techniques are also currently being applied 
to characterize the defect structures both before 
and after laser annealing in hydrogenated amorphous 
silicon for correlation with spectral response 
data. 

Image simulation and processing. Work will 
continue on the computer simulation of atomic 
resolution images with careful attention devoted 
to the sampling of elastic diffuse scattering. 

A comparison of computer codes is underway and 
will be catalogued for efficient simulation on the 
LBL mainframe. Studies will also be conducted 
to determine the optimum organization of the 
computing effort for the atomic resolution micros
copy facility. 
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1980 PUBLICATIONS AND REPORTS 

Refereed Journals 
1. R. Gronsky, "The U.S. Atom-Resolving Microscope 
Project," in 38th Annual Proc. Electron Microscopy 
Soc. Amer., Reno, Nevada, G. W. Bailey (ed.), p.2, 
(1980), LBL-10682. 

2. J. Briceno-Valero and R. Gronsky, "Detection 
of Solute Segregation in Grain Boundaries," in 
38th. Annual Proc. Electron Microscopy Soc. Amer., 
Reno, Nevada, G. W. Bailey (ed.) p. 360, (1980), 
LBL-10683. 

3. R. Gronsky and P. Furrer, "Grain Boundary 
Precipitation in Aluminum Alloys: Effect of 
Boundary Structure," Met. Trans. 12A, 121 (1981), 
LBL-9737. 

4. D. J. H. Cockayne and R. Gronsky, "Lattice 
Fringe Imaging of Modulated Structures," Phil. Mag. 
(in press), LBL-10158. 

Other Publications 

1. R. Gronsky, "High Resolution Transmission 
Electron Microscopy," in Treatise on Materials 
Science and Technology: Experimental Techniques, 
H. Herman (ed.), Academic Press, (in press), 
LBL-11243. 

Z. R. Cronsky, "Direct Imaging of Grain Boundaries," 
in Grain Boundary Structure and Kinetics, R. W. 
Balluffi (ed.J, American Society for Metals 45, 
(1980), LBL-9779. 

LBL Reports 
1. R. Gronsky, G. Thomas, 0. L. Krivanek and R. K. 
Mishra, "Physical and Chemical Characterization of 
Interfaces by Electron Optical Methods," proceedings 
of the 7th LBL/MMRD International Materials 
Symposium on "Surface and Interfaces in Ceramic 
and Ceramic/Metal Systems, July 28/30 - August 1, 
1980, LBL-114I3. 

2. R. Gronsky and J. A. Little, "High Resolution 
Studies of High-Rank Coal Microstructures," 
LBL-11612. 

Invited Talks 

1. R. Gronsky, "Atomic Resolution Microscopy," 
Basic Research, Physics Division Seminar, U.S. 
Steel Corporation, Monroeville, Pennsylvania, 
February IP, 1980. 

2. R. Gronsky, "Atomic Resolution Microscopy in 
Materials Science," Staff Seminars in Metallurgy 
and Materials Science, Carnegie-Melion University, 
Pittsburgh, Pennsylvania, February 21, 1980. 

3. J. Briceno-valero, R. H. Hoel and R. Gronsky, 
"Grain Boundary Structure and Segregation in Al 
Alloys," TMS/AIME Annual Meeting, Las Vegas, Nevada, 
February 25, 1980. 

4. R. Gronsky, "Interfaces at Atomic Resolution," 
U.S. Department of Energy BES/DMS Meeting on Coal 
Structure and Properties, Gatlinburg, Tennessee, 
April 8-10, 1980. 

5. R. Gronsky, 'Teaching electron Microscopy: 
Formal Courses," Electron Microscopy Society of 
America Physical Sciences Tutorial, 38th Annual 
Meeting, Reno, Nevada, August 4-8, 1980. 

6. R. Gronsky, "High Resolution Imaging of 
Spinoda.'s," in Symposium on "Modulated Structures: 
Properties and Microstructure," Fall Meeting of 
TMS/AIME, Pittsburgh, Pennsylvania, October 5-8, 
1980. 

7. R. Gronsky, "High Resolution Studies of Grain 
Boundary Reactions," Department if Metallurgy and 
Materials Science, Carnegie-Mellon University, 
Pittsburgh, Pennsylvania, October 1, 1980. 

8. R. Gronsky, "Grain Boundary Structure and 
Transformations," Department of Metallurgy, Lehigh 
University, Bethlehem, Pennsylvania, October 9, 
1980. 

9. R. Gronsky and R. H. Bragg, "Lattice Images 
in Glassy Carbon," 33rd. Pacific Coast Kegional 
Meeting, American Ceramics Society, San Francisco, 
California, October 26, 1980. 
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b. Mlcroatructure, Properties, and Alloy Design: Inorganic Materials* 
Gareth Thomas, investigator 

Alloy Design: Steels 

Introduction. This research program is a 
fundamental program involving detailed studies of 
microstructure-composition-property relations to 
optimize the properties of medium and low carbon 
• »«els utilizing duplex structures, viz., 
martensite-austenite (~ 25%) or martensite-ferrite 
(60-80%) or other ferrite-composites. The program 
on medium carbon steels has shifted toward 
improving fatigue and wear resistance, as interest 
from the mining and agricultural areas has in
creased. That of low carbon steels has shifted 
to broader applications than originally investi
gated (weight savings, automotive), especially 
with the aim of improving low temperature toughness. 
These alloy design programs are all directed 
toward improved energy savings and material con
servation. 

In addition, fundamental studies of martensite 
and bainite are being continued, including in-situ 
studies in the HVEM. Specific examples of research 
projects follow. 

1. AN INVESTIGATION OF CORRELATIONS FOR PREDICTING 
MECHANICAL PROPERTIES OF "QUATOUGH" STEELS 

Chung-Yuan Kung and Gareth Thomas 

The low-alloy Fe/Cr/Mn/C system (called quatough 
steels) has been developed over the last decade at 
Berkeley, to yield an excellent combination of high 
strength and good toughness. From this development, 
a detailed investigation has grown of the role of 
microstructure in the area of mechanical properties 
and of the mechanisms by which high strength and 
high toughness are obtained. 

The present objective has been to correlate the 
microstruetural and mechanical data obtained to 
date. For simplicity of analysis, the alloys 
chosen for this study have equivalent yield 
strength, (a y * 180-200 Jcsi), hardness (Re * 48± 3), 
and a similar microstructure. Using this approach, 
a correlation of plane strain fracture toughness, 
Kjc, with Charpy v-notch toughness, Ecv n a s been 
obtained (Fig. 1). The data points fit the fol
lowing relationship 

IC/av 

8( ECV/OV.A) 2' 0.3 

where A is the cross-sectional area of Charpy bar 
from the lower bound of data. As an alternative 
to costly and difficult testing, the KJC values 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
Materials Sciences Division of the U.S. Department 
of Energy under Contract No. W-7405-ENG-48. 
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Fig, 1. Correlation between KTr and Enr for qua-
tough steels. 1 U (XBL 8010-6195) 

can be conservatively estimated from the existing 
Ecv values. For the quaternary steels investigated 
in this program, a specimen with an Ecv value of 
- 35 ft-lb will have a KJC value of at least 93 ksi 
in. 1' 2. 

The correlation between elongation and toughness 
was found to be poor, whereas an interesting result 
was obtained for the relationship between reduction 
of area and EQ/. The EQT data are alinost complete
ly independent of reduction of area at low and 
median ranges of ductility. However, at the high 
range of ductility, EQJ increases rapidly (Fig. 2). 
This result would seem to suggest that other 
factors than just ductility determine the Charpy 
v-notch toughness. A factor is the notch sensiti
vity, which in the present study was found to 
exhibit a correlation with Charpy v-notch toughness. 
The notch sensitivity (qv) for a Charpy v-notch is 
defined here as the »atio between impact energy 
and tensile fracture energy, and is different from 
the conventional definition. The relationship 
between qy, Ecv and ductility is shown in Fig. 3. 
The lines of equal qv are appioximately parallel 
to each other, with q v decreasing with decreasing 



12 

25 

1 1 

_ • Rao (S.H.) 

l i 1 

0 Rao (D.H.) Grain Refined 
• Robe 
* Cor 1 son 

20 o ^ s ~ 180 to 2 0 0 ksi • -

I 
•3 15 

_ 0 _ 
b"" ' o 

1. o, t 

J? ^ W — " V 

-

5 • 
• 

0 
2 0 30 4 0 

Reduction of Area (%) 

Fig. 2. Correlation between E^y and reduction of 
area (%) for quatough steels. (XBL 8010-6197) 

2. SLIDING WEAR, TOUGHNESS, AND MICROSTRUCTUFAL 
RELATIONSHIPS IN HIGH STRENGTH Fe/Cr/C EXPERIMENTAL 
STEELS 

William J. Salesky and Gareth Thomas 

The development of strong, tough martensitic 
medium carbon steels in this laboratory! has 
stimulated interest from several industries 
including the mining industry. As a result, a 
wear program has been initiated to try to under
stand smie of the fundamental structure and pro
perty parameters that may be of significance. 

Traditionally, hardness has been believed to be 
the major parameter influencing wear resistance of 
materials, but in this work combinations of high 
strength and toughness appear to be beneficial to 
optimum wear resistance. In fact, as shown in 
Fig. 4, there is not a good correlation between 
wear and hardness; however, small additio:os of Mi 
or Ni to the Fe/4Cr/0.3C martensitic alloys 
(designated "quatough") have been previously shown 
to increase toughness while maintaining high 
strength through increased volume fraction of 
retained austenite. 

Experijaental results of sliding wear resistance 
(pin-on-disk experiments) for these experimental 
steels are shown in Fig. 5. These results show 

toughness for the same ductility, and decreasing 
with increasing ductility for the same toughness. 
Figure 2 show; that both notch sensitivity (qv) and 
ductility (reduction of area) contribute to the 
Charpy v-notch toughness of Fe/Cr/Mn/C steels. 
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Fig. 3. The relationship between Ecv and reduction 
of area as a function of qv (notch sensitivity). 

(XBL 8010-6198) 

EFFECT OF HARDNESS ON WEAR RESISTANCE 
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— i — i — r 
Vacuum Melt 

• Quotough 
(fine groined) 

Air Melt Quatouqh 
# ( + . 5 % M o ) 

Vacuum Melt 
Fe/4Cr / .3C/5Ni 

(f ine grained) 

0Vacuum Melt 
Quo to ugh 

(coarse grained) 

#Astrolloy 

4 0 50 
HARDNESS, R c 

60 

Fig. 4. Showing there is little effect of hardness 
on sliding wear of a range of steels including 
"quatough." (XBL 801-45641 
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Oaant Groim ~ • As Quenched 
• soot i*"** 
* 300X Temper (THE I 
4 6 0 0 t Temper ITE) 

Fine Grained 
o Ai Quenched 

200*C Temper tOuclOuflh) 

I I 

Fig. 5. Showing good correlation between Charpy 
impact toughness and sliding wear resistance of 
Fe/Cr/C/Mn Steels. (XBL 801-4563) 

that the microduplex Fe/4Cr/0. 3C/2'4i have superior 
wear characteristics over the commercial alloys 
examined. Even more significant is the correlation 
shown in Fig. 6 between the wear resistance and % 
retained austenite which, in previous work, was 

EFFECT OF RETAINED AUSTENITE 
ON SLIDING WEAR RESISTANCE 

Fe/4Cr/3C/X 
1 1 1 1 1 

Fine Grained 
1 

o Base Alloy ~ a + . 5 % Mn -I 

_ 3 +1 .0% Mn . $ + 2 0 % Mn 
"F r Temper Marrensite 

E Em&riffled 2.0%Mn < ) / -F Coarse Grained 
r + 2 . 0 % Mn / _ » +5.0% Ni / j 

r / 

/ o / z 1 

< / to f ' • 

<". c / g - / •i s 

s - _ / / 
Twinned 

5 t J 

< / -
/ 
- 1 1 1 1 1 1 r 

0 1 2 3 
VOLUME % RETAINED AUSTENITE 

Fig. 6. Showing the correlation between % retained 
austenite and sliding wear resistance of quatough 
steels . (XBL 801-4565) 

correlated with toughness. These results show that 
Charpy data are more meaningful than hardness data 
for evaluating friction wear resistance. 

* * * 
fM.S. thesis, LBL-10994. 
1. B. V. N. Rao and G. Thomas, 
441 (1980). 

Met. Trans. 11A, 

Dual Phase Steels 

3. IMPACT PROPERTIES OF FE/1.5Mn/0.6C DUAL PHASE 
STEEL 
Nack-Joon Kim and Gareth Thomas 

Since the development of dual phase steels, 
there have been numerous studies of microstructure-
mechanical property correlations**2 and the main 
emphasis has been placed on the improvement in 
formability. However, more general applications 
of these dual phase steels for structural components 
such as bridges, pipelines, pressure vessels, etc., 
require high resistance to brittle fracture and 
low transition temperature (DBTT). Thus, the main 
objectives of this investigation are to character
ize the impact properties of dual phase steels and 
to develop a dual phase steel for possible applica
tion at low temperature by precise hot rolling 
processes-* for grain refinement. 

When Fe/1.5Mn/0.06C alloys are controlled rolled, 
followed by quenching, nonconventional dual phase 
structures that consist of ferrite and upper 
bainite are developed (Fig. 7). As the finish 
rolling temperature is decreased, the ferrite grain 
size becomes finer, which in turn increases the 
strength and decreases the DBTT (Fig. 8). When 
these as-hot rolled structures are intercritically 
annealed, there are changes in the microstinctures 
and the resulting mechanical properties. In these 
cases, the structures mainly consist of ferrite 
and martensite. As the two phase annealing 
temperature is increased, both strength and DBTT 
increase (Fig, 9). These changes in mechanical 
properties can be explained by the increase in the 
volume fraction of martensite with increase of the 
two phase annealing temperature. It is interesting 
to note that ferritic-bainitic dual phase structure? 
have lower DBTT than ferritic-martensitic dual 
phase structures at the same strength level. Thus, 
these as-hot rolled ferritic-bainitic dual phase 
steels have high potential for low temperature 
applications, e.g., pipeline. 

1. R. A, Kot and J. W. Morris, eds., Structure and 
Properties of Dual Phase Steels, A B E , New York, 
N.Y. (1979). 
2. A. T. Davenport, ed., Formable HSLA and Dual 
Phase Steels, AIME, New York, N.Y. (1979). 
T. J, Crane, ed., Microalloying 75, Union Carbide 
Corporation, New York, N.Y. (1977). 



Fig. 7. A) Bright field image of upper bainite 
region developed in the as-hot rolled condition; 
B) Darit field image of interlath carbides. 

(XBB 809-11371) 

8 0 0 300 1000 
FINISH ROLLING TEMPERATURE ft) 

ASFOLUD750 8 0 0 8 5 0 9 0 0 
ANNEALING TEMPERATURE f t ) 

Fig. 9. Plot of strength, elongation, DBTT 
variation with two phase annealing temperature. 

(XBL 809-5982) 

4. EFFECT OK VANADIUM ON STRUCTURE-PROPERTY 
RELATIONS OF DUAL PHASE Fe/Mn/Si/C STEELS 
Alvin Nakagawa,: Ja-Yung Koo, T and Gareth Thomas 

This investigation is concerned with the effect 
of 0.124 vanadium addition on an Fe/1.2Mn/0.6Si/0.1C 
dual phase steel. A comparison of the structure 
and mechanical properties is being made between 
tiro vacuum melted alloys, one with vanadium and an 
identical one without. Besides the fundamental 
research reasons for studying the effect of 
vanadium as a carbide former on the structure and 
mechanical properties, there are economic and 
resource conservation reasons for determining 
whether or not vanadium is a necessary alloying 
addition in dual phase steels. 

Two-phase (« + y) and single (y) annealing 
treatments in a vertical tube furnace were followed 
by several different cooling rates. The results 
of the tensile tests of 1 in. gauge length flat 
tensile specimens appear in Table 1. Overall, the 
vanadium containing alloy does not show superior 
properties over the alloy without vanadium. The 
lower strength of the vanadium containing alloy 
probably results because the carbide strengthening 
was not sufficient to counteract the lower strength 
of the martensite because of the loss of carbon to 
the precipitates. In the treatment that produces 
the best results, 900°C and oil quench, the mechani
cal properties of the two alloys are almosc identi
cal. 

Fig. 8. Plot of strength, elongation, DBTT 
variation with finish rolling temperature. 

(XBL 809-5980) 
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Table 1. Tensile property summary of dual phase Fe/Mn/Si/C steels. 

Heat 
Treatment Alloy 

Yield 
Strength 
(MPa) 

Ultimate 
Tensile 
(MPa) 

Uniform 
Elongation 

(*) 
Total 

Elongation 
(5) 

800°C 
IBQ 

MB 1 

Mi"* 
448 
400 

785 
723 

13 
13 

19 
19 

800°C 
OIL 

MB 
W 

324 
369 

589 
661 

23 
17 

30 
25 

900°C 
OIL 

MB 
MV 

531 
544 

813 
795 

12 
12 

28 
31 

800°C 
AC 

m m 
345 
396 

531 
517 

17 
17 

29 
29 

900°C 
AC 

MB 
MV 

370 
341 

517 
520 

21 
21 

35 
34 

There are, however, differences in the micro-
structures. The optical micrographs of the 9D0°C 
and air cool specimen (Fig. 10) is a typical 
example of the smaller grain size of the vanadium 
containing specimens. Figure 11 shows the vanadium 
carbide precipitates found in the 800°C and iced 
brine quench specimen. This microstrueture is 

similar to the interphase type of carbide found 
during isothermal aging. 

fM.S. thesis, LBL-12044. 
*Exxon Research and Engineering Corporation, 
Linden, N.J. 

900C AIR COOL 

Fig. 10. Optical micrestructures of dual phase 
alloys without (A) and with 0.12% V (B). 

(XBB 800-12583") 
Fig. 11.' Transmission electron micrograph showing 
arrays of carbide precipitates. CXBB 800-12393) 

\ 
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S. THE EFFECT OF THE PROCESSING VARIABLES ON THE 
MECHANICAL PROPERTIES OF DUAL PHASE STEELS 
Jing-sheng Gau and Gareth Thomas 

The effect of some processing variables such as 
the annealing temperature, cooling rate and the 
transformation path on the mechanical properties 
has been examined for 0.1 carbon dual phase steels 
with Nb and Mo. 

The results show t:.at both the strength and the 
U.T.S./Y.S. ratio increase with increasing cooling 
rate. All air cooling and forced air cooling 
processes result in a microstrueture comprised 
predominantly of ferrite and pearlite with a cor
responding tendency for undesirable discontinuous 
yielding. The ultimate tensile strength, following 
direct intercritical annealing has nc significant 
dependence upon the volume fraction of martensite 
(Fig. 12). 

As expected, the precipitation of alloy carbides 
with the strong carbide forming elements, Nb and 
Mo, is a strong strengthening mechanism. The plate
like precipitates lie on {100} planes of the matrix 
and a precipitate free zone adjacent to the grain 
boundary was observed (see Fig. 13). 

By changing the transformation path, variations 
in the final mechanical properties reflect the 
differences in the morphology of the martensite 
product. The highest strength (115 ksi) is pro
duced by continuous intercritical annealing that 
results in a microstrueture of large irregular-
shaped martensite regions in the ferrite matrix. 
However, higher ductility is obtained from the 
fibrous morphology of martensite obtained by the 
intermediate intercritical annealing process. This 
is because of the more efficient load transfer from 
the soft ferrite to martensite in such structures. 

w^^M 

Fig. 13. TEM micrographs showing extensive pre
cipitation in the ferrite matrix. Alloy heat 
treated at 850°C followed by water quenching. 

(XBB 800-11952) 

20 
aONMTWN t%) 

Fig. 12. The engineering stress-strain curves of 
the steel after various heat treatments. 

fXBL 8010-12573) 

6. MECHANICAL PROPERTIES AMD MICROSTRUCTURES OF 
Fe/1.0A1/0.06C STEEL 

Xing-Fang Wu and Gareth Thomas 

An investigation concerning the effect of heat 
treatment on the microstructure and mechanical 
properties of air melted Fe/1.0A1/0.06C steel is 
being carried out. Relationships between the 
microstructure, tensile and impact properties in 
this steel have been established. This project 
follows on an earlier investigation by O'Neill.1 

The intermediate quench steels containing 
ferrite-martensite dual phase structures have 
strength and lower toughness than the nearly 1005 
martensitic alloy. All the mechanical property 
data are shown in Table 2. 'Hie mechanical proper
ties were also found to be independent of the 
volume fraction of martensite after dual phase 
treatment confirming O'Neill's results.1 

The mechanical properties of the air cooled 
specimens are much poorer (•*• 20%) than those of the 
two-phase specimen. This is due to the presence 
of pearlite. Even in the quenched alloys, a smal] 
amount of pearlite structure was detected by 
electron microscopy. 



Table 2. Mechanical properties of Fe/1.0Al/0.06C steel at different heat treatments 

Heat Volume 
of M 

m 
Yield UTS Uniform 

Elongation 
(*) 

Tota l 
Elongation 

Uniform 
Reduction 
of Area 

m 
Reduction 
of Area 

Impact 
Proper ty 

F t . b 

Volume 
of M 

m Ksi >fpa Ksi .Vfca 

Uniform 
Elongation 

(*) 

Tota l 
Elongation 

Uniform 
Reduction 
of Area 

m 
Reduction 
of Area 

Impact 
Proper ty 

F t . b 

Quench a ~100 64.9 447.4 83.4 575 7,7 26.8 4.7 77.4 >120 

Quench + 
1045°C 20' 40 70.0 482.9 92.3 636 6.4 28.0 6.3 74.3 ~ 36 

Quench + 
960°C 20 ' 20 68.0 470.0 92.8 640 7.2 26.4 7.1 74.5 ~ 40 

Quench + 
1010°C 20' describe 
air cooling pearlite 60.6 417.9 71.8 495 

Quench + 
natural M and 
tempering carbide 70.0 482.9 88.5 610 

"Quench" 1085°C» 1 hour to ice water. 

The strain hardening coefficient of the dual 
phase alloy is higher than that of 100% martensite 
alloy (~- 8£). This result is expected if the 
ferrite phase is capable of multiple cross slip. 
Evidence for this can be seen in the fracture 
surface shown in Fig. 14. 

TBI observations showed mainly dislocated 
martensite with some iiiicrotwinned martensite.-
Lattice imaging studies showed both coherent and 
incoherent boundaries in these microtwinned 

regions (Fig. 15), The dislocations at the bound
ary appear to be <111) type screw dislocations. 
These microtwins may be found as a mechanism for 
stress relaxation. They also indicate a locally 
high carbon concentration. 

Visiting Scientist, Beijing, University of Iron 
ana Steel Technology. 
1. T. U'Neil1. "Mechanical Properties and Micro-
structures of Dual Phase Steels Containing Silicon, 
Aluminum, and Molybdenum," M.S. thesis, LBL-9047 
(1979). 
2. J. Y. Koo, "Design of Duplex Low Carbon Steels 
for Improved Strength; Weight Applications," 
Ph.D. thesis, LBL-6657 (1977). 

Fig. 14. Fractograph showing fine cross slip in. 
the fracture surface of Fe-Al-C dual phase steel 
(201 martensite). (XBB 812-2042) 

Fig. 15. Lattice image of martensite in 1004 
martensite condition. (XBB 812-2043) 
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7. THE EFFECT OF MARTENSITE MORPHOLOGY ON FATIGUE 
CRACK PROPAGATION IN DUPLEX FERRITE MARTENSITE 
(DBfl STEELS 

James Wasynczuk ind Gareth Thomas 

The e f fec t of mar tens i t e morphology and volume 
f rac t ion on fa t igue crack propagat ion i n AISI 1018 
DFM s t e e l i s being determined by comparing DEM 
s t e e l s of s imi l a r y i e l d s t r e n g t h s , but d i f f e r e n t 
mar tens i te morphologies. The d i f f e r e n t mar t ens i t e 
morphologies a re obtained through two DFM hea t 
t rea tments : (1) i n t e r c r i t i c a l anneal ing and (2) i n 
termediate quench. 

At approximately equivalent volume f r ac t ions of 
mar t ens i t e , the coarse g lobular DFM micros t ruc tu re 
r e su l t i ng from [1] g ives higher y i e l d and u l t i m a t e 
t e n s i l e s t r e n g t h s , but l e s s e longa t ion , than the 
fine f ibrous DFM micros t ruc tu re r e s u l t i n g from ( 2 ) . 
I n i t i a l fa t igue t e s t s show tha t a t approximately 
equal volume f rac t ions of m a r t e n s i t e , the value of 
threshold a l t e r n a t i n g s t r e s s i n t e n s i t y (AKyu) of 
the coarse DFM s t r u c t u r e is 21"!. lower than t h a t 
of the fine s t r u c t u r e . Above t h r e sho ld , t he 
increase in crack propagat ion r a t e with AK i s 
s teeper for the coarse DFM mic ros t ruc tu r e . 

X. T!*E FERFITE STKUCnjRK AND PARTITIONING OF 
ALLOYING ELEMENTS IN DUAL PHASE STEELS 

Rune II. Hoel and Gareth Thomas 

The f e r r i t c phase of Fe/1.5Si/0.15C base dr.plex 
s t e e l s conta ining 0.05 wt*i Nb or 0.38 wtl Mo has 
been fotuK^to contain f ine p l a t e p r e c i p i t a t e s 
(Fig. 16 ) . - By weak beam imaging the p l a t e s a re 
found t o be Jess than 25 A t h i c k and with a mean 
diameter of 155 (± 20) A. These p l a t e s a re o r ien ted 
'.vithin 12° of the {100) p l anes . Foi l th icknesses 

•;re measured by convergent beam microd i f f rac t ion 
and the p r e c i p i t a t e dens i ty in the base + Nb b tee l 
was found t o vary with m a r t e n s i t i c volume f r a c t i o n , 
V m . As Vm i s increased from 25 t o 40S the re i s 
an increase in the average i n t e r p a r t i c l e spacing 
from 500 (± 55) A to 640 (± 35) A. The correspond
ing drop in the p r e c i p i t a t i o n s t rengthening l eve l 
i s 10.4 (± 4) k s i [71.8 (± 27) MPa]. This r e s u l t s 
in unexpected behavior; the y i e l d s t r eng th of the 
duplex m a r t e n s i t e - f e r r i t e aggregate decreases with 
inc reas ing mar tens i t e volume f rac t ion .^»3 Both 
<% znd % in the law of mixtures a r e inve r se 
funct ions of V m . U l t r a f i ne p l a t e p r e c i p i t a t e s a r e 
a l s o always observed in the f e r r i t e phase of dual 
phase s t e e l s of compositions Fe/2Si /0 .1C, 
Fe/0.5Mn/0.1C and Fe/0 .6Si /0 .1C/1 .2[ ta /0 .1V. 4 

Mo and Nb a re known as s t rong carb ide formers. 
As wel l a s farming..fine p l a t e a l l o y p r e c i p i t a t e s , 
they a l s o form sphe r i ca l inc lus ions i n the dual 
phase s t e e l s . These s p h e r i c a l inc lus ions a r e 
t y p i c a l l y a few urn in d iameter . Figure 17 shows 
an energy d i s p e r s i v e x-ray spectrum from the 
f e r r i t e matr ix (white spots ) superimposed on a 
spectrum acq .ired from the i nc lus ion i n a base + Nb 
duplex s t e e l . The presence of t he Nb, L and K 
peaks c l e a r l y show t h a t the i nc lus ions a re Nb r i c h . 
Similar inc lus ions a r e found in the base + Mo 

\ 
», • 

>* i » 

• - J _ ' i •• * - i 

Fig, 16. The presence of fine homogeneously 
nucleated precipitates in the ferrite phase of the 
base + Nb alloy. (XBB 806-7299) 

(b) 

Fig. 17. EDX spectra from the ferrite matrix 
(white spots) and Nb rich inclusion in the base + 
Nb alloy. (XBB 8012-14734) 



19 

Oto ri(J; inc lus ions) and the Fe /0 . 5Mn/0. 1C Oh r i c h 
inc lus ions ) dual phase s t e e l s . 

'Work supported by NSF. 
1. R. H. Hoel and G. Thomas, " F e r r i t e S t ruc tu re 
and Mechanical P rope r t i e s of Low Alloy S t e e l s , " 
submitted t o Acta Met , (1980). 
2. P . K. C o s t e l l o , "Design of Duplex Low Carbon 
S t e e l s with Carbide Forming Elements ," M.S. t h e s i s , 
LBL-8628 (1979). 
3 . G. Thomas and J . Y. Koo, "Developments in 
Strong, Duc t i l e , Duplex F e r r i t e - K ^ r t e n s i t i c S t e e l s , " 
in Symposium on S t ruc tu re and Property of Dual 
Phase S t e e l s , TMS-AIME, New Orleans , Louisiana, 
P.. A. Kot ami J . W. Morr i s , e d s . , (1973), p . 183. 
4. R. H. Hoel and A. Nakagawa, "Effect of Vanadium 
on Dual Phase ¥e/to)/Si/O/0.lC S t e e l s , " M.S. t h e s i s , 
in p r o g r e s s . 

Phase Transitions 

9. WRPHOLOGY AND CRYSTALLOGRAPIfV OF LATH 
MARTENSITE IN STEELS 

Mehmet Sarikaya and Gareth Thomas 

The common orientations in lath martensite-
retained austenite determined bv electron 
microscopy are < lll>Qt//< 110 >y /'/< 110 >a . In this 
investigation, by using a very small electron 
(100 A) probe size, it was possible to obtain 
diffraction information within an accuracy of O.S° 
which is sufficient to identify uniquely the exact 
orientation relationships (O.R.) in this material. 
The results show that the O.R. -s are actually 
clustered around the Gr. inger and Toroiano one, 
with some variation. Furthermore, this range of 
O.R.'s may develop between the individual laths 
in a group and retained-y in a single packet with 
up to 5° variability. 

An earlier hypothesis, concerning the relative 
orientations of adjacent laths in packet martensite, 
was that the strain energy created during the 
martensitic transformation is minimized by the 
successive rucleation of laths with consecutive 
changes in their relative orientation around a 
conmon (110)-, direction. However,, it is clear 
from this research that the change in O.R.'s be
tween the laths and the retained austenite shows 
that successive laths rotate around either of the 
close packed directions, i.e., (110)M or <111)A, 
(Fig- 18). Assuming <110)ai is the common axis, 
a rotation takes place in such a way that every 
other lath obeys a different O.R. However, it 
still remains to be explained why occasionally 
diffraction patterns from adjacent laths obey the 
same O.R. 

1. B. V. N. Rao, Met. Trans . 10A, 645 (1979). 
2 . B. V. N. Rao, ,^forphology,~7Jrystallogr^phy and 
Formation of Dislocated 'La th ' Martensi tes i n 
S t e e l s / 1 i n ICQMAT Conference Proceedings, Boston, 
Massachuset ts , MIT P r e s s , (1979), p . 1 2 . 

Fig. 18. An SAD p a t t e r n showing f requent ly 
observed (111>M//< 110)A/ / ( 100)M t r i p l e p a t t e r n 
from Fe/3Cr/2Mn.'n.5Mo/0.3C s t e e l (a l loy #5) . 

fXBB 8012-14348) 

10. THE STABILIZATION MECHANISMS OF RETAIL 
AUSTENITE IN STEELS 

Mehmet Sarikaya and Gareth Thomas 

Bas i ca l l y , t h r e e types of mechanisms have been 
suggested for carbon-induced s t a b i l i s a t i o n of 
a u s t e n i t e a t low tempera tures : (1) During the 
a u s t e n i t e to mar tens i t e t ransformat ion , C*" di f fuses 
in to surrounding a u s t e n i t e , which lowers the loca l 
Ms temperature so t h a t a u s t e n i t e becomes che r l ca i l y 
s t a b l e . 1 This should be e f f ec t i ve in the case of 
s t e e l s with a high Ms t empera tu re . 2 Carbon dif
fu se s , toge ther with i n t e r s t i t i a l N", to form d i s 
l oca t i on atmospheres, prevent ing s t r e s s r e l a x a t i o n , 
and i n h i b i t i n g the motion of the a ' / ' f i n t e r f a c e . 
This i s c a l l e d thermal s t a b i l i z a t i o n , 3 Austcni te 
i s mechanically s t a b i l i z e d by p l a s t i c deformation 
t o accommodate the s t r e s s e s c rea ted during the 
y-*-a (mar tens i t i c ) t ransformation t ha t involve 
h igher d i l a t a t i o n a l s t r e s s e s for high C concentra
t i o n s . Thus, i t seems t h a t in the Fe/Cr/C 
s t r u c t u r a l s t e e l s of i n t e r e s t , C i s necessary for 
s t a b i l i z i n g a u s t e n i t e , but t he amount i s de te r 
mined by o the r a l loying elements through t h e i r 
i n t e r a c t i o n with carbon. 

Resul ts with a f i e l d ion microscope Atom Probe 
Analyser (APA), in conjunction with Oxford 
Unive r s i ty , show t h a t there i s indeed cons iderable 
p a r t i t i o n i n g of C to the a u s t e n i t e and to the CX'/Y 
i n t e r f a c e (Fig. 19) . This method involves p r e c i s e 
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Fig. 19. Atom Probe Analysis showing C profile 
across the interface. (Data courtesy of Dr. G. 
Smith, Oxford University, U.K.). (XBL 8012-13502) 

chemical analysis with high spatial resolution 
(<20A). As shown in Fig. 19 there is about 2 wUC 
at the interface, and almost none in martensite in 
a foil from as-quenched Fe/3Cr/0.3C/2tti/0.5Mo and 
200°C tempered s teel . I t is significant to note 
that in a very low C steel (0.07 wt%) even with a 
fast (water) quench there was s t i l l a considerable 
amount of retained austenite. 

11. HIGH RESOLUTION STUDIES IN MARTENSITEr 

Mehmet Sarikaya, Kenneth Easterling,* and Gareth 
Thomas 

Detailed microstruetural studies have been 
performed in steels containing 0.1 and 0.3 wt% by 
lattice fringe imaging. This method provided 
considerable information on the substructural 
details of dislocated lath martensite. In such 
steels, very thin films (*= 200 A) of retained 
austenite have been found to decorate the lath 
boundaries. At lower of C concentrations, e.g., 
0.1 wt%, since the dilatational component of the 
shear scrain is small, no retained austenite is 
needed for the accommodations of strains. Hence, 
occasionally, adjacent laths show varying degrees 
of shear strain of angles ranging between 4° and 
11°, In order to relieve the strain either dis
locations (s) or long-range strain fields form 
(Fig. 20). 

At the tip of the laths the lattice planes at 
the leading edge are continuous into adjacent laths 
(Fig. 21). However, there are numerous disloca
tions present at the curved interface on the sides. 
This suggests that the laths grow in transverse 
direction by the creation of dislocations at the 
boundary", well behind the tip, and their movement 
to and disappearance at the tip, as was theoretical
ly predicted. 

1. B. V. N. Rao and G. Thomas, 
441 P9BG). 

Met. Trans. 11A, TWork partially supported by NSF. 
^University of Lulea, Lulea, Sweden. 

Fig. 20- Accommodations of transformation strains by dislocation (d) and 
strain fields near and at the boundary. Inset (1) Location of boundary; 
Inset (2) Low Mag DF micrograph showing the characteristic appearance of 
continuous films or retained at the lath boundaries (0.1 wt* C steel). 

(XBB 802-2540) 
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12. IiV-SITU OBSERVATION OF THE DECOMPOSITION OF 
RETAINED AUSTENITE IN Fe/Cr/Mn/C ALLOYS BY HVEM 

Mehmet Sarikaya, Ashok Jhingan, Hiroyuki Tokushige, 
and Gareth Thomas 

Thin film retained austenite a t the martensite 
lath boundaries is known to decompose upon tempering 
at 300-400°C regime in Fe/Cr/C structural s tee l s , 
a phenomenon known as Tempered M&xtensite Embrittle-
ment. 1 The nature of decomposition, as well as i t s 
effect on the mechanical properties, is very 
significant. In-situ experiments were performed on 
a set of s teels , by using the high voltage HU-6S0 
microscope equipped with a hot-stage, to investigate 
the decomposition reaction. Foils in the as-
quenched conditions were heated to the c r i t ica l 
temperature regions and held there for the reaction 
to tal.e place. The decomposition process was 
recorded either by a high speed movie camera or by 
a set of sequential photographs. An example is 
shown in Fig. 22 where the reflection QOZy was 
used to record the dark field images. Initially,, 
continuous configuration of retained-y films 
breaks down as the temperature i s increased. 
Cementite particles nucleate, probably at the 
interface, but on the austenite side, and subse
quently start growing by absorbing carbon, 
especially from austenite. They grow further as 
the temperature is increased (or if the holding 
time is extended), and form islands of carbides 
of larger thicknesses than the original retained-y 

«F N ^ / » 230C-15HH 
KT-UiR 

2%n-2*m 275C-3M* 2S5t -«rt 335X-*** 
Fig. 22. Sequence of heating Fe/3Cr/0.3C steel in-situ at 500 kV. 

(XEB 8012-14345) 

Fig. 21. LI photograph of a "tip" of a martensite 
showing continuous lattice fringes. (XBB 802-2535) 
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films along the lath boundaries. The final struc
ture, highly recovered tempered martensite and 
discontinuous carbides along the boundaries, 
closely resemble the so-called "upper bainitic" 
structure.2'-' 

1. G. Thomas, Met. irans. 9A, 439 (1978). 
2. R. F. Heheraan, K. R. Kinsman, and H. I. 
Aaronson, Met. Trans. 3̂> 1 0 7 7 (1972). 
3. G. Thomas, Iron-Steel Int. 4£, 451 (1973). 

Magnetic Materials 

Introduction. The main research theme in this 
program is the design of magnetic and electronic 
materials through microstructure and composition 
control. Electron microscopy and chemical micro
analysis are used in conjunction with various 
physical property measurement techniques to 
establish the desirable and undesirable micro-
structural features in ferroelectric and ferro
magnetic materials. This, in turn, leads to 
designing new compositions and new processes for 
preparing superior materials. Current research 
on magnetic materials and ferroelectric materials 
are discussed separately below. 
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Step aging {850°C-400°C) 

O 1.5wtSZr 
D 3.0wt5;Zr 

/ 
/ Isothermal 

fl=n=8r^V ^ J ^ a ' (850°C) 
u 1 2 5 10 20 50 

Isothermal Time (Hrs) 

Fig. 23. Variation of the Ufc with isothermal 
aging time for 1.5 wt8 and 3 wt8 Zr a l l oys with 
and without s t ep aging. (XBL 8011-7418) 

13. STEP-AGED RARE EARTH-COBALT ALLOY MAGNETS 

Raja K. Mishra 

Alloys with compositions Co-25.5wt/o Sm-8w/o 
Cu-15 w/o Fe-3w/o Zr and Co-Sm-Cu-Fel.5 w/n Zr 
have been step aged to produce magnets witn coercive 
force (iHc) in the range of 10-25KOe, much higher 
than those reported so far in the literature for 
the Zr alloys. The high coercive force magnets 
are typically aged at 800-850°C for 10-30 hr 
following solution treatment at 1150°C. Subse
quently, these are step aged to produce materials 
with high coercivity (Fig. 23). The micros tructure 
in all these alloys has a two-phase cellular 
morphology with a 2:17 phase surrounded by a 1:15 
boundary phase (Fig. 24). The long aging treat
ments at 800-850°C lead to coarsening of the two 
phase structure. The subsequent step aging does 
not change the morphology, but only changes the 
chemical composition of the two phases. 

Best properties are obtained in materials with 
a coherent microstructure of optimum boundary 
phase thiclcness and optimum chemical composition. 
The highest values of iHc obtained so far are 
~ 26kOe and ~ 16kOe for the 38 Zr and 1.58 Zr 
alloys, respectively. The best hard magnetic 
properties of (BH),™ » 33 MGOe and iHc = 13kOe 
are for a 25% Sm-20%Fe-4 Cu-2SZr alloy. 

Fig. 24. Two phase cellular microstructure of 
1.5 wtl Zr alloy, isothermally aged at 850°C for 
1 hr showing coherent and continuous 1:5 boundary 
phase. (XBB 8012-14344) 
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14. ZERO-MAGNETOSTRICTIVE Fe/Co/B/Si AMORPHOUS 
ALLOYS 

Llewellyn Rabenberg and Raja K. Mishra 

The effects of low temperature annealing on the 
magnetic properties of the amorphous alloy 
Co71.4^e4.6Si9#6Bi4#4 have been investigated. 
Annealing this alloy below 400°C results in mag
netic hardening; annealing above 40Q°C but below 
the crystallization temperature results in magne
tic softening. Above the crystallization tempera
ture, the alloy hardens drastically and irreversi
bly (Fig. 25). Conventional and high resolution 
transmission electron microscopy show that the 
magnetic property changes at low temperature occur, 
whilst the alloy is truly amorphous. By imaging 
the magnetic microstructure, using Lorentz micros
copy, it has been possible to detect the presence 
of microscopic inhomogenieties in this alloy, 
causing the induced anisotropy to fluctuate on a 
much finer scale (Fig- 26). For annealing above 
400°C and below T C Iy, thermal energy tends to 
disrupt the local anisotropics and the material 
magnetically softens. To obtain the softest 
possible ferromagnetic material, the localized 
anisotropics must be removed either by post-
fabrication anneals or during fabrication. 

Fig. 26. Lorentz image of a typical crosstie wall 
showing Bloch walls (A-A), Neil segments (B), Bloch 
lines (C), and magnetic ripples, (XBB 804-4578) 

4 4000-

2000 

Fig. 25. Variation of initial permeability with 
annealing temperature (1 hr anneals). 

(XBL 802-4641) 

15. MICROSTRUCTURE-DOMAIN WALL INTERACTION IN 
(Mn-2n)Fe204 AND LiFejOg 

I-Nan Lin and Raja K. Mishra 

The interaction of microstructural features with 
moving magnetic domain walls in (Mn-Zn)Fe204 ^ 
LiFesOs has been studied in situ by Lorentz 
microscopy. In (Mn-Zn)Fe204, it is seen that 
domain walls are pinned by pores and cracks. The 
interaction of the domain walls with grain bound
aries is more complex. The domain wall can pass 
through the boundary if it makes a large angle with 
the boundary. Otherwise, the grain boundary acts 
as an obstacle. Besides, any chemical segregation 
such as CaO, Si02, etc., along grain boundaries 
results in local microstress concentrations near 
the boundary area. The resulting induced ani
sotropy is such that the domain wall motion stops 
at some distance from the grain boundary, and in 
such a case, reverse domain nucleation can occur. 
In HFe 50 8, the LiFe02 precipitates pin the domain 
walls completely, resulting in high coercive 
force. At semicoherent interfaces, however, 
reverse domains can nucleate more easily as shown 
in Fig. 11. 



Fig, 27. The domain wall 11 is pinned by the precipitates. The reverse 
domain C has nucleated on a semicoherent precipitate. (XBB 8010-11968) 

Ferroelectric Materials 

16. GRAIN BOUNDARY PHASE AND POLING OF P2T 

Fdward K. Goo and Raja K. Mishra 
Transmission electron microscopy and chemical 

microanalysis have been used for the physical and 
chemical characterization of the thin, amorphous 
grain boundary phase in sintered PZT ceramics. 
Samples sintered with 5 wt% PbO contain a Pb-rich 
amorphous phase which extends through the bound
aries, and is < 100 A in thickness (Fig. 28). It 

is thus suggested, that th3 excess PbO, which is 
added for rapid sinterability, forms a liquid 
phase and aids in sintering. However, upon 
cooling, this liquid phase solidifies without any 
crystallization. The thin intergranular phase 
can significantly affect the poling. For a grain 
boundary phase of thickness 100 A in a 3 urn dia
meter PZT grain, more than half the DC voltage 
arop can occur at the boundary and the high dielec
tric constant of the ceramic can be due to the high 
capacitance of the boundary phase. 

17. STRUCTURE OF DOMAINS AND DOMAIN WALLS IN PZT 

Edward K. Goo and Raja K. Mishra 
Ferroelectric domains are twins that are formed 

when PZT undergoes a phase transformation from a 
nonferroeleetrie cubic phase to a ferroelectric 
tetragonal phase upon cooling below 375°C. The 
tetragonal phase is spontaneously polarized in 
the direction of the c-axis, making each twin a 
ferroelectric domain. Figure 29(a) shows the 
typical domain configuration inside a grain. The 
90° domains are the predominant ones and the domain 
walls lie on {110} planes. The domain walls have 
a finite thickness to minimize the total wall 
energy. The postulated wall structure is a dis
torted crystal in the wall region and the dark 
field image in Fig. 29(b) shows alternating light 
and dark contrast from the distortions at the walls. 
The widths of the alternating bright and dark 
regions are 100 A, which is the projected width of 
the domain wall and hence an upper limit of the 
domain wa.\4 thickness. 

Fig. 28. (a) Bright field and (b) Diffuse dark 
field images taken from PZT sample showing the 
presence of a thin intergranular amorphous phase. 

(XBB 803-3458) 
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Fig. 29. (a) Bright field and (b) dark field 
images of 9QQ domain walls taken with g = 110. 
There is an alternating light and dark contrast at 
90° domain walls. (XBB 803-34523 

Refractory Ceramics* 

IB. SILICON NITRIDES 

Ondrej L. Krivanek and Channing Ahn 

It is found that all nitrogen ceramics studied 
so far,* whether hot-pressed or sintered with 
additives such as MgO, AI2O3, ¥7(33, etc., contain 
glassy phases at all grain boundaries. Current 
research on Toshiba manufactured "grain boundary 
crystallized" S i ^ with Y2O3 confinoed even in 
this material (and contrary to the claims of the 
manufacturer) that 20 A films of glassy phase per
sist at boundaries and at the crystalline yttrium 
rich phases present at most grain corner junctions. 

* * * 
%ork supported by NSF. 
1. 0. L. Krivanek, T. M. Shaw and G. Thomas, 
J. Am. Ceram. Soc. 62, 585 (1979). 

19. SILICON NITRIDE ALLOYS: SIALONS1" 

Thomas M. Shaw and Gareth Thomas 

High resolution imaging has been successful in 
understanding the complexities of some of the 
"alloyed" silicon nitride, for example, the block 
structure of the "15R" Beryllium sialons. Informa
tion has clso been obtained on the tie lines which 
describe the phase relationships in these alloys. 

A ft ft 

fBrief abstract of J. Solid State Chem. 33, 63 
(1980). — 

20. NITRIDE GLASSES 

Thomas M. Shaw+ 

Crystallization behavior of glasses in the 
Si02-MgO-Si3N4 system has been examined. Glasses 
for the investigation were prepared in collabora
tion with Dr. R. Loehman from Stanford Research 
Institute, who is currently studying glass forma
tion in this and other systems. The glasses 
examined have compositions close to the eutectic 
between MgSi03 and Si02 in the binary MgO-Si02 
system, but contain "- 10 wt$ Si3N4. 

Microstructural and microchemical analysis of 
as-cooled melts show that they separate into two 
glassy phases on cooling and that phase separation 
in the glasses arises from extension of the 
miscibility gap on the Mg0-Si02 binary into this 
system. 

In characterization of the crystallization 
behavior of glasses in the Si02-MgP-Si3N4 system, 
differential thermal analysis was used to deter
mine temperature ranges in which reactions occurred. 
The products of crystallization reactions were 
identified using x-ray diffraction and the develop
ment of the microstructure was followed using 
both optical and transmission electron microscopy. 
The general crystallization behavior of Mg-Si-0-N 
glasses can be summarized as follows:* 

a. Below the glass transition temperature 
(*- 800°C), no crystallization occurs. 

b. At temperatures below 1000°C, but above the 
glass transition temperature, crystal growth is 
slow, but nucleation can readily occur. 

c. At intermediate temperatures (1000 - 1300°C) 
rapid crystallization of the MgO-rich matrix glass 
to clinoenstatite (MgSi03) occurs and optical 
microscopy shows that spnerulites * 50 urn in 
diameter have grown from internal nuclei in the 
glass. 

d. After heating at temperatures greater than 
1300°C, several microstructural differences are 
observed including dissolution of Si02~rich phase, 
recrystallization of the clinoenstatite grains to 
faceted crystals and formation of fan-like arrange
ments of clinoenstatite plates. 
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* * * 
fPh.D. thesis, LBL-11759. 
1. T. M. Shaw and G. Thomas, "Spherulitic Crystal 
Growth from an Oxynitride Glass," Proceedings of 
the 7th European Congress on Electron Microscopy, 
The Hague, Holland, Electron Microscopy 1_, 438 
(1980). 

RESEARCH PLANS FOR CALENDAR YEAR 1981 

.Alloy Design: Steels. Gareth Thomas will be 
at the Max-Planck-Institut in Stuttgart, West 
Germany, to conduct in-situ plastic deformation 
studies on a 1 MeV microscope. He plans to use 
this equipment for (a) in-situ studies of the 
mechanical stability of retained austenite in the 
medium carbon steels; (b) studies of the slip 
distribution in dual phase ferrite-martensite 
steels. These projects are fundamental to the 
understanding of the mechanical behavior of these 
steels. 

The wear program will concentrate on abrasive 
wear testing with some tests to be done under 
industrial conditions, e.g., ball mill grinding, 
cutting blades (for agriculture). The design work 
on bainitic steels is aimed at producing tough 
microstructures by isothermal annealing or con
tinuous cooling (for thick wall applications). 
This involves TTT diagrams and detailed TEN! 
analysis. 

It is anticipated that the crystallographic 
studies of dislocated martensite and bainite will 
be completed. Dual phase ferrite steels continue 
to be promising for structural applications (beyond 
automotive). Research will be done on micro-
alloying and controlled rolling so as to achieve 
higher toughness properties, especially at low 
temperatures (pipeline applications). The coopeia-
tive program with Sandia will continue with cor
rosion tests to be done at Hawaii. This program 
is related to applications of dual phase steels 
for geothermal and other energy sources. 

Fatigue Studies. Although, theoretically, the 
quatough steels are anticipated to have excellent 
fatigue properties, the following test data are to 
be compiled: 

1. Document the fatigue behavior of these newly 
developed high strength-high toughness steels in 
comparison with other commercial alloys. 

2. Fatigue crack propagation studies must be 
done at a very low AK range and compared with data 
from commercial steels. 

3. Studies are to be done on low cycle fatigue 
behavior and fatigue crack initiation, including 
the role of retained austenite. 

Magnetic Materials. The changes in the micro-
structure of the Sm/Co/Cu/Fe/Zr alloys with varying 
amounts of Sm, Co, Cu, Fe, Zr will be studied with 
special emphasis on the chemical microanalysis of 
the cellular microstructure. Efforts will be made 
to combine the high (BH),^ with high iHc. 

Work on the local magnetic fluctuations in 
Fe/Co/B/Si has been concluded. Future research 
will focus on the study of atomistic clustering 
in the pre-crystallized alloys by using high 
resolution microscopy. 

In ceramic magnets, rapid sintering and hot 
deformation of (MhZn)Fe204 will be investigated 
with a view to manipulate the microstructure so 
ac to produce segregate-free grain boundaries. 
Efforts to control Zn loss and F e + 2 con entration 
will L? made by manipulating processing. 

In a collaborative program with Professor 
D. de Fontaine, a theoretical and experimental 
study of the origin of growth induced anisotropy 
in epitaxial garnet films will be carried out. 

Ferroelectric Materials. Having established 
the role of excess PbO in PZT, work will now be 
concentrated to study the role of other additives 
such as Mn, Cr, etc., on the processing and poling 
of PZT. The effects of point defects and the 
grain boundary segregates on the properties will 
be studied by theoretical modeling. 

Nitrogen Ceramics (NSF Sponsored). The program 
on characterizing hot-pressed and sintered S i ^ 
has been con:,inuet; detailed microchemical analyses 
of the intergranu! ar glassy phases, especially ELS 
work on nitrogen and oxygen, remain to be done but 
the problem is very difficult because of resolu
tion limitations (the glassy phases are usually 
- 20 A wide). It is anticipated that the proposed 
research on oxynitride glass ceramics with especial 
emphasis on Y-Al-Si-N-0 systems will be supported. 

1980 PUBLICATIONS AND REPORTS 

Refereed Journals 
r l . T. M. Shaw and G. Thomas, "An Electron 
Microscopy Study of Crystallographic and Phase 
Relationships in the Be3N2-BeSiN2 System," J. of 
Sol. State Chem. 53 (1), 63 (1980). 
f2. T. M. Shaw and G. Thomas, "Spherulitic Crystal 
Growth from an Oxynitride Glass," Proceedings of 
the 7th European Congress on Electron Microscopy, 
The Hague, Holland, Electron Microscopy 1, 438 
(1980). 

3. M. Sarikaya, K. Easterling, and G. Thomas, 
"High Resolution Studies in Martensite," Proceedings 
of the 7th European Congress on Electron Microscopy, 
The Hague, Holland, Electron Microscopy 1, 176 
(1980), LBL-10575. 

4. G. Thomas, R. K. Mishra, and K. H. Westmacott, 
"Impact of HVEM in Materials Science," 6th Interna
tional Conference on HVEM, Antwerp, Belgium, 
Electron Microscopy 4, 392 (1980), LBL-11622. 

5. 0. L. Krivanek and P. Rez, "Imaging of Atomic 
in [110] Silicon," EMSA Pacific Regional Conference 
Proceedings. Reno, NV, edited by G7 W. Bailey, 
pp. 170-173 (1980), LBL-10927, 
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'6. 0. L. Krivanek, "Applications of Energy Loss 
Spectroscopy in Materials Science," EMSA Pacific 
Regional Conference Proceedings, Reno, NV, edited 
by U. W. Bailey, pp. 86-89 (1980). 

7. M. Sarikaya, B. V. N. Rao, and G. Thomas, 
"Identification of Some Crystallographic Features 
of Martensite in Steels by Microdiffraction," 
EMSA Pacific Regional Conference Proceedings, 
Keno, NV, edited by G. W. Bailey, pp. 392-393 
C1980), LBI,-10808. 

8. L. Rabenberg, "Lorentz Electron Microscopy 
Study of Co/Fe/Si/B Amorphous Alloys," EMSA 
Pacific Regional Conference Proceedings, Reno, NV, 
edited by G. W. Bailey, pp. 160-161 (1980), 
LBL-10831. 

9. E. K. Goo and R. K. Mishra, "Ferroelectric 
Domain Structure of PbCZr^Ti^g^," EMSA Pacific 
Regional Conference Proceedings, Reno, NV, edited 
by G. W. Bailey, pp. 214-215 {1980), LBL-11939. 
10. R. K. Mishra, "Applications of Chemical 
Analysis to the Study of Ferromagnetic and Ferro
electric Ceramics," EMSA Pacific Regional Conference 
Proceedings, Reno, NV, edited by G. W. Bailey, 
pp. 106-109 (1980), LBL-10687. 
+11. C. K. Wu, A. F. Marshall, G. Thomas, and 
R. Sinclair, EMSA Pacific Regional Conference 
Proceedings, Reno, NV, edited by G. w. Bailey, 
pp. 176-177 (1980). 

12. L. Rabenberg, R. K. Mishra, G. Thomas, 
0. Kohmoto, and T. Ojima, "Electron Microscopy 
Study of Co/Fe/B/Si Amorphous Alloys," IEEE 
Transactions on Magnetics MAG-16, 1135 (1980), 
LBL-10831. 
13. T. F. Roth, R. K. Mishra, and G. Thomas, 
"Segregation in Czochralski Grown Calcium Gallium 
Germanium Garnet Single Crystals," J. Appl. Phys. 
33 (1980), LBL-10832. 

14. 0. L. Krivanek, "High Resolution Studies of 
Glass-Crystal Interfaces," J. of Microscopy 119, 
81 (1980). 
f15. O. L. Krivanek and J. Mazur, "The Structure 
of Ultra-Thin Oxide on Silicon," Appl. Phys. Letts. 
37_, 392 (1980). 
16. M. H. Harmer, R. K. Mishra, and G. Thomas, 
"EM Study of Annealed (Ni,Zr,Co)Fe204," J. Am. 
Ceram. Soc, 13 (1980), LBL-11223. 

17. B. V. N. Rao and G. Thomas, "Structure-Property 
Relations and the Design of Fe-4Cr-C Base Structural 
Steels for High Strength and Toughness," Met. Trans. 
11A, 441 (1980). 
18. J. Y. Koo, M. J. Young, and C. Thomas, "On the 
Law of Mixtures in Duel Phase Steels," Met. Trans. 
11A, 852 (1980). 
19. J. Y. Koo, M. Raghavan, and G. Thomas, 
"Compositional Analysis of Dual Phase Steels by 
Transmission Electron Microscopy," Met. Trans. 11A, 
351 (1980). 

20. N. J. Kim and G. Thomas, "Effects of Morphology 
on the Mechanical Behavior of Dual Phase Fe/Si/C 
Steels," submitted to Met. Trans. (1980), LBL-10457. 

'hi. 0. L. Krivanek, "The Structure of the Si-Si02 
Interface," Proceedings of Surfaces and Interfaces 
in Ceramic and Ceramic-Metal Systems Conference"] 
Berkeley, CA, in press. 

22. G. Thomas, R. Gronsky, 0. L. Krivanek, and 
R. K. Mishra, "Physical and Chemical Characteriza
tion of Interfaces by Electron Optical Methods," 
Proceedings of Surfaces and Interfaces in Ceramic 
and Ceramic-Metal Systems Conference, Berkeley, CA, 
in press, LBL-11941. 

23. R. K. Mishra and G. Thomas, "Amorphous Grain 
Boundary Phases in Ferrimagnetic (Mn,Zn)Fe204 and 
Ferroelectric PZT Ceramics," Proceedings of 
Surfaces and Interfaces in Ceramic and Ceramic-
Metal Systems Conference, Berkeley, CA, in press, 
LBL-11511. 

24. R. K. Mishra, E. K. Goo, and G. Thomas, 
"Grain Boundary Phases in Ferromagnetic (Mn,Zn)Fe204 
and Ferroelectric PZT," Proceedings of Surfaces and 
Interfaces in Ceramic ana" Ceramic-Metal Systems 
Conference, Berkeley, CA in press, LBL-11621. 

25. E. K. Goo, R. K. .Mishra, and G. Thomas, 
"Electron Microscopy Study of the Ferroelectric 
Domain and Domain Wall Structure in 
Pb(Zr 52T1 48)03," J. of Appl. Phys., in press, 
LBL-li256.' 

26. G. Thomas, E. K. Goo, and R. K. Mishra, 
"Transmission Electron Microscopy of 
Pb(Zr 52T1 48)03," submitted to J. An. Ceram. Soc. 
(1980J, LBL-11369. 
27. R. K. Mishra and G. Thomas, "Recent Progress 
in Electron Microscopy Studies in Ferrites," 
Proceedings of the Third International Conference 
in Ferrites, Kyoto, Japan, in press, LBL-11529. 

28. A. Nakata, T. Kamijo, N. Kaihara, K. Okutani, 
R. Mishra, and G. Thomas, "Microstructure of 
Commercial Grade Manganese Zinc Ferrites," 
Proceedings of the Third International Conference 
on Ferrites, Kyoto, Japan, in press. 

29. Y. Belli, K. Kubarych, M. Okada, and R. Mishra, 
"The Effect of V and Ti on the Magnetic and 
Mechanical Properties of Fe/Cr/Co Hard Magnets," 
Mat. Sci. Eng., in press, LBL-8384. 

30. R. K. Mishra, G. Thomas, T. Yoneyama, 
A. Fukono, and T. Ojima, "Microstructure and 
Properties of Step Aged Rare Earth Alloy Magnets," 
J. Appl. Phys., in press, LBL-11680. 

Other Publications 
1. B. V, N. Rao, J. Y. Koo, and G. Thomas, 
"Mechanical Behavior of Dual Phase Steels Con
taining Strong Phase Martensite," in Proceedings 
of the Joint U.S.-Japan Seminar on Mechanical 
Behavior of Metals and Alloys Associated with 
Displacive Phase Transformations, R.P.I. Press, 
p. 41 (1980), LBL-9508, 
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LBL Reports 

1. W. J. Salesky, "Sliding Wear, Toughness, and 
Microstructural Relationships in High Strength 
Fe/Cr/C Experimental Steels," M.S. thesis, 
LBL-10994. 
2. L. Rabenberg, "Annealing Behavior of High 
Permeability Amorphous Alloys," M.S. thesis, 
LBL-10995. 
3. E. Goo, "Microstructure and Domain Structure 
of PZT," M.S. thesis, LBL-10651. 

4. M.I. Perez, "Secondary Defects in Quenched 
Platinum," M.S. thesis, LBL-10178. 
5. T. Shaw, "The Crystallization of Glasses in 
the Mg-Si-O-N System," Ph.D. thesis, LBL-11759. 

Invited Taliis 

1. G. Thomas, R. Gronsky, 0. L. Krivanek, and 
R. K. Mishra, (presented by G. Thomas) "Physical 
and Chemical Characterization of Interfaces by 
Electron Cptical Methods," Surfaces and Interfaces 
in Ceramic and Ceramic-Metal Systems Conference, 
Berkeley, CA, July 28-30, 1980. 
2. T. M. Shaw and G. 'lliomas, (presented by G. 
Thomas), "Spherulitic Crystal Growth From an 
Oxynitride Glass," 7th European Congress on 
Electron Microscopy EUREM 80, The Hague, Holland, 
August 24-30, 1980. 

3. G. Thomas, R. K. Mishra, and K. H. Vfestmacott, 
(presented by G. Thomas), "Impact of HVEM in 
Materials Science," Antwerp, Belgium, September 
1-3, 1980. 

4. G. Thomas, "Twenty-five Years of Electron 
Microscopy in Materials Science" (Distinguished 
Award Address), EMSA Pacific Regional Conference, 
Reno, NV, August 2-9, 1980. 

5. R. K. Mishra and G. Thomas,, (presented by 
G. Thomas), "Microstructure and Properties of 
Step-Aged Rare Earth Alloy Magnets," 26th Annual 
Materials Research Society Symposium, Boston, MA, 
November 16-21, 1981. 

6. R. K. Mishra and G. Thomas, (presented by 
G. Thomas), "Recent Progress in Electron Microscopy 
Studies of Ferrites," 3rd International Conference 
on Ferrites" (Keynote Address), Kyoto, Japan, 
September 30-0ctober 2, 1980. 
7. G. Thomas, Series of Lectures on Electron 
Microscopy, Materials Science, and Alloy Design 
at Shanghai Tong University, Northwestern 
Polytechnic University, and Beijir.g University of 
Iron and Technology, The People's Republic of 
China, October through November 1980. 

8. G. Thomas, "Transmission Electron Microscopy 
in the 1980's," First Congress of the Chinese 
Society for Electron Microscopy (Keynote Address), 
Chengdu, The People's Republic of China, November 
1980. 

9. L. Rabenberg, R. K. Mishra, G. Thomas, 
0. Kohmoto, and T. Ojima, (presented by R. K. 
Mishra) "Electron Microscopy Study of Co/Fe/B/Si 
Amorphous Alloys," INTERMAG Conference, Boston, MA, 
April 21-24, 1980, LBL-10831. 

10. R. K. Mishra, "Applications of Chemical 
Analysis to the Study of Ferromagnetic and 
Ferroelectric Ceramics," EMSA Pacific Regional 
(inference, Reno, NV, August 2-9, 1980. 

11. 0. L. Krivanek, "Applications of Energy Loss 
Spectroscopy in Materials Science," EMSA Pacific 
Regional Conference, Reno, NV, August 2-9, 1980. 

* * * 
Work supported by NSF. 
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c. 1.5 MeV Electron Microscope* 

Kenneth H. Westmacott, Investigator 

Introduction. The overall goal of this program 
is to obtain a better understanding of the effects 
of interstitial elements on the structure and 
properties of metals. The research area is broad 
since it encompasses solid state reactions and 
gas-solid reactions including oxidation, reduction, 
carbonization and nitriding, etc. All such studies 
are greatly facilitated by the application of high 
voltcge electron microscope [HVEM} techniques that 
allow direct in-situ dynamic observations of the 
structural transformations resulting from gas-
solid reactions. During the year, significant 
progress has been made toward reaching a unified 
understanding of the diverse ,-lements involved in 
phase transformations in interstitial alloys, such 
as nucleation, habit, morphology and orientation 
relationship. 

1. PROGRESS REPORT ON FACILITY DEVELOPMENT 

Kenneth H. Westmacott 

During 1980 the new Kratos 1.5 MeV HVEM was 
installed in Building 72, but the final system 
and acceptance tests have not yet been completed. 
Some teething problems with the accelerator have 
been experienced but the overall impression of the 
HT stability and beam at 1.5 MeV is that it will 
be excellent. The vibration isolation system is 
fully operational and the seismic restraints are 
in position. If the present schedule can be main
tained, full acceptance of the instrument will 
be made early in 1981. An HVEM Steering Committee 
has been constituted, and all the proposals for 
using the HVEM are being reviewed. 

2. THE ROLE OF VACANCIES IN PRECIPITATION' OF 
INTERSTITIAL PHASES 
Ulrich Dahmen, Alan Pelton, Mike J. Witcomb and 
Kenneth H. Westmacott 

Background. In spite of many similarities in 
the precipitation behavior of different intersti
tial alloys, no single model has been proposed to 
date that can account for the conflicting experi
mentally observed features. Some results indicate 
interstitial diffusion is the rate-controlling 
process while others suggest vacancies. It is now 
clear that vacancies influence precipitation not 
only in fee interstitial alloys such as Pt(C) 1 but 
also in bec alloys as for example Ta(C}, 2 It 
appears that as a result of the binding to inter
stitial atoms, vacancies can be retained in a con
centration sufficient to make "heterogeneous" 
nucleation, i.e., the formation of a precipitate 
nucleus with the aid of vacancies, the dominant 
mode of precipitation. 

This work was supported by the Director, Office 
of Energy Research, Office of Basic Energy Sciences, 
Materials Sciences Division of the U. S. Department 
of Energy under Contract No. W-7405-ENG-48. 

The present work is a systematic attempt to 
elucidate the role of vacancies in interstitial 
phase precipitation. Three different aspects of 
vacancies may be distinguished, 1) their influence 
on kineticsj as postulated in the vacancy pump 
model,^ 2) their thermodynamic role, as in 
Khachaturyan's'* and Russell's5 theories, and 
3] their structural aspect, as in Westmacott and 
Perez1s^ model of co-precipitation. In view of 
the high mobility of interstitial solute atoms, 
the kinetic influence was considered to be minor. 
However, the question of a structural versus a 
purely thermodynamic aspect is important because 
it affects both the degree and the quality of 
vacancy involvement. The fundamental distinction 
appears to be in the conservation of lattice sites. 
If all lattice sites are preserved, a precipitate 
is truly coherent and the process of precipitation 
can be described as a homogeneous transformation. 
In this case the influence is mainly through the 
excess volume. A collapse of vacancies, on the 
other hand, destroys lattice sites and there is 
no longer a one-to-one correspondence between lat
tice sites in the matrix and the precipitate. Such 
a particle is no longer fully coherent and the 
transformation is in part heterogeneous, i.e., it 
is accompanied by a lattice-variant shear in the 
form of a matrix dislocation. This is the struc
tural role of vacancies. It has recently been 
pointed out by Olson and Cohen" that the homogeneous 
part of the transformation may be represented by 
"coherency dislocations," the lattice-variant 
shear by "anticoherency" or misfit dislocations. 
These concepts are extremely useful because they 
show that the combined use of conventional and 
high resolution transmission electron microscopy 
can experimentally distinguish between a purely 
thermodynamic and a structural role of vacancies. 
This has been demonstrated for the Pt(C) system. 

Pt(C) alloys. The unusual defects on {100} 
planes of Pt have been analyzed as 1/3 (100) 
stacking faults stabilized by a single layer of 
carbon atoms.1 Since the faulted loops, or single 
layer precipitates, result from the collapse of a 
sheet of vacancies, lattice sites are not conserved 
and the transformation is heterogeneous. However, 
the same local atomic arrangement can be achieved 
by a homogeneous transformation involving a shear 
vector of 1/6 (130). The situation is completely 
analogous to the more familiar case of partial 
dislocations in fee materials where a fault created 
by a 1/3 <111) Frank loop is identical to one 
generated by a 1/6 (112) Shockley partial. In one 
case (the Shockley partial) the lattice sites arc 
conserved, while in the other (the Frank loop) 
they are eliminated. The fault made by either 
partial constitutes a thin layer of hexagonal 
stacking and originates from a homogeneous trans
formation and a heterogeneous transformation, 
respectively. One can be described as a thin 
coherent hep precipitate, the other one as a semi-
coherent precipitate which has lost coherency 
through a reaction with a 1/2 (110> "anticohcrency 
dislocation," namely 
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3/6 (U2> * 1/2 <J10> = 1/5 iUl> , 

By analogy with this familiar dislocation reaction 
the corresponding reaction for the faulted pre
cipitates in Pt(C) can be written 

1/6 <310> + 1/2 U10) = 1/3 <01Q) . 

Figure 1 shows a contrast analysis of a more com
plex precipitate (arrow) obtained after prolonged 
aging of quenched Pt. The dislocation segment 
which is invisible in (d) and visible in (c) is 
consistent with 1/6 <310> ; the segment which is 
out of contrast in (c) has a Burgers vector normal 
to the plane of the precipitate consistent with 
1/3 (010), and the short segment visible in (a), (c) 
and (d) is a 1/2 <110> dislocation. This observa
tion supports the hypothesis of two different 
mechanisms generating the same structure. It also 
suggests that multiple layer defects could be 
formed by either one of both mechanisms. The 
technique of high resolution lattice fringe imaging 
was employed to make this distinction. Being 
sensitive to the conservation or elimination of 
lattice sites, it can decide whether a precipitate 
has thickened by a homogeneous (site-conserving) 

Fig. 1. Contrast analysis of multiple layer car
bides on {100} planes of Pt. (Courtesy of M. Perez). 

(XBB 8012-14621A) 

transformation or by the addition of more vacancy-
carbon complexes (site-eliminating]. Figure 2 
shows an example of a lattice fringe image taken 
of a multilayer precipitate. As most such pre
cipitates, it is seven layers thick, and a Burgers 
circuit reveals that one layer is missing. Thus 
the mechanism of formation involves only a single 
layer of vacancies followed by subsequent shear. 

Ta(C) alloys. The appearance of carbide precip
itates in Ta is similar to that encountered in 
the Pt(C) system. Precipitates exhibit contrast 
similar to dislocation loops, and a detailed con
trast analysis- has shown them to be plate like 
with a {310} habit plane and a displacement vector 
of roughly 1/3 <310> . Even more so than in the 
PtfC) system, the loop analogy fails when the 
precipitates grow in thickness. At this stage 
of the precipitation process, the concept of 
"coherency" and "anti-coherency" dislocations 
suggested by Olson and Cohen bridges the gap be
tween the description as dislocation loops and as 
precipitates. A homogeneous transformation may 
be described by a series of "coherency dislocations" 
distorting the matrix into the precipitate struc
ture. If countered by "anticoherency" dislocations, 
the coherency stresses are partially relieved and 
the precipitate becomes semi-coherent. Figure 3 
shows a lattice fringe image of a carbide precip
itate in Ta. The coherency distortion has effected 
a 10" shear of close-packed planes when crossing 
from the matrix into the precipitate. Since all 
the lattice fringes are continuous, there is no 
indication of the presence of "anticoherency" dis
locations. A complete analysis would require 
another high resolution image of fringes parallel 
to the habit plane. Even though at present, the 
small spacing of {310} planes is beyond the limit 

Fig. 2. Lattice image of 7-layer {100} carbide 
precipitate in Pt showing missing fringe due to 
vacancy collapse. (XBB 8012-14620) 
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1.23 MR 

Fig. 3. Lattice fringe image of {310} carbide 
precipitate in Ta illustrating the shear component 
of the transformation. (XBB 807-8737) 

of resolution of the available microscopes, there 
is evidence to suggest that, at this stage, the 
precipitates are fully coherent. Hence no vacancy 
collapse similar to the Pt(C) system is involved. 
Yet it is conceivable that at some earlier stage 
of the precipitation, the particles are semi-
coherent. 

The loca) collapse of vacancies on {310} matrix 
planes accompanied by the simultaneous precipita
tion of carbon could constitute a nucleus with 
the carbide structure and a net strain field of 
vacancy type. As a consequence of such a mechanism, 
the precipitation sequence would pass through 
several stages due to the reversal of the net 
strain field during precipitate growth, and multi
stage hardening has indeed been found in V-C and 
Nb-C. 

If vacancies retain their identity throughout 
the process of precipitation, they have no struc
tural role as described above. Their significance 
in this case lies mainly in the partial accommoda
tion of coherency stresses. The precipitates 
would be fully coherent during the entire sequence, 
and no explanation could be given for the reported 
age-hardening behavior. Both modes of vacancy-
assisted nucleation are consistent with all of the 
other experimental observations and it seems clear 
that vacancies play a critical role in the forma
tion of the carbide precipitates. 

Fe(C) alloys. The technological importance of 
iron-based alloys has inspired numerous investiga
tions of precipitation reactions. However, the 
sequence of events leading to the formation of 
these interstitial phases has eluded understanding, 
even in binary Fe(C) alloys. Since carbides can 
drastically alter a steel's physical properties 

(e.g., tensile strength, ductility and fovmability), 
a clarification of the phase transformations is 
imperative. In view of the successful interpre
tation of carbide precipitation via vacancy-carbon 
interactions in both Pt(C) and Ta(C) systems, an 
analogous approach was taken to illuminate the 
precipitation reaction in an Fe - 2 wt« Si - 0.15 
wtS C alloy. Samples of this material were quenched 
from the two phase (a+y) region into ice water and 
subsequently aged between 25 and 100°C for various 
times. 

Aging for 168 hours at 25°C produced a high 
density of coherent particles homogeneously dis
persed in the ferrite grains. Analysis of these 
precipitates shows that they lie on (100}a planes 
with a displacement vector normal to their habit 
planes. These plate-like precipitates are approxi
mately 300 A in diameter and are in the range of 
10-50 A thick. 

The effect of a combination of aging at 25 and 
100°C is shown in Fig. 4. These treatments enable 
a direct comparison to be made between precipitates 
which nucleated and grew at 100°C and at 25°C 
(Fig. 4(b)) and those which nucleated at 25°C with 
subsequent growth at 100°C (Fig- 4(a)). Analysis 
of these micrographs shows that: (1) all of the 
precipitates have a {100}a habit plane; (2) the 
size of the precipitates formed at 10O°C (^600 A 
in diameter) is independent of prior heat treatment; 
and '3) "preaging" at 25°C produces a higher den
sity of the larger precipitates. 

Although these microstructural observations may 
be interpreted solely in terms of the precipitation 
of supersaturated carbon atoms, other evidence 
indicates a vacancy-assisted transformation. For 
example, precipitate-free-zones are found around 
vacancy sinks. The precipitate density in Fig. 4 
is estimated to be approximately 1016/cin^ and the 
corresponding vacancy concentration.^ the quench 
temperature (8S0°C) is ~4 * 1016/cm5. This suggests 
that the nucleus of the precipitates could consist 
of a vacancy/carbon complex. It is interesting 
to note that a precipitous drop in vacancy concen
tration (observed by positron annihilation experi
ments) with a concomitant decrease in the concen
tration of carbon in solid solution (by internal 
friction measurements) between 2S and 100°C has 
been found in neutron-irradiated Fe(C). 

Thus, it appears that the nucleation event in 
dilute bec Fe(C) alloys is analogous to that 
observed in Ta(C) systems. 

1. K. H. Westmacott, M. I. Perez, J. Nucl. Mat. 
83, 231 (1979). 
ZT U. Dahmen, K. H. Westmacott and G. Thomas, 
Acta Met. (in press). 
3. L. A. Girifalco and H. Herman, Acta Met. 1J, 
583 (196S). 
4. A. G. Khachaturyan, Sov. Phys.-Solid State 
13, 2024 (1972). 
57 K. C Russell, Scripta. Met. 3, 313 (1969). 
6. G. B. Olson and M. Cohen, Acta Mot. _27, 1907 
(1979). 



Fig. 4. (a) A comparison of precipitates produced 
by preaging at 25°C for 168 hr followed by 100°C 
for 0.5 hr, and an additional 336 hr at 25°C; and 
(b) aging at 100°C for 0.5 hr and 25°C for 336 hr. 

(XBB 812-2109) 

3. THE MGIN OF ORIENTATION RELATIONSHIPS 

Ulrich Dahmen 

The orientation relationship (OR) between two 
phases ol different crystal structure is of great 
importanc -• because i t has a strong bearing on the 
microstrt-tures and properties of multiphase 
materials . There is increasing evidence that 
deviations from exact OR's are common. 1 The 
present work seeks to explain and predict such 
deviations through a systematic examination of the 
features inherent in a l l OR's. 

Figures 5 and 6 i l lus t ra te the most frequently 
found OR's of bcc/fcc and bcc/hcp systems in stereo-
grans projected along cannon poles of close-packed 
planes. The symmetries of the lat t ices within 

32 

Fig. 5. Sterograms of bcc/fcc orientation rela
tionship (a) Nishiyama-Wassermann; (b) Kurdjunov-
Sa^hs. (XBL 8012-13554) 

these close-packed planes are symbolized by a 
rectangle for (100) bcc and a hexagon for both 
(111) fee and (0001) hep. 

I t is evident from Figs. 5 and 6 that a l l the 
well-known OR's are much closer to each other than 
commonly recognized. They can be derived from 
each other by continuous rotations whose exact 
angle depends on la t t ice symmetries irrespective 
cf lat t ice parameters. However, many systems 
deviate from the ideal OR's determined by la t t ice 
symmetries and atomic match demands a dependence 
on lat t ice parameters. I t is possible to maximize 
atomic matching in one direction by adding a rigid 
body rotation to the pure deformation that relates 
two lattices to each other. The angle of rotation 
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Fig . 6. Stereograms of bec/hep r e l a t i o n s h i p s 
(a) P i t sch-Schrader ; (b) Burgers . (XBL 8012-13555) 

0 i s a continuous function of a dunensionless 
parameter R, the r a t i o of the l a t t i c e cons tan ts 
of the two phases. For t he spec i f i c case of an 
OR between bec and hep l a t t i c e s (R = a n C p / a b c c ) 
and for t h e i r l a t t i c e correspondence of maximum 
symmetry, 0 can be ca lcu la t ed as 

0 = c o s - i r i ^ n L i i i . a) 
La + sttw J 

0 v a r i e s r ap id ly between zero degrees fo>- R < 0.82 
and R > 1 and a f l a t raaximun of 5 .8° a t R ^ 0 . 9 . 

A comparison wi th publ ished experimental r e s u l t s 
on twelve d i f f e r e n t bec/hep p r e c i p i t a t i o n systems 
shows a good agreement wi th t he OR's c a l c u l a t e d on 
t h e b a s i s o f an i n v a r i a n t l i n e s t r a i n . Th i s ag ree 
ment i s i l l u s t r a t e d p a r t i c u l a r l y we l l u s ing t h e 
example of hexagonal Mo2c p r e c i p i t a t e s ; when formed 
in f e r r i t e (R = 1 .05] , no r o t a t i o n i s exper imenta l 
ly observed j 2 but when p r e c i p i t a t e d in molybdenir*. 
(R - 0 . 9 5 ) , a S.26° r o t a t i o n i s r e p o r t e d . 3 A 
survey of experimental observa t ions on 15 d i f f e r e n t 
bcc / f cc systems shows the same t endenc ie s ; for 
example, Fe deposi ted on a {111} Ni s u b s t r a t e 
follows mainly the KS OR (Fig. 5(b)) while i t only 
forms in the NiV OR (Fig. 5 (a ) ) when depos i ted on 
Au or Ag as predic ted by the theory . 

The theory has a l s o been successful in p r e d i c t i n g 
simple morphologies on the b a s i s of d i r e c t i o n a l 
matching. I t was shown t h a t the p lanar matching 
c r i t e r i o n commonly appl ied i s in e r r o r and p r e d i c t s 
p a r t i c l e axes normal to those given by d i r e c t i o n a l 
matching. Fur ther development of the theory i s 
expected t o permit t he p r e d i c t i o n of more complex 
morphologies of coherent and semicoherent p r e c i p 
i t a t e s in ma te r i a l s of any c r y s t a l s t r u c t u r e . 

1. U. Dahmen, Ph.D. t h e s i s , January (1979), 
LBL-8661. 
2 . D. J . Dyson, S. R. Keown, D. Raynor and J . A. 
Whiteman, Acta Met. 14, 867 (1966). 
3 . P. Burcx, Ph.D. t H e s i s , F r e ibe rg , Germany 
(1977). 

RESEARCH PLANS FOR CALENDAR YEAR 1981 

The fundamental connection between vacancy con
densa t ion and the growth of a new p r e c i p i t a t e phase , 
which has now been e s t ab l i shed for a number of 
d ive r se systems, e . g . , carbon so lu t ions in Ta, Pt 
and Fe -S i , w i l l be s tudied using i n - s i t u HVEM 
techniques . This may allow us to follow the e n t i r e 
sequence of events dur ing p r e c i p i t a t e nuc lea t ion , 
growth, loss of coherency, formation of equi l ibr ium 
phase , and eventual d i s s o l u t i o n , t o t e s t and assess 
the r e l a t i v e importance of s eve ra l poss ib le growth 
mechanisms. S p e c i f i c a l l y , t he th ickening of carbide 
p l a t e s in Pt(C) w i l l be s t ud i ed , t he s t r u c t u r a l 
changes accompanying the morphological and habi t 
plane changes in Ta(C), p r e c i p i t a t e r eac t i ons in 
Fe-base a l l o y s , as well as o the r systems yet t o 
be decided. 

I n - s i t u s tud ies of the i n i t i a l s tages of oxida
t i o n in Al-base a l loys w i l l be continued in o rder 
t o e l u c i d a t e the ro le of s t r e s s bu i ld -up , and i f 
successful w i l l be extended t o o ther systems. 

" 0 " - l a t t i c e theory i s being used t o desc r ibe 
t he d i s l o c a t i o n networks formed between phases 
of d i s p a r a t e l a t t i c e parameters or s t r u c t u r e s . 
The p red i c t i ons of t he theory w i l l be t e s t e d 
experimental ly using severa l systems. 
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2. Mechanical Properties 

a. Theoretical Problems In Alloy Design* 

J. W. Morris, Jr., investigator 

Introduction. The research program described 
below is a multi-faceted one of research oriented 
toward the development of new materials to meet 
advanced energy needs. The overall program in
cludes fundamental research supporting new materials 
development and applied research in the development 
of new structural alloys, weldments and welding 
procedures, and high field superconducting 
materials. 

Theoretical Studies 

1 . STUDY OF PRECIPITATE MORPHOLOGY BY CONSIDERA
TION OF ELASTIC STRAIN ENERGY 

D. E . Wedge 

The equilibrium shape of a coherent second phase 
inclusion is determined by minimizing the sum of 
the elastic strain energy induced by the particle 
and of the interface energy of its boundary with 
the surrounding matrix. Five different shape 
models are used to calculate the elastic strain 
energy of a" (Fej6N2) particles in the Fe-N system. 
Four of the models are based on the elastic energy 
of A. G. Khatchaturyan for a coherent inclusion of 
arbitrary shape in an anisotropic medium, with the 
restriction that the elastic constants have the 
same values in both phases. Of these models, 
three represent numerical computations for dif
ferent plate-like shapes--disk, lens, and ellipsoid. 
The fourth, the "loop" model, is derived from an 
analytical approximation by Khatchaturyan treating 
the particle as a dislocation loop around its 
edge, The last model, "B and Ng," is derived by 
Boyd and Nich lson from the work of J. D. Eshelby 
for an ellipse id particle in an elastically 
isotropic medium. For each model, the elastic 
energy is calculated as a function of the aspect 
ratio (diameter/thickness) of the particle. 
Combining this with the interface energy ( Y ) , we 
can predict the aspect ratio of the particle as 
it grows, by min .mizing this energy sum. 

Alternatively, the result can be expressed by 
solving for y as a function of observed particle 
dimensions. By plotting aspect ratio versus 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Science, 
Materials Science Division of the U.S. Department 
of Energy, and funds for the welding equipment was 
supplied by the Division of Magnetic Fusion Energy, 
Office of Fusion Energy, U.S. Department of Energy 
under Contract No. W-740S-ENG-48. 

particle size and by fitting the calculated relation 
to the data points, a value for y is extracted. 
Three reports of experimental observations of a" 
particles for a wide range of particle size are 
used to compute values for y, first assuming the 
interface energy to be isotropic. The results of 
the curve fitting are illustrated in of Fig. 1(a), 
showing the computed y value as a solid bar for 
each of the three data sets and for each of the 
five elastic energy models. Also shown for each 
model is the y value obtained by the three data 
sets into a single set of experimental points, 

1. W and B 
2. K and W 
3. A and I 
4. Dota sets (1,2,3) combined 

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 
Disk L.ns Ellipsoid Loop B and N 

6 100 

1 2 3 4 
Disk 

iR^H^Dtei i l l 
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 

L«ns Ellipsoid Loop Bond N 

Fig. 1. Inferred surface energy of the F e i ^ 
precipitate using various models for precipitate 
shape (XBL 811-7527) 



representing a much wider range of particle size 
than any one set taken alone. The hatched bars 
indicate the magnitude of the average error in each 
curve fit. The curve fit is reasonably good for 
each data set but not for the combined set. 

A second interface energy model takes into 
account some anisotropy by considering the habit 
plane interface energy (YH) separately from that 
of the particle periphery (Y p). Yp is fixed at 
300 erg/cm^, as determined by coarsening theory, 
and the curve fitting is repeated to obtain a 
value for YH (see Fig. 1(b)). The curve fits are 
seen to give much smaller errors for the combined 
data set with, the anisotropic surface energy model 
than with the isotropic model, indicating the 
improved applicability of the anisotropic model 
over a wide range of particle sizes. 

Experimental Research 

Fig. 2. (FeigN2) a" precipitate morphology aged 
at 75° for 10 min. from Fe-0.011 wt% N alloy. 
The beam direction is near [139] and g=231. 

(XBB 812-1779) 

2. OBSERVATIONS OF THE MORPHOLOGY OF PLATE 
PRECIPITATES 

Yih-Cheng Shih 
The equilibrium shape of a coherent precipitate 

particle is determined by the minimum of the sum 
of the elastic strain energy and the surface 
energy associated with the particle. From the 
elastic strain energy formula developed by A. G. 
Khatchaturyan, we can express the elastic strain 
energy in a very simple form as a function of the 
aspect ratio (= diameter/thickness) for thin plate 
precipitates. If the precipitates have equilibrium 
shapes, we also can calculate the surface energy 
from observations of the aspect ratio of precipi
tates. The calculated surface energy of coherent 
precipitates should be constant as the particles 
grow and this can be used as a test of the strain 
energy theory. 

In this work, the thin plate nitride precipitate 
a" (Fej6N2) was observed under TEM. By setting 
the concentration of nitrogen in iron very low 
(0.011 wtt), a relatively low density of a" pre
cipitate was established in order to determine the 
detailed precipitate shape. Figure 2 shows that 
the morphology of a*1 precipitates is a rosette on 
(001) habit plane. The growth branches stretch out 
in [100], [010], [110] and [110] directions. 

It is planned to observe the dimension of o n 

precipitate particles systematically over a large 
range of particle size up to the maximum size of 
coherent precipitates, with weak beam dark field 
technique (and/or lattice image) to obtain aspect 
ratio data as accurately as possible. 

3. MOSSBAUER EFFECT METALLOGRAPHY 

Brent Fultz 

Substantial alloy element segregation to pre
cipitating austenite occurs during two-phase 
tempering of martensitic Fe-Ni steels. Such temper-
induced chemistry difference between the austenite 
and martensite phases can have an important in
fluence on the microstructural stability and hence 
mechanical properties of these steels. There is 
therefore a need for rapid quantitative techniques 
to monitor this segregation. We have been investi
gating the possibility that Mossbauer spectroscopy 
may be useful for this purpose. 

This year we completed a systematic study of 
effects of Ni and Mi, Cr, Si, or C (denoted "X") 
on the Fe-Ni-X martensite Mossbauer spectra, and 
we are now able to quantify changes smaller than 
0.1 atl in the chemical composition of the marten-
site by using a difference spectrum procedure. 
For example, difference spectra showing the 
intensity changes of four martensite lines after 
tempering are shown in Fig. 3. From these data 
we have determined a reduction of 0.5$Ni and 0.2tMi 
in the martensite after the precipitation of 6% 
austenite (austenite peak not shown). This 
technique for chemical analysis of the martensite 
has sufficient sensitivity to follow the global 
kinetics of alloy element segregation simultaneous
ly with the kinetics of austenite precipitation. 
We will be pursuing such a study over the next 
year. 
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Fig. 3. Difference of Mitesbauer peaks from Fe-9Ni-0.7Mn martensite after 
tempering minus before tempering. aNi effect is due to a peak broadening 
and shifting, AMn, effect is due to an intensity change in a sa te l l i te 
peak from Fe5? nuclei with one Mn neighbor. (XBL 812-8256) 

Structural Alloy Development 

4 . INVESTIGATION OF IWTERGRANULAR EMBRITTLEMENT IN 
Fe-Mn STEELS BY HIGH RESOLUTION SCANNING AUGER 
MICROSCOPY 

Hyung J a i Lee 

For several years we have been developing iron-
manganese alloys as an alternative to Fe-Ni steels 
for cryogenic use. Ferritic Fe-Mn grades within 
the composition range 5-12!Mn were successfully 
designed, using appropriate chemical modification 
together with thermal and thermomechanical treat
ment to establish good low-temperature properties. 
A particularly relevant question during this 
research has been the source of low temperature 
embrittlement of Fe-12Mn steels since the fracture 
mode below the DBTT dramatically changes from 
quasi-cleavage to a catastrophic intergranular 
fracture mode with changing composition from 8%Mn 
to 12%Vki, Previous research suggested that the 
source of this intergranular fracture was due not 
to the segregation of chemical impurities but to 
the inherent properties of prior austenite bound
aries in the 12%Mn steel. 

Employing high resolution scanning Auger 
microscopy, the intergranular fracture surfaces 
of Fe-12Mn steel in the as-austenitized condition 
were carefully investigated in an effort to find 
any possible segregation of the deleterious 
impurities such as P, S, and Sb. As shown in 
Fig. 4, high resolution chemical analysis of the 
intergranular fracture surfaces revealed no consis
tent segregation of P, S, or 0 but did show a slight 
segregation of C. The occasional appearance of S 
or 0 on the fracture surface was also studied and 
found to be associated with MnS or Mn02 precipitates 
along the prior austenite grain boundaries (Fig. 5). 

Using the Ar ion gun, sputter profiles of the 
Mn composition near grain boundaries were made. 
These sheaved no enrichment of manganese along the 
prior austenite grain boundaries. Further studies 
showed that carbon atoms, not carbides, are on the 
grain boundaries and carbon atoms were segregated 
along the grain boundaries to about 50 A depth. 
Since carbon is believed not to promote inter
granular fracture unless it is in the form of 
carbides, it is most likely that carbon segregation 
does not affect the intergranular embrittlement. 

Fig. 4. SEM of Fe-12Mn steels in the as-austenitized condition and high 
resolution Auger electron spectrum of the intergranular fracture surface. 

(XBB 812-1600) 



Fig. 5. High resolution uiemical analysis of four different regions on 
the jntergranular fracture surface shows (1) frfoS, (2) M1O2, (3) surface 
of the crater separated by precipitate, (4) grain boundary. 

(XBB 800-13508) 

Welding Research 

5. DEVELOPING A WELDINCl RESEARCH LAB0RA1CRY 

Leonard T. Summers 

Recently there has been growing interest in 
developing processes to produce sound weldments in 
a variety of steels, such as low alloy steels, 
precipitation hardening stainless steels, and 
nitrogen-strengthened stainless steels. This 
research necessitates facilities capable of 
generating quantitative data or welding parameters 
and reproducibility of research weldments under 
a w*ue range of operating conditions. 

To meet these needs, a research welding labora
tory has been developed. To allow researchers to 
tackle a wide variety of problem areas, a high 
degree of flexibility and versatility were in
corporated into the laboratory's design. Utiliza
tion of a Miller 300 power supply allows production 
of gas tungsten arc welds (GTAW) with a power out
put ranging from 15-300 A, CTAW weldments can be 
produced in both the conventional dc mode or ac 
mode for aluminum-based metals. Current output 
can be adjusted from the conventional flat mode 
to the pulsed arc mode, with background to peak 
ratio, percent peak on time, and pulse frequency 
under the operator's control. Addition of filler 
metals can be achieved by manual hand feed, or by 
automatic wire feed methods. 

Shielded metal arc welds (SMAW) and gas metal 
arc welds (GMAW) can both be produced by two power 
supplies, a Synchrowave 400 and an Airco PA-3A. 
Output currents can be adjusted from 75-400 A, 
which allows the deposition rate to be varied from 
relatively low to significantly high values. 
Sunilar to GTAW, GMAW welds can be produced in both 
flat current and pulsed arc modes; the pulsed mode 
being capable of welding thin sections where spray 
transfer is desired but where low average input 
current is required. 

Fully automatic welding concepts have been 
employed to achieve exact reproducibility of 
welding. All welding equipment has been inter
faced with "pack rat" automatic welding guides and 
Cobra automatic wire feeders. Therefore the 
operator can select a constant travel speed, 
stickout length, and heat input. Furthermore, 
all equipment can be interfaced with high speed 
recorders giving a permanent record of amperage/ 
voltage characteristics during experimental weld 
passes. 

Future work includes the interfacing of work 
pieces with multichannel temperature recorders to 
obtain data in both the longitudinal and transverse-
directions to the weld pass. This will give 
researchers precise control not only of welding 
modes but of heat input preheat, postheat, and 
interpass temperatures as well. 



6. CHARACTERIZATION OF FERRITIC G.M.A. WELD 
DEPOSITS IN 9%Ni STEEL FOR CRYOGENIC APPLICATION 

Kim W. Mahin + 

Four ferritic multipass gas metal arc (GMA) 
weldments were evaluated for the development of 
matching ferritic weld consumables suitable for 
the gas metal arc welding of Fe-9Ni steel. Tough
ness testing of the weldments, as shown in Table 1, 
indicated that each of the weld deposits at the 
centerline and the fusion zone has a lower 77 K 
(-196°C) absorbed impact energy than its corres
ponding base plate. The possible factors in
fluencing this behavior were determined to include 
the large columnar grain size, the high level of 
interstitials (oxygen, hydrogen, and nitrogen in 
the weld puddle), the density of inclusions and 
second phase particles, and the absence of retained 
austenite. 

Correlations between chemistry and mechanical 
properties indicated that as the solute (inter
stitial and substitutional) level in the weld 
deposit increased (in the absence of beneficial 
grain refinement), the level of impact energy 
absorbed by the weld at 77 K (-196°C) decreased. 

Correlations between microstructure and mechani
cal properties indicated that the 77 K (-196°C) 
notch toughness of the weld deposit depended on 
the recover)' potential of the matrix and the 
volume, size, and morphology of second phase 
particles (inclusions and "M-A" phase) within the 
matrix, The highest impact toughness values 
corresponded to maximum amounts of polygonal 
ferrite structure and minimal amounts of inclusions 
and "M-A" phase, i.e., minimum solute levels. 
However, these minimum solute levels also promoted 
maximum porosity levels. 

Thus, optimization of both weld toughness (at 
77 K) and weld soundness in ferritic G.M.A. weld
ments, as evidenced in this study, requires 
acceptance of a nominal solute, i.e., inclusion, 
level in the weld deposit, and of a reduction in 
the critical cleavage stress in the weld matrix. 
Minimizing cleavage failure and maximizing the 
amount of impact energy absorbed at 77 K under 
these conditions corresponds to minimizing the 
size of the polyhedral carbides or carbonitrides 
and reducing the volume of "M-A" phase or strain-
induced carbides formed. 

TPresent address: Lawrence Livermore Laboratory. 

7. RESEARCH IN SUPPORT OF MATERIALS SELECTION FOR 
THE CASES OF FORCED-COOLED SUPERCONDUCTORS 
Michael J. Strum 

In a number of advanced superconducting magnets, 
it is desirable to employ a "forced-cooled" super
conductor configuration. In this configuration 
the superconductor is made as a loose cable and 
is wrapped with a non-magnetic alloy that serves 
to contain helium used to cool the conductor. 
Strength considerations dictate that the non
magnetic conduit case be some kind of non-magnetic 
steel. Assembly constraints require that the 
steel be wrapped around the superconductor cable 
and continuously seam welded in order to close it. 
If the superconductor is an A15, such as NbgSn, 
then the combined superconductor and conduit, 
must be given a prolonged treatment at elevated 

Table 1. Charpy V notch and 5-point bend fracture toughness test results 
for the four weldments at 77 K (-196°C). 

WELOHENT 
NOTCH 

LOCATION 

I 
f t - lb " W) 

LAT. EXP. 
(nils (nri) 

KE.E. 
K1C 

tcsi-̂ TK |HPa-«) 

,.J 
IC 

ksi-.'in (HPa-^) 
C.O.D. 

mils (rim) 

U.K.* 122 (165) 63 (1.6) ... ... 
F . Z . " 99 (134) 55 (1.4) — — ... 

778-6 
W.M. 

F.Z. 

22 

38 

(30) 
(52) 

14.7 (.4) 
23 (.6) 

... 
... ... 

W.M. m (54) 25 (.6) 199 (217) 152 (165) 3.1 (.08) 
7B6-1 (with porosity) — - 127 (13B) 99 (108) 2.8 (.07) 

F.Z. 63.4 (86) 34 (.9) 194 (211) 156 (170) 4.2 (.11) 

LCMN-1 
W.M. 

Stress-
Relieved 

H.H. 

25 

29 

(34) 

(391 

19.5 (.5) 

18 (.45) ... ... 

* w.H.; Meld Metal 
** F .Z . : Fusfon Zone 
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temperature after assembly to react the A15 super
conductor. Since there were uncertainties regard
ing the selection of conduit case materials, 
particularly for the specific case of the NbjSn 
conductor to be used in the Westinghouse contribu
tion to the MFE large coil program, we were asked 
to conduct research to assist in materials 
selection. 

The first research task involved the investiga
tion of the properties of the alloy Nitronic 40, 
which had been suggested as a candidate for the 
forced-cooled conductor case. Mechanical proper
ties research on this alloy revealed that it became 
extremely brittle in the fully reacted condition. 
Subsequent metallurgical studies showed that the 
source of the brittleness lay in a sensitization 
reaction which took place in the steel during the 
prolonged heat treatment required to form the 
superconducting phase. The brittleness was 
particularly pronounced in the autogenous seam 
weldment. In this case the brittleness was com
pounded by the transformation of a continuous 
matrix of ferrite within the weldment into the 
brittle sigma phase. For these reasons it was 
decided that Nitronic 40 is not a suitable material 
for the forced-cooled conductor case. 

The search for an alternative material was 
conducted under the constraint that the material 
be one which could be purchased in sheet form on 
a reasonable procurement schedule. Iv'e participated 
in this research as one member of a committee of 
representatives of several national laboratories 
assembled by the Office of Magnetic Fusion Energy 
to address the problem. In collaboration with the 
Lawrence Livermore Laboratory we selected the 
material JBK-75, which is a modified iron-based 
superalloy recently developed at the Sandia 
Laboratories. This alloy seemed attractive becg'ise 
of its natural heat treatment range for precipi
tation hardening lay in the same range of tempera
tures employed for reaction of the A15 compound. 
Mechanical property tests on this alloy after 
autogenous GTA welding seem to indicate its 
suitability for the forced-cooled conductor 
application. After additional testing at Westing-
house and other laboratories, it was tentatively 
selected for use in the forced-cooled superconduc
tor case of the Westinghouse magnet for the Large 
Coil Program. 

Superconductivity Research 

8. MICROSTRUCTURE AND PROPERTIES OF A15 SUPER
CONDUCTORS FORMED BY DIRECT PRECIPITATION 

Minghwei Hong, I.-Wei Wu, and Daniel R, Dietderich 
In this work the "direct precipitation process," 

previously developed in this laboratory was 
employed to create the A15 superconductors from 
the V-Ga and Nb-Al systems. The critical current 
characteristics of the resulting materials were 
good but not better than those obtainable in the 
best multifilamentary wires. Microstruetural 
investigations were hence undertaken to characterize 
the precipitation process and to provide guidelines 
for property improvement. 

The direct precipitation process yields a 
superconducting material in which discrete crystal
lites of the A1S phase are distributed through a 
matrix of residual solution. The critical current 
characteristic of the material at 4.2 K is expected 
to be a function of at least four parameters: the 
stoichiometry of the A1S phase, the grain size of 
the A15 precipitates, the continuity of the pre
cipitate network, and the aggregate volume fracture 
of A1S. The first parameter is related to the 
composition of the A15 phase; the latter three 
concern its microstructural characteristics. 

The composition of the A15 phase should deter
mine inherent superconducting properties such as 
its critical temperature (T c) and upper critical 
field ( H ^ ) . In V-Ga aged at 700°C both the criti
cal temperature and critical field increases with 
the Ga content of the starting alloy. Both tend 
to reach a maximum, then decrease after long aging 
times, a behavior pattern which suggests an 
eventual decrease in the Ga content of the A15 
phase. The maximum T c and H C2 (4.2 K) of V-18 Ga, 
15 K and 210 kG, correspond to a nearly stoichio
metric A15 phase. In the Nb-Al material the 
critical temperature and the critical field in
crease with the starting content of Al and also 
monotonically with aging time. The data suggest 
a gradual increase in the Al content of the A15 
phase, which, however, remains lean in Al since 
the maximum values of T c and H C2 are significantly 
below their values for stoichiometric ND3AI. 

Example microstructures of deformed and aged 
V-Ga and Nb-Al samples are presented in Figs. 6 
and 7. The morphological characteristics of the 
two precipitates are different; V^Ga precipitates 
as a set of discrete particles which grow in a 
lenticular shape away from the boundaries into the 
interior of the grains. The precipitates tend to 
be surrounded by matrix phase, suggesting a pre
ferential wetting by the matrix material. Alterna
tively, Nb3Al precipitates as small, more nearly 
equiaxed particles that densely coat the disloca
tion subcell boundaries at an early stage of the 
reaction. 

Fig. 6. TEM micrograph of V-15.6 at% Ga aged at 
700°C for 108 hr. Regions A and B are A1S and BCC, 
respectively. (XBB 809-11069) 



41 

Fig. 7. TEM micrograph of Nb-18.0 a t l Al aged at 
750°C for 1.5 hr. Regions A and B are A15 and BCC, 
respectively. (XBB 802-2119) 

From the perspective of establishing a micro-
structure conducive to good current-carrying 
properties, the NbjAl precipitation pattern revealed 
in these studies is clearly preferable to that of 
V$Ga. On the other hand, the inherent supercon
ducting properties of V3Ga are better. The two 
materials we have produced to date hence include 
one having a basically good A1S phase in an uri-
desirable morphology and one having a less attra-
tive A15 in a very promising morphology. These 
features are reflected in their overall cri t ical 
current characteristics, as shown in Figs. 8 and 
9. 

MI. rri***.*, % Daformolion Nfe-t77ot%Al a t 4 Q 0 ' c 
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Fig. 9. Overall cr i t ical current density versus 
applied field for Nb-Al samples with different 
compositions (curves A and C) and different amounts 
of deformation (curves A and 8) . (XBL 806-5275) 

9. THE EFFECTS OF THIRD ELEMENT ADDITION ON THE 
MECHANICAL PROPERTIES OF THE V-Ga ALLOYS 

—I 1 1 r 
v-IS.5«l%Go 

90% Diformallon al 7D0*S 

Fig. 8. Overall critical current density versus applied field for V-Ga samples with different aging, times. (XBl 805-S104) 

Daniel R. Dietderich, Minghwei Hong, and Joseph C. Barrett 
High interstitial contents of oxygen and nitrogen after arc-casting had often been encountered in the early stages of this program when only vanadium and gallium were melted together. The samples with high oxygen and nitrogen contents could be reduced less than 75% in thickness. However, for the samples containing low oxygen and nitrogen, the thickness-reduction could be 90S or more. 
In order to consistently obtain samples with low interstitial impurities using the arc-melting method a third element addition was used to remove oxygen and nitrogen from the cast sample. Among the third elements added to the V-Ga melt, small amounts of cerium, ~ 0.5 att, were found to be very effective in reducing the oxygen and the nitrogen content. During the melting cerivio, vhich has a stronger affinity for oxygen than vanadium, reacted with the oxygen in the sample and formed cerium oxides. Since the melting point of cerium oxide is higher than that of the V-Ga alloys, the oxides are in a solid form during the melting; the 
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solid oxides float on the surface of the melt and 
can be easily peeled off after cooling. The 
strong contrast between the cerium-refined and 
noncerium-refined samples is indicated in Fig. 10, 
It should be noted that small amounts of cerium 
have not affected the superconducting properties 
of the tested samples. 

metallurgy approach and a liquid infiltration 
method. The A1S phase can then be formed by an 
appropriate interfacial solid (Nb) and liquid (X) 
reaction. Heat treatments of one temperature 
aging resulted in a sharp transition with an 
inductive T c onset of - 15.5 K, H ^ .(4.2 K) > 21 T 
and compatible overall Jc's of > 10 4A/cm 2 at 10 T 
and 4.2 K. Furthermore, a double aging treatment 
increased the inductive T c onset to 16.3 K; the 
overall current density and the upper critical 
field are also expected to be higher. Research 
on processing, including kinetic studies, micro-
structure characterization and relevant thermo
dynamics are now in progress. 

NOT CERIUM REFINED 

OXYGEN 3000 ppm 
NITROGEN 2000 ppm 

DEFORMABILITY <75H 

CERIUM REFINED 

OXYGEN 1000 ppm 
NITROGEN 200 ppm 

DEFORMABILITY >1i * 

Fig. 10. Highly deformable V-Ga alloys (for 12-18 
at! Ga). (XBB 803-3351) 

10. Nb-Al AND Nb-Al BASED A1S SUPERCONDUCTORS BY 
SOLID-LIQUID REACTION 

Minghwei Hong, John T. Holthuis, and J. W. Morris, 
Jr. 

Solid state diffusion methods which have reached 
the stage of commercial fabrication are only 
applicable to a limited number of A1S superconduc
ting compounds, such as Nb3Sn and V3Ga. Fabrica
tion of umltifilamentaiy superconductors of the 
even more promising A15 compounds including 
Nb3Al, Nb3(Al,Ge) can, however, be achieved by 
another mechanism, nonequilibrium solid-liquid 
reaction. Fine wires [diam * 0.15 mm) containing 
sub-micron sized filaments of Nb and X (X-Al, Al-Si, 
or Al-GeJ are made by a conventional powder 

11. METALLURGICAL FAILURE ANALYSIS 1HTH A LARGE 
SUPERCONDUCTING SOLENOID MAGNET 

J. W. Murris, Jr., Jung-Ihl Kim, Brent Fultz, and 
Minghwei Hong 

During the past year a large solenoid Nb-Ti 
superconducting magnet was constructed at LBL for 
use in the time projection chamber at SLAC. This 
magnet failed during its testing phase through 
formation of a serious and damaging short. Our 
research group was asked to undertake a metallurgi
cal failure analysis of the remains of the magnet 
in collaboration with the analyses being performed 
by other groups at LBL to determine the source of 
the failure. This analysis included an overall 
investigation of the pattern of damage to the 
magnet, specific chemical and metallurgical 
analyses of suspect regions within the damaged 
coil and corollary experiments to determine the 
degradation properties of the insulation material. 
Investigation revealed a suspicious contamination 
of iron on the aluminum inner bore tube of the 
magnet and which appeared to originate from a 
small mechanical gauge in the bore tube. This 
evidence, taken together with results of other 
investigations of specific items of damage in the 
failed magnet, strongly suggested that the failure 
was due to a small iron chip present on the bore 
tube at the time the magnet was wrapped, which 
caused a short between the bore tube and an 
aluminum wire circuit separated from the bore tube 
by a thin layer of insulation. This interpretation 
of the failure is consistent with the analysis of 
other aspects of magnet performance conducted by 
other divisions of the laboratory. 

RESEARCH PLANS FOR CALENDAR YEAR 1981 

Research plans for this project include the 
following: 

1. We plan to complete our combined theoretical-
experimental investigation of the shape and 
coarsening behavior of nitride precipitates in iron 
and the interpretation of precipitation characteris
tics through the elastic theory. 

2. We plan to continue investigation of the 
influence of low temperature structural anomalies 
on the flow characteristics of dislocations in 
solids, in the hope of gaining further insight 



43 

into the fundamental sources of low temperature 
mechanical behavior. 

3. We will continue the development of 
Mbssbauer spectroscopy as a technique for following 
chemical alterations during decomposition reactions 
in steel and will utilize the technique to monitor 
chemical changes during the precipitation of 
austenite. 

4. We plan to continue research on the inherent 
intergranular fracture in Fe-Mn cryogenic steels, 
using Auger electron spectroscopy to gain further 
insight into the role of boron as "grain boundary 
glue." 

5. We plan to comhict alloy development 
research on the high temperature properties of iron 
superalloys, with the objective of developing 
alloys which retain exceptional strength in high 
temperature applications. 

6. We plan to research on the welding of 
austenitic steels, which will focus on the aging 
kinetics of superalloys aged after autogenous 
welding, and on the role of 6-ferrite in the 
weldments of conventional austenitic steels. 

7. We plan to continue research with new high 
field superconducting materials, with that research 
focusing on Nb-Al superconductors manufactured 
either through "direct precipitation" or powder 
metallurgical techniques. 
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b. Structure-Property Relationships In Semiconductor Materials* 

Jack Washburn, Investigator 

Introduction. This p/ogram is aimed, at a more 
complete fundamental tinderstanding of the ways in 
which point defects, dislocations, and more complex 
clusters of point defects affect the electrical 
properties of semiconductor materials after various 
processing steps including ion ijnplantation and 
laser and electron beam annealing. This type of 
information is important to improvement of the 
reliability, life time and performance of solid 
state devices including solar cells. A combina
tion of experimental techniques including high 
resolution transmission electron microscopy and 
diffraction, channeled Kutherford back scattering, 
secondary ion mass spectroscopy and electrical 
measurements are being utilized. 

U. Dahmen, B. Chin, and J. Washburn 

A critical factor in the efficiency of low-cost 
CdS/CuxS photovoltaic cells is the composition of 
the Cu xS layer. Theoretical studies have predicted 
that the heterojunction is optimized when the 
Cu xS layer has the composition of chalcocite, 
CU2S, Experimental results have generally agreed 
with this prediction, but compositional measure
ments were averaged over large areas. In this 
study, the local phase distribution has been in
vestigated with high spatial resolution using 
transmission electron microscopy. To eliminate 
complicating factors, highly perfect single crystals 
of melt-grown CdS were transformed to Cu xS by an 
ion exchange reaction in both the wet and the dry 
process. 

In contrast to previous beliefs, it was found 
that the composition was far from homogeneous. A 
multitude of phases occurred in localized areas, 
often too small to be identified by selected area 
diffraction. The use of high resolution structural 
imaging has allowed the identification of "grains" 
of different structure only a few tens of namometers 
in size. An example is given in Fig. 1 which shows 
the boundary between two apparently unrelated 
regions of Cu xS. However, the optical diffracto-
grams displayed below each "grain" had a common 
sulphur sublattice (sham in the center), hence, 
the only difference between the two regions was 
the arrangement of Cu atoms, e.g., the simplest 
"superlattice" consistent with the left spot 
pattern would be a single Cu vacancy in every 64 
unit cells of the stoichiometric chalcocite, 
corresponding to tlie composition Cu g ?S. 

This study has further shown that in the dry 
process the growth front proceeds by forming plate
like precipitates and ends up in a phase mixture 
similar to the wet-processed Cu S. 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
Materials Sciences Division of the U.S. Department 
of Energy under Contract No. IV-7405-ENG-48, 

Fig. 1. High resolution transmission electron 
micrograph of ordered Cu xS showing two domains of 
different structures with continuous sulphur 
sublattice (above) as evident from the optical 
diffractograms (below). (XBB 804-4873) 

As evident from this work, a better under
standing of the fine-scale microstrueture of real 
cells is essential to the development of more 
efficient CdS/Cu^S photovoltaic devices with 
improved stability. 

2. SEGREGATION OF PHOSPHORUS AT DISLOCATION LOOPS 
IN SILICON--EFFECT ON ELECTRICAL PROPERTIES^ 
D. K. Sadana and J. Washburn 

The aim of this work was to study the furnace 
annealing behavior of buried amorphous layers 
formed due to P implantation into (111) Si and 
to investigate the effects of annealing on the 
electrical properties of the implanted layer. For 
this purpose, P + was implanted at room teraperatur 
into (111) Si in a non-channeling direction at 
120 keV to a dose of 3 x 1014/(^2. The implanted 
samples were subsequently annealed at 750°C. 
Ninety degree cross-sectional transmission electron 
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microscopy (TEN!), MeV He + channeling, secondary-
ion mass spectrometry (SIMS), and electrical 
results were obtained from the same specimen. 

The TEM cross section micrograph of a 750°C-
annealed specimen showed two well-defined damage 
layers S and T at mean depths of 600 A and 1100 A 
(Fig. Z(a)). Both of these layers contained dis
location loop defects. The analysis of these 
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Fig. 2. P + •*- (111) Si, 120 keV, 3*101 4/cm2, 750°C 
annealed for 20 min. (a) TEM cross-section micro
graph showing two discrete layers of dislocation 
loops; (b) Channeling spectrum (1.S6 MeV He+) from 
the same specimen (continuous l ine). (c) Phosphorus 
(SIMS) (continuous l ine) , carrier concentration 
(broken line x) and Hall /nobility (broken line 1 
distribution curves from the same specimen. 

(XBB 806-7152) 

defects indicated that the Burgers vectors of the 
loops were of two types, l/2a<110> and l/3a<lll> . 
The mean diameter of the loops was 150 A. The 
channeling spectrum from the same specimen showed 
that the material was a single crystal but there 
were three damage regions at depths of 600 A, 950A, 
and 1700 A, respectively, as indicated by three 
peaks, namely, A2, Bl„ and C in Fig. 2(b). The 
peaks A2 and Bl corresponded to the layers S and T 
of dislocation loops seen in the TBI cross section 
micrograph (Fig. 2(a)). Peak C at a depth of 
1700 A corresponding to the damage region beyond 
layer T in Fig. 2(a) is thought to arise because 
of interstitial point defects or their clusters 
at that depth. The phosphorus atomic profile 
obtained by the SIMS measurements showed two 
pronounced peaks P2 and P3 at depths of 950 A and 
1520 A, respectively. There was also a shoulder 
PI at a depth of 600 A in the atomic profile. 
Shoulder PI and the first peak P2 in Fig. 2(c) 
corresponded the two damage layers S and T, 
respectively, . the TEM micrograph (Fig. 2(b)). 
However, peak P3 in Fig. 2(c) corresponded to 
peak C in Fig. 2(b), but there was no detectable 
coarse damage in the TBI micrograph at this depth. 
The electrical profile , namely carrier concentra
tion versus depth, and mobility versus depth taken 
from ?*iother part of the same specimen, showed 
that the carrier distribution very closely followed 
the atomic distribution as obtained by the SIMS 
measurements. The carrier-concentration profile 
showed three peaks at 600, 1000, and 1700 A cor
responding to peaks PI, P2, and P3, respectively, 
in Fig. 2 ,c). However, the mobility profiles 
showed two pronounced dips at depths of 900 and 
1700 A, respectively, corresponding to the deeper-
lying damage layers. 

Although the segregation of impurities at the 
damage *.gions has been suspected for the last 
several years, we believe this is the first study 
of its kind that gives direct experimental evidence. 
From the practical point of view these findings 
are important because a significant fraction of the 
implanted ions become concentrated in the damage 
regions. 

3. LASER ANNEALING OF PHOSPHORUS IMPLANTED Si 
D. K. Sadana and J. Washburn 

The work described in this section demonstrates 
how seemingly minor variations in the initial 
implantation conditions can cause dramatically 
different damage structures on subsequent pulsed 
laser annealing. 

For this, experiment phosphorus was implanted 
into (lll)Si at 120 keV to a dose of 10 1 6/cm 2 at 
room temperature in two different modes. In the 
first mode, Si wafer A was scanned in front of a 
stationary ion beam (Lintott implanter). In the 
second mode, the ion beam was scanned on a 
stationary wafer B (ExtTion implanter). The rates 
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of scanning were vastly different in the two 
cases, being nearly two orders of magnitude higher 
in the la t ter case. The dose rates used in the 
two cases were 3 yA/crn^ and l.S uA/cm2, respective
ly. The resulting As-implanted damage structures 
in both cases contained amorphous material in the 
intplanted region extending to the surface of the 
wafers. Both types of wafers were zapped at 
energies of 0.7 J/cm2 and 1.5 J/cm 2, respectively, 
with a Q-switched ruby laser (0.695 urn) of pulse 
length 50 nsec and the output was transmitted 
through a specially designed bent quartz rod 
homogenizer.1 The microstructures in the laser 
zapped wafers A and B, as obtained by transmission 
electron microscopy (TBI) on the plan-view speci
mens from these wafers are shown in Fig. 3. 
Figure 3(a) (0.6 J/cm2) shows that the in i t i a l 
amorphous material was converted into polycrystal-
line material indicating that melting occurred 
during the annealing. Figure 3(b) (1.5 J/cm2) 
shows a high density of stacking faults. In this 
case, the molten layer extended close to the in i t ia l 
amorphous/crystalline interface and the damage 
clusters at the interface probably acted as 
nucleating centers for the stacking faults observed. 
Similar damage structures were expected to occur 
for wafer B. However, Figs. 3(c) and 3(d) show 
neither polycrystalline material for a 0.7 J/cm-
zapping nor any dislocations or stacking faults 
for a 1.5 J/orr zapping, respectively. 

To further investigate the effect of amorphous 
layer structure on laser melting a Q-switched ruby 
laser facility is being set up at >MRD to permit 
further work of this type under more carefully 
controlled conditions. 

I 0 1 6 P/fcM2(LIWTOTT) lO'Sp/fcM^EXTRION) 

Fig. 3. TEM planar views from laser annealed P 
implanted Si. 10 1 6 / an 2

t 120 keV, RT implant, 
(a) 0.6 J/cm2 and (b) 1.5 J/cm2, (Lintott); 
(c) 0.7 J/cm2 and (d) 1.5 J/cm2 (Extrion). 

(XBB 8010-12316) 

* * * 
1. A. G. CuZlis, H. C. Webber and P. Bailey, 
J. Phys. E. Sci. Instrum. 12_, 688 (1979). 

4. HIGH POWER PULSED ELECTRON BEAM ANNEALER 

M. Strathman,i D. K. Sadana, and H. True5*1 

An electron beam annealer capable of providing 
a short 100 ns pulse of high energy has been 
designed and is under construction. The instrument 
will be used in a similar manner to a pulsed high 
power laser for rapid melting and resolidification 
of the surfaco layers of semiconductors and metals 
to achieve desired electrical, mechanical, or 
corrosion resistant properties of various materials. 

The instrument consists of a hot cathode, a grid, 
a focusing ring, an annular Faraday shield, a drift 
tube terminated by a second Faraday shield, and a 
target holder. The electrons are accelerated by 
a 90 kV potential difference between the cathode 
and the Faraday sh5- Id at the entrance to the 
drift tube. A magnetic field focuses the beam 
and directs it toward the target. The target is at 
ground potential and the cathode is at -20 kV. 
Penetration of the electrons into the target is 
minimized by v federation to 20 kV and by the 
spiral path produced by the magnetic field which 
results in their striking the target at a small 
angle. In this way, most of the energy of the 
beam is delivered to the near-surface layers of 
the target. The specimen is introduced into the 
target position through a vacuum interlock chamber. 

All the major pieces of this equipment have 
been fabricated and are currently being assembled. 

DepF-i unent of Instrumentation and Techniques, 
Lawrence Berkeley Laboratory, University of 
.California, Berkeley. 
"Litton Industries, San Carlos, California. 

5. STRUCTURAL DAMAGE-DOPANT ATOM I>TfERACTI0N IN 
GALLIUM ARSENIDE 
D. K. Sadana and J. Washburn 

The depth profiles of visible defects as ob
tained by cross-sectional transmission electron 
microscopy (XTEM) and electrical profiles obtained 
by Hall measurements in conjunction with layer 
stripping has demonstrated that in Si there is 
strong correlation between the structural and 
electrical properties. A significant number of 
impurity atoms were found to segregate near the 
defects visible by TBI causing a pronounced dis
tortion in the distribution of the implanted 
impurity. This distortion was also reflected in 
the electrical profiles. 1 , 2 Similar correlations 
for ion-implanted GaAs are not available at 
present. The aim of this work was therefore to 



48 

understand the structural-electrical properties 
correlation in Se+-implanted GaAs. For this pur
pose, semi-insulating Cr-doped (M>0) GaAs was 
implanted in a nonchanneling direction with Se* 
ions at 450 kfcV to a dose of 5 « lolfycm2. The 
substrate temperature was kept at 200°C during the 
implantation. The resulting specimen was encap
sulated with a 5000 A thick Al layer and annealed 
at temperatures in the range 400-800°C. Cross-
sectional transmission electron microscopy (3CTEM), 
MeV He* channeling, secondary ion mass spectrometry 
(SIMS) and electrical measurements were performed 
on the same sample. 

The XTEM micrograph from this sample showed a 
2400 A wide band of damage clusters (Fig. 4(a)) 
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that was located at a mean depth of 3000 A. The 
1.6 MeV He + channeling method gave complementary 
results (Fig. 4(b)). The atomic distribution of 
78se obtained from the same specimen is shown in 
Fig. 4(c). Significant diffusion in the vicinity 
of visible defects was observed (note the position 
of the damage band shown as the shaded region in 
Fig. 4(c)). The carrier concentration profile 
also exhibited a pronounced asymmetry, including a 
minimum over-the-depth range of 1000 to 3000 A. 
The portion of the profile showing asymmetry 
corresponded approximately to the position of the 
damage band (Fig. 4(a)). The mobility profile 
showed a dip corresponding to the upper edge of 
the damage band in Fig. 4(a), followed by a progres
sive increase over the depth range 1000 to 3000 A. 
The overall increase in the mobility in the deeper 
parts was by a factor of S. The hypothetical 
Gaussian shaped profile (dotted lines over the 
carrier concentration profiles in Fig. 4(c) that 
might have arisen if there were no asymmetry in 
the carrier concentration profiles indicated an 
overall background compensation of ~ 50. 

It has been deduced from the present study that 
(1) Deep diffusion of Se occurs in the as-implanted 
GaAs sample at the implantation temperature of 
200°C. (2) Formation of secondary defects at and 
beyond Rp, significant amounts of Se diffusion 
beyond Rp and compensation of electrical carriers 
are associated with the mobile point defects 
present in the hot implanted GaAs. 

1. D. K. Sadana et al., J. Appl. Phys. 37, 615 
(1980), LBL-11319. — 

2. D. K. Sadana, J. Fletcher and G. R. Booker, 
Electronics Lett. 13_, 632 (1979). 

6. COMPARISON OF CHANNELED BACKSCATTERING FRttl 
SUBSURFACE DEFECTS AND CROSS SECTION ELECTRON 
MICROSCOPE OBSERVATIONS OF THE SAME SPECIMENS 

D. K. Sadana and J. Washburn 

In this article damage detection by two tech
niques, namely cross-sectional electron microscopy 
(XTEM) and channeled Rutherford backscattering 
(RBS), are compared. XTEM gives a direct view of 
the damage-depth distribution while RBS gives an 
estimate of the disorder and its depth distribution 
indirectly. However, the RBS method is non
destructive and less time consuming as compared to 
XTEM. Therefore, the present work was aimed at 
improving the interpretation of channeled RBS for 
various kinds of defects and their depth distribu
tions. 

Fig. 4, Se*-"- (100) GaAs, Ti - 200°C, 450 keV, 
5 x lo 1* cm 2 annealed at 6C0°C for 15 min with Al 
encapsulant. (a) TEM cross-section micrograph 
showing a single buried band of damage clusters, 
(b) 1.6 MeV He* channeling spectrum from the same 
specimen, (c) Atomic Se (SIMS), carrier concentra
tion and Hall mobility profiles from the same 
specimen. (XBB 8011-12894) 
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The damage structures compared were as follows: 
a buried amorphous layer, a continuous amorphous 
layer extending to the surface, double discrete 
buried amorphous layers, double discrete buried 
layers of dislocation loops, a single dislocation 
network, a single layer of damage clusters, a 
polycrystalline layer on top of a single crystal 
substrate, etc.l For this report, the example 
chosen is shown in Fig. 5. The XTEM micrograph in 
Fig. S (inset) shows a high density oi stacking 
faults that are in direct contact with a high 
density of damage clusters. The channeling spec
trum from the same specimen is also shown in Fig. 5. 
The dotted curves in the figure are for virgin 
single crystal Si in the channeled and random 
direction, respectively. 

The two techniques gave complementary results 
in that the discrete damage layers in the XTEM 
appeared as peaks in the channeling spectrun. 
However, the widths and depths from the channeled 
RBS required a correction factor due to the de-
channeling of the He + particles. The correction 
factor obtained by our empirical method published 
earlier gives a good quantitative correlation be
tween the two methods. The width of the damage 
band in this case was obtained by subtracting the 
dechanneling background starting at kink K. 

Further analysis of the spectrum indicated the 
following. 

(1) The specimen surface was heavily damaged. 
(2) The extended defects were present in the 

region between the surface and a depth 
(kink K) of 1775 A. 
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Fig. 5. Cross-sectional TBI micrograph (inset) 
showing a band of stacking faults extending to the 
surface in direct contact with a layer of damage 
clusters and 1.56 IfeV He + channeled spectrum from 
the same specimen. Note the change in the slope 
at K and peaks D and D'; these correspond to 
stacking fault/damage cluster interfaces, and a 
band of damage with varying density of damage 
clusters, respectively. (XBB 8012-14675) 

(3) A dense band of damage 500 A wide was present 
at a mean depth of 2025 A. The band con
tains a higher density of damage near the 
upper edge (peak D) followed by a lightly 
damaged region (peak D*). 

1. D. K. Sadana et al., J. Appl. Phys. 51, 5718 
(1980), LBL-10725. ~~ 

7. THE EFFECT OF MICROTWINS ON THE MIGRATION OF A 
{111} AMORPHOUS-CRYSTALLINE INTERFACE IN SILICON 

R. Drosd and J. IVashburn 

Microtwins on (111), (111) or (111) accelerate 
crystal growth at a (111) amorphous-crystalline 
interface. The rate-controlling step for growth 
of the silicon crystal at an atomically flat (111) 
interface is thought to be nucleation of growth 
ledges. This requires rearrangement of a group 
of atoms in the amorphous material adjacent to the 
crystal so that three new atoms are simultaneously 
on crystal lattice sites. The line of interaction 
of a twin boundary with the growing a/C interface 
can act as an easy nucleation site for growth 
steps. At this line only two atoms are required 
instead of three, and once the line of inter
section has been decorated with two atom pairs the 
resulting growth step can move away from the tviin 
boundary by addition of single atoms to the growing 
crystal, 

One of the two twin boundaries associated with 
a microtwiii will be much more effective in promot
ing growth than the other. This is because a growth 
step in a <110> direction on a {111} face has a 
fast and a slow direction of migrrtion. In the 
fast direction single atoms may attach at the 
steps, but in the slow direction a two atom 
nucleus is required to form a pair of kinks that 
can then move along the step until a single row is 
completed by addition of single atoms. Each new 
row requires a new double kink. Because of this 
anisotropy the twin boundary on one side nucleates 
a fast step for the matrix and also for the twin 
while at the other boundary it is a slow step. 
The expected result is faster growth on one side 
of a twin than on the other as illustrated 
schematically in the growth sequence of Fig. 6. 
As shown in the figure, it is expected that only 
one side surface of the twin will ever become 
exposed to the amorphous material. Therefore, 
thickening of the twin should occur only from one 
side. The transmission electron micrograph in 
Fig. 7 confirms this expected grcwth morphology. 

Csepregi et al. have presented a mechanism by 
which microtwins may increase {111} a/c interface 
migration rate during annealing. .They proposed 
that since the exposed surface of the twin is 
initially (511) it will be able to grow much faster 
than the surrounding (111) matrix interface. The 
(511) surface is close to (100) and hence should 
achieve a high growth rate initially. However, 
a protruding twin should soon become bounded by 
its slowest growing {111} faces. 
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Fig. 6. Schematic drawing of a growth sequence 
showing effect of a microtwin that nucleates fast 
moving growth steps at the right hand twin--matrix 
"-amorphous material line of intersection. 

(XBL 803-4849) 

Once t h i s has occurred the twin can not continue 
t o grow f a s t e r than the ma t r ix . Any continued 
a c c e l e r a t i o n of growth r a t e would then have t o be 
explained i n some o t h e r way such a s by t h e growth 
s t ep nuc lea t ion e f fec t described above. 

1. L. Csepregi e t a l . , J . Appl. Phys. 49, 3906 
(1978). ~ 

8. ATOMIC DISTRIBUTION OF ARSENIC IN MOS TEST 
DEVICES MEASURED BY RUTHERFORD BACKSCATTERING. 

D. K. Sadana, tf. R. Wu, J . Washburn, M. S t ra thman , + 

and M. Current? 

The aim of t h i s s tudy was t o examine the s t r u c 
t u r e and loca t i on of ion- implan ta t ion damage, 
oxygen r e c o i l dur ing the implan ta t ion , and As 
atomic d i s t r i b u t i o n for As implants through various 
th icknesses of screen oxides (30-1000 A) i u the 
dose range 1 0 1 5 - 1 0 1 6 / c m 2 . This information w i l l 
be used t o understand the e f f e c t s of process ing 
va r i ab l e s on metal-oxide-semiconductor (MOS) 
device performance• In t h i s a r t i c l e , r e s u l t s from 
only a 7.S x 1 0 1 5 / c m 2 As implant through an Si02 
layer of 775 A t h a t was subsequently annealed a t 
1000°C in NT2 ambient a re desc r ibed . The thickness 
of the oxide l aye r (775 A) was almost equal t o t he 
p ro jec ted range of As in S i 0 2 (750 A). The damage 
was examined both by weak-beam t ransmiss ion e l e c 
t ron microscopy (TEM) and backsca t t e r ing spec
t rometry . The TEM micrograph (Fig. 8] shows the 
presence of d i s l o c a t i o n loops of mean diameter 
~ 600 A with a dens i ty of 2.5 x 10 9 /cm 2 and a high 
dens i ty of background f ine damage (< 20 A a c r o s s ) . 

F ig . 7, Transmission e l ec t ron micrograph showing 
e f fec t of microtwins on the advancement of a (111) 
ct/c i n t e r f ace i n t o amorphous s i l i c o n . 

(XBB 7911-15623) 
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Fig. 8. Weak beam TEM micrograph showing the 
d i s l o c a t i o n loops and f ino damage i n the As 
implanted (through Si02) and annealed sample, 

(XBB 8012-14676) 



The atomic concentration profiles for implanted 
As and recoiled 0, and lattice location of As were 
obtained from the channeled and random back-
scattering spectra of He + particles of 1.56 MeV 
incident energy. The backscattered particles were 
detected by a high resolution Si surface barrier 
detector (6 kV FWHM) cooled to -20°C at 170° with 
respect to the incident beam. Figures 9 and 10 
show such spectra taken from regions with and 
without Si02 layer at the surface, respectively. 
The analysis of the spectra showed the following: 

(1) Oxygen recoil during the implantation formed 
a layer of composition SiQx immediately 
below the original Si02/Si interface on 
subsequent annealing. The composition of 
the top SiQx layer was SiO^s, The oxygen 
was found to be present to a depth of 
~ 400 A below the SiO^/Si interface. 

(2) Only 40% of implanted As tfas present in 
substitutional sites, the remaining 60% was 
present in interstitial sites. 

(3) A damage band was present at a mean depth 
of - 825 A from the Si surface. This band 
is believed to correspond to the position 
of the dislocation loops observed in the 
TBI micrograph. 
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Fig. 10, Same as Fig. 9 except that the oxide 
layer was removed before the backscattering 
analysis. (XBL 8012-13578) 
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Fig. 9. Channeled and random backscattering 
spectra of 1-56 MeV He + beam from the same sample 
as Fig, 8. The oxide layer was not removed during 
the analysis. Note the changes in the As distri
bution (A2 and A4) and kinks (52 and 02) at the 
SiOj/Si interface in the channeling spectrum. 

(XBL 8012-13577) 

Department of Instrumentation Techniques, Lawrence 
Berkeley Laboratory. 

rSignetics Corporation, Sunnyvale, C\ 94086. 

RESEARCH PLANS FOR CALENDAR YEAR 1981 

The formation and perfection of CU2S formed by 
the replacement reaction between copper and CdS 
will be investigated in detail. The preliminary 
results described in this report revealed non-
uniformity in the CuxS composition on a very fine 
scale. High resolution electron microscopy and 
diffraction and lattice image techniques will be 
applied to CuxS layers grown under different 
conditions and after aging treatments. The research 
is aimed at improving the reliability, yield and 
lifetime of CdS-CuxS solar cells. 

The electron microscope technique for study of 
defect formation and rates for the amorphous to 
crystalline transformation in silicon will be 
applied to a study of the effect of phosphorous, 
boron, and arsenic concentrations on the perfection 
and growth rate of the crystalline phase. A 
modification of the model developed to explain the 
effect of crystallographic orientation of the 
growing face on the amorphous to crystalline trans
formation rate may be able to explain ijmpurity 
effects. 

The effect on the formation of secondary defects 
and on the electrical properties of the implanted 
layers for arsenic implants into silicon through 
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500 to 750 A thickness of Si02 will be studied in 
a cooperative research program with Signetics 
Corporation. Injection of oxygen during implanta
tion is known to have deleterious effects on 
carrier concentration and mobility. The aim of 
this research will be to understand the reasons 
for the observed effects. Both Futherford back-
scattering and cross-sectional electron microscopy 
techniques will be applied to the problem at our 
laboratories while specimen preparation, implanta
tions, and electrical measurements will be carried 
out at Signetics Corporation. 

Research on the properties of polycrystalline 
silicon will focus attention on the effect of 
impurities or dopant atoms on the mobility of 
grain boundaries during grain growth and on the 
electrical properties of polycrystalline silicon 
produced by laser and electron beam pulse annealing 
of amorphous silicon. Microanalytical techniques 
utilizing the Philips 400 microscope operating in 
the STEM mode and microdiffraction information 
will be used to obtain information concerning 
segregation of impurities to grain boundaries. 

A 100 ns pulsed electron beam annealer and 
Q-switched ruby laser annealing facilities will 
become operational during calendar year 1981. 
These will be applied to a study of surface layer 
melting and the resulting epitaxial-solidification 
of silicon and gallium arsenide. Channeled 
Rutherford backscattering and electron microscope 
techniques will be used to study the effects that 
occur both in the regrown crystal layer:: and in 
the layers immediately below the melted region. 
These observations will be correlated with electri
cal measurements and determination of the depth 
distribution of solutes made by secondary ion mass 
spectroscopy techniques. 

Finally, a fundamental study of channeled 
Rutherford backscattering spectra from buried 
layers of different types, such as amorphous layers, 
small dislocation loops, and damage clusters 
produced by low dose implants, will use the cross-
section transmission electron microscopy technique 
to independently monitor the depth of the scat
tering defects. This work should improve under
standing of RBS spectra from complex surface layers. 
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c Mechanical ProparUa* of Caramtea* 
Anthony G. Evans, Investigator 

Introduction. The research reported herein is 
an interdisciplinary study of the response of 
ceramics to stress. The generalized scope of the 
study is outlined in Fig. 1. The principal foci 
of the current research projects are problems that 
demand scientific attention by virtue of their 
considerable technological significance in the 
energy sphere. The research areas are CI) high 
temperature deformation and failure, (2) micro-
structure and toughness relations, and (3) micro-
structure development during sintering. 

The three research areas are new topics that 
are anticipated to continue for several years. 
The high temperature deformation and failure issue 
concerns the response of refractory materials to 
stress. A scientific basis for predicting high 
temperature failure and for relating the deforma
tion and failure to microstructure does not 
presently exist. Research in this area is there
fore devoted to the generation of a self-consistent 
scientific comprehension of the mechanisms of 
deformation and failure, leading eventually to a 
predictive capability. The enhancement of tough
ness in ceramics is pertinent primarily to the 

minimization of damage when a ceramic component 
is subject to impact, thermal shock, machining, 
etc. Toughness is thus a principal property 
involved in the structural integrity of ceramic 
components. Improved toughness can be induced by 
certain stress activated microstructural changes 
occurring in the vicinity of a crack tip, particu
larly martensitic transformation. The study is 
devoted to a theoretical understanding of the 
microstructural conditions that afford optimum 
toughness, coupled with the experimental develop
ment of optimum microstructures. The development 
of microstructure during sintering has a direct 
influence upon the defect structure in the material 
and hence, upon the mechanical strength (Fig. 1). 
Much of the microstructure evolution occurs during 
the final stage of sintering. A study has thus 
been initiated to examine microstructural changes 
during this stage. Again, a combination of 
theoretical and experimental work has been embarked 
upon in order to identify and quantify the critical 
issues. Particular emphasis is being devoted to 
the pore grain boundary separation phenomenon, 
which is known to presage exaggerated grain growth 
and to terminate densification. 

STRUCTURAL CiRWlCS 

f PROCESSING 

T 
. NEW MATERIAL 

I FRACTURE TOUGHNESS I I FRACTURE INITIATING DEFECTS 1 I PLASTIC FLOW AESI5TANCE 

—•J OPTIMUM UECHAUCAL PROPERTIES ha— 

— M OPERATIONAL STRENGTH M — 

• T 
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Fig. 1. A scheme for obtaining the information pertinent to structural 
design with brittle materials. (XBL 802-267A) 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
Materials Sciences Division of the U.S. Department 
of Energy under Contract No. K-740S-ENG-48. 
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High Temperature Deformation and Faiiure 

I . GWITATIONAL EFFECTS DURING CREEP IN POLY-
CRYSTALLINE ALUMINA* 

William R. Blumenthal 

Metal and ceramic ma te r i a l s subjec t t o creep 
have frequently been observed t o develop c a v i t i e s 
along gra in boundaries . These cavities have been 
c i t ed as the probable source of creep r u p t u r e . 1 J 2 
A study was i n i t i a t e d t o provide observat ions of 
cav i ty evolut ion in high s t r eng th alumina under 
cont ro l led s t r a i n r a t e and temperature c o n d i t i o n s , 3 
Hot-pressed, fu l ly dense, s ing le phase AI2O3 + 1/41 
MgO with an average gra in s i z e of 2 urn was s tud ied . 
Creep data were obtained using th ree -po in t f lexure 
in the temperature range 1550 t o 1750 K. The 
macroscopic creep behavior shown in F ig . 2 can be 
charac ter ized by a s t r e s s exponent of 1.8 and 
ac t iva t ion energy of 480 kJ/mole. 

Micros t ruc tura l examination with the SEM pro
vided many important obse rva t ions . F i r s t l y , t h ree 
d i s t i n c t cavi ty shapes were found t o evolve , 
depending upon the appl ied s t r a i n r a t e , temperature 
and cavi ty volume. I n i t i a l l y , "equ i l ib r ium" 
symmetrically shaped c a v i t i e s were noted (Fig* 3 ( a ) ) 
These c a v i t i e s t y p i c a l l y form a t t h r e e g ra in 
junct ions and maintain t h e i r shape up t o r e l a t i v e l y 
large cavi ty volumes, when the s t r a i n - r a t e and 
temperatme a r e low. Such condi t ions encourage the 
observed cav i ty symmetry by v i r t u e of r e l a t i v e l y 
rapid surface diffusion rates (vis-a-vis grain 
boundary diffusion). Subsequently, the cavities 
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Fig. 2. Flow stress versus strain rate behavior of 
2 urn AI2O3 + 1/4$ MgO. The strain rate exponent 
is 0.6 with an activation energy of 480 kJ/mole. 

(XBL 805-S198) 

(a) Micrograph of a sample deformed at 
and 1752 K. Equilibrium cavitation 

is prominent, but inhomogeneity distributed. 
(b) Micrograph of a sample deformed at l ^ i O ' ^ s e c - 1 

and 1752 K. Crack-like and full-facet cavitation 
is prominent and very inhomogeneous.(XBB 8012-14671) 

extend along boundaries nearly perpendicular to 
the applied stress (Fig. 3(b)). These, "crack-like" 
cavities are encouraged by high strain-rates and 
high temperatures. The crack-like configuration 
is a consequence of relatively low surface dif-
fusivities, which limit the ability of cavities 
to maintain constant surface curvatures. Finally, 
full-facet cavities form (Fig. 3(b)). This type' 
of cavity develops when a crack-like cavity extends 
fully across a grain facet. Subsequent growth of 
these cavities occurs by increases in cavity width, 
at essentially constant length. 

The inhomogeneity of the cavitation process is 
also illustrated by Fig. 3. The non-uniform cavity 
distribution leads to premature creep rupture. The 
origin of the inhomogeneity thus provides vital 
information about the incidence of high temperature 
failure. These origins are presently under 
experimental and theoretical investigation. The 
creep rupture culminates in the lateral spreading 
of cavitation zones and in cavity coalescence 
(Fig. 4). The cavity coalescence generates 
macroscopic cracks that finally extend to failure. 
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Fig. 4. Micrograph of full-facet cavities 
coalescing in extended arrays due to their inhomo-
geneous distribution. Coalescence ultimately 
produces macrocracks. (XBB 8012-14670) 

Brief version of LBL-11830. 
1. R. C. Folweiler, J. Appl. Phys. 32_, 773 (1961). 
2. A. G. Evans and A. Rana, Acta Met. 28, 129 
(1980). 
3. W. R. BTumenthal, M. S. thesis, University of 
California, Berkeley (1980). 

2. CREEP CAVITATION EFFECTS IN POLYCRYSTALUNE 
ALUMINA 
John R. Porter and Anthony G. Evans 

The high temperature deformation of ceramics is 
frequently accompanied by the nucleation and growth 
of cavities at grain boundaries.! The presence of 
the cavities is evidently detrimental to the 
creep performance, since the cavities are both the 
ultimate origin of creep rupture2 and a potential 
source of enhanced deformation. Creep experiments 
are described that include measurements of the 
deformation behavior and observations of the 
dominant cavity morphologies. The material selected 
for the study is a fine grained alumina, devoid 
of amorphous phases. 

Appreciable cavity formation was invariably 
observed at the larger strain levels and, in all 
instances, the cavity distributions are inhomo-
geneous: an observation of major significance to 
the interpretation of creep rupture. At low stress 
the daidnant morphology consists of equiaxed 
cavities at triple points. These cavities are of 
essentially constant surface curvature and can 
thus be regarded as the equilibrium-shaped analogy 
of the lenticular diffusion-created cavities 
frequently observed in metals on two grain junc
tions. At the higher stresses, a substantial 

portion of the cavities exhibit elongated morpholo
gies. Closer examination indicates two charac
teristic elongated cavities; cavities that occupy 
an entire grain facet and cavities that extend 
partially across a grain facet, commencing from 
a triple point. The latter exhibit a tip morphology 
typical of crack-like cavities; cavities predicted 
to exist for conditions wherein relatively slow 
rates of surface diffusion limit the formation of 
an equilibrium shape.3 

The grain boundaries were examined before and 
after deformation by TEM and STEM techniques. 
Amorphous phases were not detected (either at two 
grain or three grain junctions) and no significant 
segregation of HgO at the grain boundaries could 
be identified within the STEM resolution capabili
ties. Most grain boundaries were featureless, 
but a small fraction (̂  0.1) exhibited periodic 
structures. 

The cavity observations indicate several 
important effects. The first significant observa
tion is the inhomogeneous nature of the cavity 
distribution. This nonuniformity derives from 
the influence of material inhomogeneity in the 
nucleation and initial growth of the cavities. 
Probable sources of inhomogeneity are local 
variability in the dihedral angle or the diffusi-
vity along the cavity surfaces. Boundaries with 
periodic structures are, for example, likely to 
exhibit larger dihedral angles than the general 
boundary and it is, perhaps, significant that such 
boundaries have not been observed to contain 
cavities. 

The near-tip shape of crack-like cavities 
created by diffusion is dictated primarily by the 
surface diffusivity of the material and the cavity 
velocity.3 The specific shapes of observed crack
like cavities (Fig. 5) are thus examined in detail 
in order to determine the level of conformance 
with the predictions of the diffusive cavity growth 
model. An explicit prediction of the model is an 
expression for the cavity width.3 For each case 
examined, the measured width was always less than 
the upper bound value and within a factor of 3. 
Considering the uncertainty in the diffusion 
parameter, these correspondences are considered to 
he sufficiently close to confirm that the observed 
crack-like cavities had indeed formed by a dif
fusive mechanism, with surface diffusion as the 
rate limiting step. 

The transition from the equilibrium to crack
like cavity morphology has been predicted to 
depend upon the stress level, the relative cavity 
size and the ratio A of the surface to boundary 
diffusivities.4 The location of this transition 
is plotted in Fig. 6 for a temperature of 1550 K 
(0.15 < A < 0.5), A = Dbfis/Db^b- The experi
mentally observed cavities can be placed on the 
transition diagram to examine conformance with the 
prediction. This is achieved by adopting the 
following procedure. Colinear arrays of crack-like 
and equilibrium cavities nearly normal to the 
strain axis are identified. The cavity size ratio 
within the array is determined by direct measure
ment and the position on the transition diagram 
is located and plotted. Figure 6 shows results 
obtained at 1550 K; open circles represent arrays 
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w 

Fig. 5. A crack-l ike cavity, (a) TEM image, u = 
100 MPa, T = 1750 K; [b) schematic. (XBB 809-11136) 

250 

Fig. 6. Cavity transition diagram. Crack-like 
cavities are predicted above the shaded region, 
equilibrium cavities below, • represents observa
tion of crack-like cavities, o represents obser
vations of equilibrium cavities. [XBL 808-11538) 

of equilibrium-shaped cavities and closed circles 
refer to crack-like arrays. At this temperature, 
the predicted transition line adequately separates 
the experimental observations of the two cavity 
types. 

The reasonable correlations of both the pre
dicted crack-like cavity shapes and the transition 
condition with the present observations lend 
credence to the diffusive model as a quantitative 
description of the cavitation process in fine
grained AI2O3. 

1. R. C. Folweiler, J. Appl. Phys. 32, 773 (1961). 
2. A. G. Evans and A. Rana, Acta Met. 28, 129 
(1980). 
3. T-J Chuang and J. R. Rice, Acta Met, 21, 1625 
(1973). 
4. T-J Chuang et al.. Acta Met. 27, 265 (1979). 

3. CREEP FRACTURE IN CERAMIC POLYCRYSTALS 
Chun Hway Hsueh and Anthony G. Evans 

High temperature failure in ceramics often 
occurs through the gradual growth and.coalescence 
of cavities by diffusive processes, until a macro-
crack is formed that subsequently propagates to 
failure.1 The process is inhomogeneous, involving 
preferential cavitation in certain regions of the 
polycrystalline array.2 The intent of this article 
is to examine the role of cavitation inhomogeneity 
upon the cavity evolution process and hence, upon 
the time to failure. 

The principal sources of inhomogeneity are 
assumed to derive from local variations in the 
grain boundary or surface diffusivity (attributed 
to grain orientation effects, augmented by impurity 
distributions)2 or in the dihedral angle (i.e., 
the ratio of the boundary to the surface energy). 
The inhomogeneity is needed to provide preferred 
sites for initial cavitation. 

Differences in matter transport rates associated 
with local variations in grain boundary diffusion, 
and/or inhomogeneous cavitation result in local 
stresses. These stresses are induced by the 
constraint of the surrounding material, and tend 
to suppress the original differences in matter 
transport.3 The constraint thus provides some 
stability to the inhomogeneous cavity arrays and 
thereby contributes importantly to determining the 
rupture time. Determination of these local 
stresses is central to the analysis of creep 
rupture. The stress distributions in polycrystal-
line aggregate are complex. But, an approximate 
solution to the problem, suggested by Rice»* can 
be used to simulate the principal features of the 
stress field. This solution is derived from the 
related problem of a crack in a viscoelastic solid. 
The solution requires matter to be deposited in a 
zone of length, d (Fig. 7), at a rate which ̂ differs 
from the average mass transport rate in the sur
rounding material, due to differences in diffusi
vity and/or to localized cavity growth. This 
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Fig. 7. Schematic indicating localized diffusive flow from cavities and 
the resultant development of constraint (a) the cavity configuration and 
atom flux, (t>) the thickening displacement between cavities, (c) a crack 
under internal pressure, and (d) the resultant stress field in a viscous 
solid. (XBL 8010-61S2) 

additional matter deposition M exerts normal 
stresses Ao on the region d, similar in magnitude 
to the stresses created by a crack subject to 
internal pressure (Fig. 7). The average magnitude 
of this stress for a circular zone under steady-
state conditions is given by 

Mil. 
TO" (« 

where T» and y& are the remote shear stress and 
shear strain-rate, respectively. The local normal 
stress, Ojji, acting over this region is thus 

• <j« + ha m 
Stresses of opposite sign are created outside 

region d (Fig. 7), Cavitation rates subject to 

these local stresses can be deduced for both 
equilibrium and crack-like cavities. Some typical 
velocities predicted from the equations derived 
are plotted in Fig. 8, illustrating the effects 
of the constraint, the applied stress, the dihedral 
angle and the surface diffusivity. 

The time taken for cavities to extend across 
grain facets is of principal importance for the 
creep rupture process. If cavity nucleation occurs 
soon after steady state is established, the tine 
tp needed to create a cavity of relative length f 
can be determined directly from the cavity velo
city. Some typical propagation times are plotted 
in Fig. 9. W e n the dihedral angle or the local 
surface diffusivity are small and/or the stress 
is relatively large, most of the tine required 
to develop a full facet length cavity is dictated 
by the growth in the crack-like node (»s might 
be anticipated from the velocity diagrams). The 
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Fig. 8. Plots of cavity velocity for several choices of the important 
variables, (a) the effect of constraint, (b) the influence of the 
applied stress, (c) the effect of the dihedral angle, and (d) the 
effect of small changes in the surface diffusivity. (XBL 8010-61601 

initial cavitation that occurs in local regions of 
a creeping polycrystal (due to small local values 
of V or D s) can thus be approximately characterized by a constant velocity relation; whereupon the 
propagation time tf becomes 

where £„, is the steady-state strain rate, D^b and 
D S6 S are the boundary and surface diffusion param-etir:, respectively, Y is the dihedral angle, Y s is the surface energy, g is the grain diameter, 
and b is the grain facet length. 

tf£„ * ^ie/dy" (.ys/aj>)lu siniWr'^ ("ŝ/D,, b ) v \ (3) 
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The analysis tlnis anticipates a strong inter
dependence of the failure time and the steady-
state creep rate, as generally observed (the 
Monkman-Grant Relationship), although an additional 
dependence of the failure time on the stress 
CYS/OJJ) 1' 2 emerges from the present analysis. 
Important effects of the local dihedral angle and 
of the diffusivity ratio are also predicted, in 
the sense that small values of these parameters 
encourage failure. 

1. R. C. Folweiler, J. Appl. Phys. 32, 773 (1961). 
2. J. R. Porter, W. Blumenthal, and"?. G. Evans, 
to be published. 
3. B. F. Dyson and D. McClean, Metal Sci. J. 6, 
200 (1972). 
4. J. R. Rice, to be published. 

4. THE HIGH TEMPERATURE INTERNAL FRICTION BAOC-
.ROUND IN POLYCRYSTALS 

Amar P. S. kana, Anthony G. Evans, and Roland M. 
Cannon 

Internal friction measurements performed on 
polycrystals are usually characterized by a peak, 
superimposed on a background that increases in 
intensity with increase in temperature or decrease 
in frequency! (Fig. 10). Both the peak and the 
background can be related to some aspects of the 
grain boundary sliding, diffusion, plastic, flow 
and elastic deformation that constitute (independent 
or sequential) responses to the imposed displace
ments. The background2 is not well understood, 
but is presumed to relate to the plastic flow or 
diffusion that occurs in response to the elastic 
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Temperature 
Fig. 10. Internal friction (Q~ ) vs. temperature. 

(XBL 8010-6059A) 

Stresses, causing these displacements to redistri
bute with time. The intent of the present article 
is to examine the internal friction background in 
ceramic polycrystals and to establish its depend
ence on grain boundary diffusion. 

Examination of internal friction data for 
ceramic polycrystals^ indicates that the back
ground usually exhibits rapid development at 
temperatures above the peak, as illustrated in 
Fig. 10. Such behavior is indicative of a back
ground that can be enhanced by the same mechanism 
that provides the peak itself: presumably, grain 
boundary sliding. In this case, the background 
intensity is considered to be dicta'. " primarily 
by the diffusion that occurs in response to the 
sliding induced local displacements. 

Grain boundaries are considered capable of 
sliding with a negligible viscosity, as appropriate 
for temperatures in excess of the sliding peak. 
Elastic singularities can thus develop at the 
grain comers. For cyclic conditions the periodic 
displacement of the freely sliding grain boundaries 
leads to a cyclic singularity. The stresses that 
result from diffusive redistribution of the cyclic 
singularity (Fig. 11) are not in-phase with the 
applied displacement; the out-of-phase component 
of the stress is the source of the internal 
friction given by 

^ 5 P * [ p 1 / 6 / C i * P Z ) l d p 

f P [ p 7 / 6 / ( l * p 2 ) ] d p ' 
CD 

where p* - u£ (l-v2)kT/EDbi5j,ft, « is the grain facet 
length, w is the frequency, %S\y is the grain 
boundary diffusion parameter and fl is the atomic 
volume. This result is plotted in Fig. 12. The 

/ ten" 

Fig. 11. Relaxed stress distributions plotted 
using normalized coordinates as suggested by the 
analysis. (XBL 8010-6063) 

low frequency limit is analogous to steady-state 
cyclic creep controlled by grain boundary sliding 
and grain boundary di'fusion and has the form of 
the Coble creep resul . The high frequency limit 
exhibits an exponent of 1/6, typical of sliding 
dominated relaxation effects. This exponent arises 
because the relaxed stress field is characterized 
by the product of a relaxation distance that varies 
as t - 1 ^ and an elastic singularity that varies 
as x " 1 ' 2 . 

Exclusion of grain boundary sliding leads to an 
internal friction at the high frequency limit 
given by; 

q ; 1 = 2(1**) 
u8, 3 ( l -v 2 )kT 

1/2 

(2) 

This solution is plotted on Fig. 12, where it is 
compared it is compared with the grain boundary 
sliding solution. The principal distinction is 
the 1/2 exponent, which causes Q^ 1 to exceed the 
grain boundary sliding result Qj* at intermediate 
frequencies. 

Sliding Sliding 
Insensitive Commoted 

internal Friction Internal Frictnn 

10" 3 IO'2 I 10 I0 2 to3 

l l - ^ l u i d ' n T / E a V , , 

Fig. 12. The predicted internal friction, (Q ) , 
versus Cl-yjiiKFkT/EnSbDj, showing the low, inter
mediate and high frequency regions. (XBL 8010-6065) 
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The available internal friction data suitable 
for correlation with Fig. 12 are sparse. Predic
tions of grain boundary diffusivities for AI2O3 
obtained from internal friction results are sum
marized in Fig. 13. The predicted boundary 
diffusivities locate within the range of values 
determined by other methods.^ Grain boundary 
viscosity predictions for SijN^ are summarized 
in Table 1, where they are compared with viscosities 
obtained by extrapolating the viscosity levels 
inferred from the sliding peak.4 The correlation 
is reasonable. 

The internal friction background provides a very 
sensitive measure of effects of microstrueture on 
the grain boundary di'Tusivity or viscosity. The 
method is also relatively simple and ^on-destructive: 
advantages that permit trends in the u^ffusivirv/ 
viscosity with microstructure to be studied ->,i a 
single specimen. The accuracy of the diffusivity 
measurements, based on the present interpretation 
of the background, remains to be established. 
However, the preliminary correlations are en
couraging. 

Fig. 13. The grain boundary diffusivity of AI2O3. 
The values calculated from the internal f-iction 
background are shown for comparison.(XBL 010-6058) 

Table 1. Comparison of viscosity per unit thickness 
for S13N4 (grain boundary thickness 
"" 20 A) predicted from the background 
and the internal friction peak. 

Cn/gJ Poise/cm 
TOO Background Peak (extrapolated) 

1358 

1398 

1458 

nl2 

1.2 x 10-1 

1.6 x 10 

2.0 x I O 1 

12 

4.0 x 10 10 

1. A. S. Nowick and B. S. Berry, "An Elastic 
Relaxation in Crystalline Solids/' Academic Press, 
New York, 1972. 
2. B. Escaig, Acta Met. 10, 829 (1962). 
3. J. M. Dynys, R. L. CobTe, and W. S. Coblenz, 
"Mechanzsjns of Atom Transport IXzring Initial Stage 
Sintering of AI2O3" in Sintering Processes, C. C. 
Kuczynski, ed., Plenum Publishing Co., iffffo. 
4. D. R. Mosher and R. Raj, J. Mat. Sci. 11, 49 
(1976). ~~ 

S. THE INFLUENCE OF CAVITIES ON GBAIK BOUNDARY 
SLIDING 

Amar P. S. Rana and Anthony G. Evans 

High temperature failure in ceramics frequently 
involves the nucleation, growth and coalescence 
of grain boundary located microcracks or cavities, 
accompanied by grain boundary sliding.1- The in
tent of the present study was to examine grain 
boundary sliding in the presence of pre-existing 
cavities (using an internal friction technique)"in 
order to establish its role in the cavitation 
process. The study recognizes that high tempera
ture failure in ceramics is strongly microstructure 
dependent.1 Two types of microstructure, and the 
concomtnitant modes of grain boundary sliding, have 
been distinguished. The first is a single phase 
material; the second consists of grains encompassed 
by an amorphous second phase. Models of grain 
boundary sliding have been developed for both 
microstructures, with cavities located at three 
grain junctions. The models suggest a minimum 
influence of cavities on the sliding amplitude 
and thus, upon the internal friction peak. Experi-
mental studies of the internal friction peak have 
confirmed the minor role of cavities, for both 
classes of microstructure. Consequently, grain 
boundary sliding is shown to be incidental t*o the 
cavitation process. 
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The sliding that occurs in the presence of 
cavities can be deduced from a wedge crack analysis 
conducted during the previous year, z In this 
analysis, the elastic displacements of sliding' 
boundaries were derived for situations in which 
small wedge cracks were located at three grain 
junctions. The compliance of a cavity is precisely 
the same as that of a wedge crack and hence, the 
sliding solutions for a wedge crack can be directly 
transferred to the present problem. The average 
elastic sliding displacement <u>t p c relative to the 
sliding displacement that occurs without cavities 
<u> is plotted in Fig. 14. It is noted that, for 
small values of a/X, (typical of the present in
ternal friction experiments) the contribution to 
the sliding from triple point cavities is small. 

The relaxation time for grain boundary sliding 
(the quantity evaluated experimentally from the 
internal friction peak) can be determined directly 
from the elastic sliding displacement. The relaxa
tion time T is given by: 

T cos e _ , .... 3(1--- - - - (n/5) - i m d cos if, 2TTF CQ56 cosec 28 

CD 

Fig. 14. Variation of the ratio of the elastic 
displacements with and without triple point cavi
ties as a function of cavity size and angle. 

(XBL 809-11787) 

lic(3d/8cose)1/2 - sin 46 (u a/2) 1 / 2)l, 

where F is the fraction of triple points containing 
cavities, 6 is the grain boundary thickness, d is 
the grain size, n is the viscosity of the grain 
boundary, 6 is the boundary inclination and K is 
the function plotted in Fig. 15. 

Experimentally determined relaxation times for 
various tests are plotted logarithmically against 
reciprocal absolute temperature in Fig. 16. The 
activation energy for the single phase microstruc-
ture is 160 ± 20 kcal/mole and 95 ± 5 kcal/mole 
for the microstructure containing the continuous 
glassy film at the grain boundaries. Both values 
correlate quite well with values that exist in the 
literature.5 Also shown on the figures are the 
relaxation ttaes predicted from Eq. (1). The 
predictions were conducted by obtaining values for 
the boundary viscosity from internal friction 
measurements performed on similar polycrystals, 
sintered to full density. Within the uncertainties 
associated with this procedure, the correlations 
are considered to be satisfactory in both cases. 
The minor role of cavities upon the sliding pro
cess is thus validated. 

Complementary studies indicate that the relative
ly small increases in sliding displacement in the 

Fig. 15. The variations of stress intensity factor 
with crack length and angle, for a kinked crack 
subject to in-plane shear and small closure 
tractions. (XBL 806-10227) 
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Fig. 16. Normalized relaxation time plotted as a 
function of reciprocal absolute temperature for 
(a) mullite (75 wt* A1 20 S), and (b) mullite 
(71.8 wti AI2O3). 

[(a) XBL 8019-12366; (b) XBL 8010-12367] 

presence of cavities are insufficient to appreciably 
enhance the cavitation rate compared with a system 
in which sliding is prohibited. Specifically, an 
upper bound increase in cavitation rate by a 
factor of 2 obtains due to the transfer of normal 
stress from the sliding boundaries to the cavitating 
boundaries. 

1. A. G. Evans and A. S. Rana, Acta. Net. ?8, 129 
(1980). 
Z. A. G. Evans, Acta. Kfet. 28, 1155 (V <A . 
3. R. A. Penty and D. P. H.~Hasselman, '..-t. %s . 
Bull. 7, (10), 1117 (1972). 

Toughening Mechanisms 

6. TRANSFORMATION TOUGHENING IN CERAMICS 
David B. Marshall and Anthony G. Evans 

The toughness of ceramic materials can be con
siderably enhanced by designing microstructures 
with second phase particles which transform 
martensitically in the vicinity of a crack tip.1 

Major research efforts are currently devoted to the 
use of the tetragonal to monoclinic transformation 
in Zr02 with various matrix materials (e.g., 
stabilized cubic Zr02, AI2O3, ZnO). The develop
ment of optimum toughness requires strict control 
of composition and microstructure. An ability to 
predict optimum conditions is thus of considerable 
importance. 

Theoretical analyses of martensite toughening 
are subject to some controversy. For instance, 
previous analyses (all based on thermodynamic 
arguments) involve assumptions concerning the criti
cal conditions for transformation, whether the 
transformation is reversible, whether microcracking 
occurs, and which energy terns are significant. 
There are even conflicting predictions of the sign 
of the toughness change resulting from a given 
energy term. Therefore the toughening models have 
been reevaluated with the aim of comparing the 
toughening calculated by two independent approaches: 
one using mechanics procedures and other using a 
thermodynamic treatment. The influence of various 
transformation zone geometries has been evaluated, 
with particular attention being directed to compari
son of the toughening resulting from a zone con
tained entirely ahead of the crack tip, and zones 
extending over the crack surface (Fig. 17). The 
agreement obtained from the two models is en
couraging, and in particular the prediction, by 
both models, of previously unexpected R-curve 
behavior (Fig. 17) tends to substantiate some of 
the assumptions of the analyses. 

In the mechanics approach, the toughening is 
calculated directly in terms of the change in 
local crack tip stress intensity induced by the 
transformation zone. A procedure similar in 
principle to that developed by Eshelby for cal
culating stress fields around transformed particles 
and inclusions is adopted: the prospective trans
formation zone is removed from the matrix and 
allowed to transform, a stress ay is applied to 
the zone surface to restore its original dimensions, 
the zone is reinserted into the matrix, and.equal 
and opposite tractions Tu are applied to the zone 
boundary to achieve stress continuity (Fig. 17). 
These tractions induce a change in stress intensity 
factor.2 The change in stress intensity factor 
was evaluated for a series of zone profiles; first 
a zone defined by a contour of the dilational 
component of the crack tip stress field, then pro
files obtained by allowing the crack to advance 
a distance Aa so that the zone maintains the dila
tion field contour ahead of the crack, but traces 
out a wake of uniform width r 0 extending over the 
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to the assumption. However, more reliable experi
mental measurements of zone dimensions are required 
for a more definitive distinction. 

In the thermodynamic analysis, the energy changes 
that accompany a crack increment dc relate to the e 

critical strainoenergy release rate GIQ: G I C = GJX 
+ AGjrj, where Gj.c da = 2 r da is the surface energy 
increase and AGJQ da is the increase in energy 
associated with the transformed particles. The 
criterion selected to define the zone boundary 
requires that the change in potential following 
transformation be zero. Then. AGIQ c a n be expressed 
as a function of A<f>£nt

 a n t^ A<n.nt> t n e interaction 
energies at the front and rear of the zone boundary 
(Fig. 18). By computing the stress on the rear 
boundary AG was evaluated for the zone configura
tions already described. For the initial dilational 
zone, Aij>int = A»J# t , and there is no toughness 
increase. Then, AG increases as the zone extends 
behind the crack tip and approaches a saturation 
value for Aa > 3r 0 (Fig. 18) given by 

- -*— ZONE OVER 
CRACK SURFACE 

E/Cl -V ) Ae CI) 

-ZONE AHEAD OF 
CRACK TIP 

CRACK EXTENSION {Aa/r 0 ) 

c) R-CURVE BEHAVIOUR 

Fig. 17. (a) A process zone contained ahead of the 
crack t i p , with the hydrostatic contour. AK for 
this zone is zero, (b) A process zone contained 
over the crack surface. This zone provides crack 
t ip shielding, (c) A schematic of R-curve behavior 
for transformation toughening in an annealed 
material. (XBL 809-5932A) 

crack surfaces. The in i t ia l configuration gives 
AKj. = 0, hence no toughening is experienced. Then, 
AKi increases continuously with X and approaches 
a saturation level for Aa ^ 3r 0 (Fig. 17(c)) given 
by 

where Ae is the transformation energy change in the 
absence of an external field. 

Defining r 0 in the mechanics description by the 
same thermodynamic criterion giv^es 

(2 ) 

This is remarkably similar to the expression derived 
from the thermodynamics analysis. 

The prediction of identical R-curve behavior by 
these two independent derivations adds further 
credence to the models. The increase of toughness 
with crack extension, for a crack which initially 
has no transformation zone, should be observable 
with carefully designed experiments. The practical 
implications of the effect are expected to be most 
important for small cracks where the zone size is 
a significant fraction of the crack length. The 
implications for optimum toughness concern the 
criticality of the temperature, the chemical 
composition of the martensite, the toughness of the 
matrix and the particle size distribution.3 

where Vf is the volume fraction of tetragonal 
particles, E is Young's modulus and AV is the un
constrained volume transformation strain of an 
individual particle. This expression is based on 
the assumption that the transformation volume 
strain is the major source of toughening. The 
expression gives reasonable agreement with measured 
toughness increases, thus providing some support 

1. R. C. Garvie, R. H. Hanninck and R. T. Pascoe, 
Nature 258, 703 (1975). 
2. P. C~Paris, R. McMeeking, and S. Tada, ASTM 
STP 601 (1978). 
3. A. G. Evans, N. Burlingame, M. Drory, and W. M. 
Kriven, Acta Met., in press. 
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(a) PROCESS ZONE 
CONFIGURATION 

(b) ENERGY CHANGES DURING 
CRACK ADVANCE 

I 2 3 
RELATIVE CRACK EXTENSION, 

4 

Fig, 18. The R-curve determined by employing a thermodynamic treatment, 
(a) The zone characteristics, (b) The potential change during a crack 
increment, (c) The relative toughening during a crack advance. 

(XBL 809-5895) 

7. THE TOUGHNESS OF ZIROONIA COMPOSITES 
Nicholas H. Burlingame and Anthony G. Evans 

Toughness data have been obtained on a range of 
Zr02 containing materials, selected to encompass 
the variables that exert a primary influence upon 
martensitic toughening: solute content, matrix 
material, particle size distribution, volume frac
tion and temperature. 1,2 Two principal matrices 
were selected for study, AI2O3 and jnullite. The 
solutes chosen were Y2O3, MgO and CaO. The relative 
contents of the tetragonal and monoclinic Zr02 
phases and the fracture toughness were determined 
in each experiment. The toughness can be uniquely 
related to the phase ratio through the influence of 
the particle size distribution upon the transforma
tion.2 The materials were fabricated by a sol-gel 
process (AI2O3-Z1O2) or by in-situ reaction 
(imillite-Zr02). 

The expected increase in the fracture toughness 
Kjc with Vf is exhibited. However, the initial 
increase in toughness also coincides with an in
crease in the monoclinic phase content. This ef
fect presumably relates to a coai. ̂ ning of the 
Zrt>2 particles and, thus, a decrease in their 

stability, as Vf is increased. At large Vf the 
toughness diminishes rapidly. This decrease is 
presumed to coincide with the onset of micro-
cracking. Supporting this assumption are the 
trends in hardness, which indicate a sharp decline 
in hardness beyond the maxunum toughness. The 
concomitant changes in particle size and volume 
fraction introduce some ambiguity into interpretation 
of site effects. Two mullite-Zr02 materials with 
similar volume fractions and different size distri
butions have thus been compared (Fig. 19). These 
results clearly demonstrate that the toughness is 
a strong function of the particle size. 

Matrix effects on toughness can be isolated by 
altering the matrix toughness without changing the 
composition. This was accomplished by studying a 
mullite-Zr02 system before and after annealing. 
The annealing increased the matrix toughness, by 
modifying the grain aspect ratio (cf. S i ^ ) . The 
material with the higher matrix toughness exhibited 
a substantially greater toughness enhancement, in 
conformance with predictions.J-"2 

The effect of solute additives is illustrated 
in Fig. 20. Apeak in toughness occurs, coincident 
with a significant proportion of monoclinic phase. 
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Volume Fraction Z r 0 2 

Fig. 19. The variation of fracture toughness with 
the volume fraction of Zr02 for mullite/Zr02. 

(XBL 812-359] 

O Pre-crock method 
• Indentation method 

-200 200 400 
Temperature (CC) 

600 
Fig. 21. Fracture toughness as a function of 
temperature for a AI2O3 material with 0.4 volume 
fraction 2r02- (XBL 812-S38) 

This coincidence is qualitatively consistent with 
theoretical expectations. However, quantitative 
discrepancies with the existent theory are evident 
upon detailed scrutiny. These discrepancies remain 
to be solved. 

A change in temperature has an effect similar 
to the addition of a solute. For a material with 
a high content of tetragonal phase, it is demon
strated CFig. 21) that the toughness will decrease 
as the temperature increases. However, it is 
ijnportant to note than an extremely high value of 
toughness (K[c = 8-8 MPa^JT) obtains at liquid 
nitrogen temperature. It is assumed that this 

2 3 
Wt.(%)Y205 

Fig. 20. Fracture toughness and percent tetragonal 
plotted as a function of the weight percent Y2O3 
for a Al203/Zr02 material with 0.3 volume fraction 
Zr02 (hot pressed at lS50 gC). (XBL 812-360) 

value could be achieved at room temperature by 
optimizing the solute content or the particle size 
distribution. 

An indirect method of toughening is also possible 
in ZrC'2 compos ites, due to the formation of a 
compressive region at the surface. This layer will 
form as a consequence of transformation during 
abrasion. The effective toughness (Kgff) is given 
by 

aeff 
2_ /c- "IC CD 

where o 0 is the stress at the surface. Rather 
large increases in the effective toughness are 
possible. The effect is strongly related to the 
depth of the transformed layer. 

1. A. G. Evans and A. H. Heuer, J. Am. Ceram. Soc. 
63, 241 (1980). 
"27 A. G. Evans, N. H. Burlingame, M. Drory and 
W. M. Kriven, Acta Met., in press. 

indentation Processes 

8. THE RESPONSE OF SOLIDS TO ELASTIC/PLASTIC 
INDENTATION 

Shu Sheng Chiang, David B. Marshall, and Anthony 
G. Evans 

A new approach for analyzing indentation plasti
city and indentation fracture has been devised. 
The analysis devises relations between material 
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properties (notably hardness, yield strength and 
elastic modulus) and the dimensions of the indenta
tion and of the plastic zone. Calculations of the 
indentation stress fields have been conducted and 
used to generate predictions of indentation frac
ture thresholds for the three dominant crack types: 
radial, median and lateral. The approach uses new 
concepts for extending the existent spherical 
cavity model to a generalized indentation. 

The observed shape invariance of the indentation 
pressure1 (hardness, H) and plastic zone dimension 
permit experimental indentation results to be re

ferred to a common indentation geometry. A con
venient reference geometry is the hemispherical 
indentation with hemispherical pastic zone. Trans
ferring the indentation pressure directly to the 
reference geometry permits experimental results 
to be readily compared with hemispherical indenta
tion analyses. 

The analysis of the hemispherical indentation 
commences with the elastic/plastic solution for a 
spherical cavity which provides an initially sym
metric elastic/plastic field (Fig. 22), and then 
creates a free surface by eliminating the tangential 

Cavity' 
ardrdd 

i_ + ^ ^ Q 4 ^ 

Free . 
Surface o 

Stress Free Plane 
from Surface Force 

^Surface' Force 

r Displacement from "Surface' Force 

a) Elemental Procedure for Creating a Stress Free (Surface} Plane 

Covily-;-

Stress on 
Surtoce Plane 

Surface' Force 

b) Spec i f ic Procedure 

Cavity--? 

^ x c r a P 

Upper Bound Force Lower Sound Force 

Fig. 22. A schematic showing the analytic procedure for creating a stress 
free surface and hence, for deforming the residual stress distribution 
(a) the general procedure, (b) the specific procedure for the hemispheri
cal indentation, and (c) the upper and lower bound conditions used for 
calculating the stress at peak load. (XBL 806-5376) 
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stress field acting over a plane through the cavity 
center (Fig. 22). This elimination is achieved 
by using the elastic point force solutions pertinent 
to the half-space problem. The stresses that re
sult from these forces superimpose onto the initial, 
symmetric stresses to generate the indentation 
stress field. 

The radial and tangential stresses induced with
in the plastic zone result in a pressure modifica
tion. The modified pressure can be used to 
evaluate the relationship between the indentation 
characteristics and the elastic and plastic proper
ties of the material. These resultant curves 
(e.g., Fig. 23) indicate a good correlation with 
the experimental results. 

The stress field can also be used to predict 
the fracture initiation threshold, by deducing 
stress intensity factors, K, A peak in the stress 
intensity factor is encountered. A minimum thres
hold occurs when this peak attains K c. The minimum 
threshold load for a Vickers pyramidal indenter is 
given by 

r/H] 4/(0.45) 2 CD 
The trends in the threshold are summarized in 
Fig. 24. Minimum threshold loads for the three 
crack types predicted for materials with a range 
of plastic zone radii irdicate that radial cracks 
exhibit the lowest thresholds and lateral cracks 
the largest. 

Observed radial crack threshold conditions are 
compared with predictions in Table 2. Good agree
ment is shown for Ge, Si, AI2O3 an<^ ZnS. The 
observed threshold for NaCl appears to be lower 
than predicted. However, as noted by Lankford and 

< 2[-
X 

—1 1 r 
Radiol System 

Fig. 24. Trends in the radial fracture threshold 
predicted by the present analysis. (XBL 8010-6057) 

Table 2. Radial crack initiation threshold. 

Material e Prediction 
c* p* 

Cum) (N) 

Experimental 
observations 

c* p* 
(urn) (N) 

Glass 2.2 1.1 0.6 17 5 

Ge 2.5 0.16 0.014 0.25 0.02 

Si 2.65 0.36 0.05 0.65 0.03 

M 2 ° 3 2.5 0.6 0.4 3 0.25-0.5 

NaCl 6.3 340 120 100 15-60 

ZnS 4.0 17 8 70 6 

10 ™"i T—r i | 1 
O Sodo lime gla» 

1 1 1 1 1 1 1 | 

Prestnl Analysis — 
1 

<a A A I 2 0 3 + 4 2 V % Z r O z 

3 Q KCI (iingl* crystal) *>'*'*' -^*" * 
i t ZnS [com pottr rwiult) Hill's Solution—* -"^^o^ ""̂  
S i _ v Com rt»td *ta»\ 

Hill's Solution—* -"^^o^ 

.-< a Hot rolled brott "'fy'l**^*0'^ z •*-" y 

- '1^**^ -"' u ~ 3 i 
IS ^ ^ ^ - ' " ' " r 
F ^ ^ ^ *' \ vfc y* i a —Johnson's Analysis V ^v IT / PlQtHOC_ _>^ / Z o f l t ^ ^ 

I 
/ 

i i i i 1 1 t i l i 

E/N 
Fig. 23. The effect of the ratio of the modulus to the hardness, E/H, on 
the relative plastic zone size B (b/a) for a range of materials. Also 
shown are the theoretical predictions from the Hill solution, the Johnson 
analysis, and the present analysis. (XBL 806-5362A) 
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Davidson,2 the NaCl threshold is sensitive to 
ciystallographic orientation; the experimental 
value listed in Table 2 corresponds to cracks 
parallel to (110). Radial cracks could not be 
nucleated in other orientations, within the avail
able load range (~ 60 N ) . The < 110) cracks in 
NaCl are coincident with the primary slip bands 
that occur outside the generalized plastic zone. 
The cracks result from an enchancement of the local 
stress by the stress field of the dislocations, 
and a threshold appreciably smaller than that 
associated with the generalized deformation is to 
be anticipated. 

The observed thresholds for glass are an order 
of magnitude higher than predicted. This observa
tion suggests that the precursor flaw density is 
too small to permit an appreciable sampling of 
flaws of the requisite size, at the minimum thres
hold load. The excess threshold load can be 
quantified (in terms of the availability of pre-
existent nucleating flaws) by adapting some existing 
statistical data for surface flaws in glass.3 At 
the observed threshold load (5 N) the expected 
number of flaws of the required si2e (0.5 pm) in 
the tensile zone (at initiation) is calculated to 
be ~~ 0.1. This is sufficiently close to the re
quired value of unity (considering the approximate 
nature of the flaw statistics) that the statistical 
description is considered to provide a reasonable 
interpretive description of the excess threshold 
load. 

1. L. E. Samuels, T. 0. ttOhearn, J. Mech. Phys. 
Solids 5, 12S (1957). 
2. J. Lankford and D. L. Davidson, J. Mat. Sci. 
14, 1662 (1979). 
3. J. R. Matthews. 
J. Am. Ceram. Soc. 59, 304 (1976). 

Ceramic Processing 

V. Shack, and F. A. McClintock, 

The existent model assumes a pore that remains 
spherical throughout its motion (i.e., a dihedral 
angle ¥ = ir) and allows the grain boundary inter
section line to move freely over the pore surface. 
Once the boundary has sufficient driving force to 
achieve an inclination of 45° to the direction of 
pore motion, a maximum force condition pertains 
and breakaway is assumed to ensue. When more 
realistic choices of the dihedral angle are made, 
however, the pore/grain boundary behavior is found 
to be different. 

Initial calculations cf the pore shape have been 
performed. These calculations involve considera
tions o£ the atom flux over the pore surface» as 
dictated by the curvature of the surface.2 The 
solutions specify the inclination of the pore 
surfaces at the grain intersections points (Fig. 25) 
as functions of the velocity v and dihedral angle 
(a result that will be used later): 

vkTa J 

T 2 " I 3n s6 sv sn 

(la) 

(lb) 

where a is the spacing between opposite grain 
intersection points, D S 6 S is the surface diffusion 
parameter, Y S is the surface energy and Q is the 
atomic volume. Also, the detailed shapes of the 
pore surfaces can be deduced. Some typical shapes 
are plotted in Fig. 26. 

By also noting that the pore volume is velocity 
independent (no shrinkage has been allowed in this 
analysis), integration over the pore shape leads 
to the conclusion that the pore width, a, is velo
city independent. The constancy of the pore width 
implies that there is no force maximum at 45° 
boundary inclination (in contrast to the spherical 
pore analysis), and hence, no upper bound pore 
velocity. 

FINAL STAGE SINTERING MODELS 

Marlene Spears, Chun Hway Hsueh, and Anthony G. 
Evans 

The major impediment to the development of a 
fine grained pore free microstructure (with good 
mechanical properties) is the pore, grain boundary 
separation phenomenon. The separation event 
presages exaggerated grain growth and a termination 
of the densification process. The event is only 
qualitatively understood in terms of a phenomenol-
ogical model.1*2 A quantitative, physical model 
is needed in order to design sintering schedules 
that avert separation. The preliminary develop
ment of such a model, and its experimental valida
tion, is the purpose of the present study. 
Specifically, pore shapes have been calculated as 
a function of their velocity, and grain boundary 
shapes during the breakaway process have been 
evaluated. These quantities are used to identify 
conditions wherein the boundary velocity exceeds 
the pore velocity. Fig. 25. Two-grain boundary interaction with a 

"lenticular" pore (T < TT) . (XBL 812-361) 
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Fig. 2fc. Pore shape variation with velocity. 
(a; low velocity, (b) "intermediate" \'elocity. 

(XBL 812-357) Fig. 27. Pore drag of a moving grain boundary. 
(XBL 812-362) 

The absence of a maximum pore velocity requires 
that the breakaway criterion be re-examined. This 
is best achieved by noting the pore, grain boundary 
morphology expected prior to a breakaway sequence 
(Fig. 27). A determination of the shape of the 
grain boundary containing the pore can be conducted 
presuming that the chemical potential along the 
boundary is uniform. The inclination of the 
boundary at the pore (x = a) can thereby be de
duced for any grain dimension, JL This inclination, 
V, (Fig. 25) defined the velocity v p that the pore 
must exhibit in order that equilibrium be satisfied. 
The velocity vb of the other two boundaries can 
also be directly expressed in terms of i and the 
boundary mobility, '\,. A comparison of the two 
velocities, vt, and VQ, permits a breakaway condi
tion to be identified. This comparison shows that 
pore separation occurs whenever the pore size, a, 
exceeds a critical value, independent of the grain 
size, 

2 DsVs" 
a c - 3kTy b M b 

(2) 

This critical pore size has a similar functional 
form to the pore size at the "knee" of the separa
tion region in the spherical pore theory. The 
qualitative implications are thus essentially the 
same; notably, the need to decrease the boundary 
mobility vis-a-vis the surface diffusivity. How
ever, significant quantitative differences exist; 
differences that are presently subject to experi
mental evaluation. Finally, it is noted that, 
since the pore size typically scales with the grain 
size in the final stages of sintering, Eq. (2) has 
obvious implications for the control of grain 
coarsening as a means of limiting pore separation. 

1. F. M. A. Carp-ay, "The Effect of Pore Drag on 
Ceramic Microstructures," Ceramic Microstructures 
'76, R. M. Fulrath and J. A. Pask, eds., 1977. 
IT" R. J. Brook, 'Tore-Grain Boundary Interactions 
and Grain Growth," J. Am. Ceram. Soc. 52 (1), 56 
(1969). — 

3. Tze-Jer Chuang, "Models of Intergranular Creep 
Crack Growth by Coupled Crack Surface and Grain 
Boundary Diffusion," Ph.D. thesis, Department of 
Engineering, Brown University, November 1974. 

RESEARCH PLANS FOR CALENDAR YEAR 1981 
High Temperature Deformation and Failure in 
Ceramics 

High temperature failure studies conducted with 
a variety of ceramic polycrystals indicate a 
diversity of failure processes. Each process will 
require study in order to provide a comprehensive 
framework for failure prediction and microstructural 
design--the ultimate objective of studies conducted 
in this area. Studies initiated on several charac
teristic microstructural groupings will be con
tinued during 1981. These include: single phase 
materials (e.g., sintered SiC, AI2O3) in both the 
fine-grained and coarse-grained regimes, and 
materials with a continuous grain boundary phase 
{e.g., sintered S13N4). Ultimately, it is hoped 
to develop failure maps that relate these failure 
processes. 
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Single Phase Materials 
Fine Grained Polycrystals. Theoretical analysis 

of cavity evolution coupled with experimental 
observations on a fine grained AI2O3 have estab
lished a preliminary framework for the prediction 
of creep rupture in fine-grained, single phase 
ceramics. A validation of the model developed 
during 1980 will be conducted by performing creep 
rupture experiments on Al203> and by extending the 
present calculations of the cavity zone spreading 
process to include statistical accumulations of 
cavitation prone regions (using the statistical 
procedures identified in the preceding year). 
Attempts at identifying the origin of these regions 
will also be continued using TEM and STEM tech
niques- Particular emphasis will be placed upon 
distinguishing the relative roles of a low local 
dihedral angle, vis-a-vis a low surface diffusivity 
(the important variables identified in the theo
retical study), as influenced by crystal anisotropy 
and/or solute distributions. Large grained tones 
have also been identified in recent studies as 
preferred sites for high temperature failure. 
Theoretical and experimental studies have been 
initiated on this problem, with the objective of 
elucidating the failure propensity from such re
gions. The relative importance of coarse grained 
regions to the creep rupture tendencies of ceramic 
components can then be ascertained. 

Coarse Grained Polycrystals, Experiments have 
been initiated to examine creep rupture processes 
in coarse grained (more creep resistant) poly
crystals of single phase materials, particularly 
AI2O3. Different modes of cavity formation have 
already been noted; notably, cavities more general
ly form on two grain junctions, rather than at 
three grain junctions. Experiments, coupled with 
theoretical analysis, will be conducted in order 
to comprehend the new failure mechanisms that 
exist in coarse grained materials. 

Continuous Grain Boundary Phase. Experiments 
on Si3N4 have been embarkedupon in order to study 
the failure evolution process in materials that 
contain a continuous second phase at the grain 
boundaries: viz., liquid phase sintered materials. 
Particular emphasis will be placed on the role of 
the second phase as a viscous cavitating medium 
vis-a-vis cavity growth by sclution/reprecipitation. 
Again, the development of models that can be used 
for failure prediction is the ultimate objective. 

Sintering 
A recently developed model of final stage sin

tering suggests the existence of some important 
effects that should be amenable to experimental 
study. In particular, pore and grain boundary 
shapes during a breakaway sequence have been 
predicted and a crit. cal pore size at breakaway 
has been anticipated. Studies of the pore and 
g ain boundary morphologies (and critical pore 
sizes) during final stage sintering in AI2O3 and 
MgO have been initiated in order to examine these 
issues. Correlations with the theoretical expecta
tions will be made in all possible cases, parti
cularly during imminent breakaway situations. 
Theoretical studies will continue, by examining 
symmetric pore configurations (and by including 

simultaneous pore shrinkage due to grain boundary 
diffusion). A clear definition of the breakaway 
condition is the ultimate objective. Such a de
finition will then provide a clear focus for proces
sing procedures, in the final stage, that avert 
the highly detrimental breakaway situation. 

Martensitic Toughening 

An important influence of the shape of the 
transformation zone (R-curve behavior) on the 
magnitude of martensitic toughening was identified 
in a theoretical study conducted during the current 
year. Notably, high toughness is only expected 
when the zone extends over a portion of the crack 
surface. This shape effect has possible implica
tions for the temperature dependence of the 
fracture toughness. Specifically, the prior 
formation of a transformation zone at the temperc-
ture which provides the largest transformation 
zone should provide high levels of toughness at 
higher temperatures provided that slow crack growth 
can be excluded. However, once stable crack growth 
initiates, failure would be catastrophic. The 
opportunities that exist for high temperature 
martensitic toughening, by exploitation of the 
theoretical expectations of R-curve behavior, will 
be the primary research emphasis during the coming 
year. The initial studies will be conducted on 
partially stabilized 2r02, because of the good 
microstructural control possible in the system. 
Additional v.ork will encompass the Al^Os/ZrO^ and 
mullite/Zr02 systems. 

1980 PUBLICATIONS AND REPORTS 

Refereed Journals 

1. A. G. Evans, J. R. Rice and J. P. Mirth, J. Am. 
Ceram. Soc. 63, 368 (1980), LBL-8336. 

2. A. G. Evans and A. H. Heuer, J. Am. Ceram. Sac. 
63, 241 (1980), LBL-3442. 

3. A. G, Evans and A. S. Rana, Acta Met. 28, 129 
(1980), LBL-8692. 

4. A. G, Evans, Acta Met. 28, 1155 (1980), LBL-
10342. ~ 
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1. A. G. Evans, Fundamentals of Acoustic Emission 
(K. Uno, ed.), UCLA Publication (1980), p. 209. 
2. J. Porter, W. Blumenthal and A. G. Evans, 
Surfaces and Interfaces in Ceramics (J. A, ?ask 
and A. G. Evans, eds.), Plenum (1980). 

LBL Reports 

1. S. S. Chiang, D. B. Marshall and A, G. Evans, 
"The Response of Solids to Elastic/Plastic 
Indentation," LBL-11842. 

2. J. Porter, W. Blumenthal and A. G. Evans, 
"Creep Fracture in Ceramic Polycrystals I, Creep 
Cavitation Effects in Polycrystalline Alumina," 
LBL-11560 1/2. 
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3. C. H. Hseuh and A. G. Evans, "Creep Fracture 
in Ceramic Polycrystals II. Effects of Inhomo-
geneity on Creep Rupture," LBL-11560 2/2. 

4. A. S. P. Rana and A. G. Evans, "Internal 
Friction in Ceramic Polycrystals: The High 
Temperature Background," LBL-11547. 

5. A. G. Evans, D. B. Marshall and N. H. 
Burlingame, "Transformation Toughening in Ceramics," 
1SL-11598. 

6. M. Spears, C. H. Hseuh and A. G. Evans, "Pore 
Breakaway in Final Stage Sintering," LBL-11954. 

7. N. H. Burlingame (M.S. thesis), "Toughening of 
Zirconia Composition," LBL-10787. 

8. A. S. P. Rana (Ph.D. thesis), "High Temperature 
Creep in Al203-Si02 Ceramics," LBL-10602. 
9. W. Blumenthal (M.S. thesis), "Cavitational 
Effects During Creep in Polycrystalline Alumina," 
LBL-11830. 

10. S. S. Chiang, (Ph.D. thesis), "The Response of 
Solids to Elastic/Plastic Indentation and its 
Application to Adhesion Measurements," LBL 11841. 
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2. A. G. Evans, "Plasticity in Polycrystalline 
Ceramics," International Workshop on Oxides, Lyon, 
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Max-Planck Institut, Stuttgart, Germany, September 
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4. A. G. Evans, "High Temperature Failure," MRC 
Meeting, La Jolla, CA, July 1980. 

5. A. G. Evans, 'Toughening in Ceramics," American 
Ceramic Society Meeting, Chicago, IL, May 1980. 

6. A. G. Evans, "Failure Processes in Ceramics," 
Japanese Ceramic Society Meeting," Tokyo, Japan, 
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7. M. D. Huang, "Strain Energy of Martensite," 
American Ceramic Society Meeting, San Francisco, 
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8. M. Spears, "Final Stage Sintering," American 
Ceramic Society Meeting, San Francisco, CA, 
October 1980. 

9. S. S. Chiang, "Indentation in Brittle Solids," 
American Ceramic Society Meeting, San Francisco, 
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10. A. S. P. Rana, "Internal Friction Background 
in Polycrystal," American Ceramic Society Meeting, 
San Francisco, CA, October 1980. 

11. C. H. Hseuh, "High Temperature Failure in 
Ceramic Polycrystals," American Ceramic Society 
Meeting, San Francisco, CA, October 1980. 

12. W. Blumenthal, "Creep in Polycrystalline 
Alumina," American Ceramic Society Meeting, San 
Francisco, CA, October 1980. 

13. W. Blumenthal, A. G. Evans, J, R. Porter, 
"High Temperature Deformation Mechanisms in 
Ceramics," American Ceramic Society Meeting, 
Chicago, IL, May 1980. 

14. J. R. Porter and A. G. Evans, "Microstructural 
Changes During Creep in Alimtina," American Cersric 
Society Meeting, San Francisco, CA October 1980. 

15. J. R. Porter, "Cavitation and Non-linear 
Creep in Hot-Pressed Alumina," Cornell University, 
Department of Materials Science and Engineering, 
Ithaca, NY, June 1980. 

16. J. R. Porter, "Cavitation and Non-linear Creep 
in Hot-Pressed Alumina," Case Western Researve 
University, Department of Metallurgy, Cleveland, 
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17. J. R. Porter, W. Blumenthal and A. G. Evans, 
"Creep Cavitation Effects in Polycrystalline 
Alumina," Surfaces and Interfaces in Ceramic and 
Ceramic-Metal Systems, 7th LBL/MMRD International 
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3. Physical Properties 

a SuptrconductfvHy Effect*-High FWd Suptrconducttvtty* 

Moshe Rosen, Investigator 

Introduction. A specific mandate defined the 
scope otJ this work during the past year. I t was 
to bring a l l activit ies to an orderly close by the 
end of FY 1980, and to achieve this objective with
in a limited budget. Responsibility for imple
mentation and for a final report sunmarizing the 
research performed on multifilamentary super
conducting composites was given to Dr. Moshe Rosen, 
a visiting scientist from Israel 's University of the 
Negev, now with Johns Hopkins University in 
Baltimore, Maryland. 

In point of fact, two reports were prepared and 
submitted by M. Rosen, J . T. Holthuis and M. R. 
Pickus, the lat ter two authors having been 
associated with the superconductivity program since 
i t s ini_option. Since M. R. Pickus had been invited 
to present a paper on the Infiltration Process, an 
LBL development, at the IOC Topical Conference 
on Filamentary A15 Superconductors, Brookhaven 
National Laboratory, Upton, New York, May 28-29, 
1980, i t was decided to prepare two reports as 
follows. Che, entitled, "Binary and Ternary 
Niobium-Base Superconductors by the Infiltration 
Process,"1 is a comprehensive and detailed account 
of the work performed in the course of this 
program and is intended to serve as the requested 
final report. In contrast, the second entitled 
"MS Multifilamentary Superconductors by the 
Infiltration Process,"2 is a condensed version 
in a format appropriate for scheduled publication 
in the ICMC Conference Proceedings. 

A A A 

1. M. Rosen, J. T. Holthuis, and M. R. Pickus, 
LBL-11222 (1980). 
2. M. Rosen, J. T. Holthuis, and M. R. Pickus, 
LBL-10761 (1980). 

1. EXPERIMENTAL PROGRAM - FINAL PHASE 

Moshe Rosen, John T. Holthuis, and Milton R. Pickus 

In order to establish the reproducibility of 
superconducting data obtained on Nb—Nb3Sn wires 
made by the infiltration process, the entire 
procedure was repeated many times during the past 
year. Plots of current carrying capacity versus 
applied magnetic field for wires reduced from the 
different infiltrated compacts resulted in a 
smooth curve with very little spread of data points. 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
Materials Sciences Division of the U. S. Department 
of Energy under Contract No. W-7405-ENG-48. 

To further elucidate the current carrying capacity 
at very high fields, steady field tests were made 
recently at the Francis Bitter National Magnet 
Laboratory [MIT) over the range from 15 to 22 tesla. 
The data points fell smoothly along the previously 
established curve. The critical current density 
was 6 x 10 4 A/cm2 at 15 tesla and 1 x 10 4 A/cm2 at 
20 tesla. Wires made by the infiltration process 
appear to be especially suitable for applications 
requiring fields of the order of 15 tesla. In 
another series of tests, it was found that the 
critical current density increases with decreasing 
filament size down ibout 1 micron, below which 
there appears to 7 . :minishing effect. The 
minimum diameter ••> •'•; Hi the reacted wires can be 
bent with no deg *?.. n of the critical current 
density is 2 cm. ! p , too, there is an effect 
of filament size ','.• it is anticipated that with 
finer filaments t mailer bend diameters can be 
tolerated. 

An ongoing cooperative program between MMRD and 
Teledyne Wah Chang Albany (Mr. C. Craig Wojcik's 
Research Group) has disclosed the existence of a 
detrimental size effect with respect to ductility. 
The 3/16 inch diameter infiltrated compacts 
prepared at MMRD could be reduced to fine wire 
with little difficulty, whereas the i-1/2 inch 
diameter compacts made by Wah Chang were too brittle 
for successful reduction. Vacuum fusion analyses 
showed a steep oxygen concentration gradient from 
the surface to the center of the bars. Hardness 
profiles showed a corresponding gradient. From 
this work it was concluded that the necessary 
oxygen level reduction can not be achieved in 
large diameter bars by vacuum sintering alone. It 
was therefore decided that Wah Chanq, would prepare 
coarser niobium powder (-60 + 100 mesh in con
trast to the -270 mesh powder previously used), 
with an anticipated reduction in the initial oxygen 
concentration. Indeed the coarser powder had an 
oxygen content of "* 200 ppm compared to ~ 2000 ppm 
for the finer powder. Indicative of the dramatic 
improvement in ductility that resulted is the fact 
that 1/2 inch diameter compacts can now be sub
jected consistently to a reduction in area ratio 
of 4-5000:1. Wah Chang is also planning to in
vestigate a spherical niobium powder produced by a 
rapid solidification technique which is expected 
to have a very low oxygen content. 

Figures 1 to 3 illustrate the key stages of the 
infiltration process for preparing multifilamentary 
Nb-Nb3Sn superconducting wire: the preparation of ' 
a ductile niobiim matrix containing a network of 
interconnected pores; infiltration of the pore 
system with tin; mechanical reduction of the 
infiltrated composite to the desired wire size 
and subjecting the wire to a thermally controlled 
diffusion reaction. 



Fig. 1. Scanning electron micrograph of porous 
niobium sintered for 30 min at 2250°C. 

(XBB 768-7563) 

Fig. 2. Optical micrograph of porous niobium 
infiltrated with tin (white areas). (XBB 755-3884) 

Fig. 5. Longitudinal section of heat treated wire. 
Dark filaments are NbjSn; light matrix is niobium. 

(XBB 755-3885) 

In regard to the ternary niobium-aluminum-
silicon system, a systematic investigation of the 
influence of heat treatment on t"- • critical 
temperature (T c) of wires prepared by the infiltra
tion process was carried out. The highest value 
of T c obtained in this study is 18.1 K. A report 
covering the essential findings of this investiga
tion has been submitted for publication in Scripta 
Metallurgies. 

1980 PUBLICATIONS AND REPORTS 

Refereed Journal 

1. M. Malekzadeh and M. R. Pickus, "Magneto-
strictive Properties of Rare Earth-Iron Laves Phase 
Materials Prepared by Powder Metallurgy Techniques," 
IEEE Trans. Magn., MAG-16, 536, 1980, LBL-8092. 

Patent 

1. M. Malekzadeh and M. R. Pickus, "Sintered Rare 
Earth-Iron Laves Phase Magnetostrictive Alloy 
Product and Preparation Thereof," Patent No, 4, 
152, 178, 1979. 

LBL Report 

1. M. R. Pickus, J. T. Holthui.- and M. Rosen, 
"Binary and Ternary Niobium-Base Superconductors 
by the Infiltration Process," LBL-11222. 

Invited Talks 

1. M. R. Pickus, J. T. Holthuis, and M. Rosen, 
(presented by M. R. Pickus), "A15 Multifilamentary 
Superconductors by the Infiltration Process," 
Filamentary A15 Superconductors, edited by 
Masaki Suenaga and Alan F. Clark, Plenum Press, 
N.Y. 1980, pgs. 331-353. ICMC Topical Conference 
on Filamentary A15 Superconductors, Brookhaven 
National Laboratory, Upton, New York, May 28-29, 
1980, LBL-10761. 



b. InttrfaCM and Ctramta Mterottrudurw* 

Joseph Pask, Investigator 

1. WETTING AND REACTIONS IN GLASS/NON-PRECIOUS 
METAL SYSTBSt 

Antoni P. Tomsia, Zhang Feipeng, and Joseph A. Pask 

The current theory of glass to metal bonding 
based on studies in this laboratory states that 
chemical bonding occurs between metal and glass 
when the interfacial zone is saturated with the 
oxide of the substrate metal, i.e., the activity 
of the oxide is one in the interfacial zone. 
During liinited previous studies with the binary 
alloys of Ni-Fe and Ni-Co, it was found that 
adherence developed if the glass was saturated 
with the oxide of either of the alloy components. 
The main objective of this investigation is to 
determine the applicability of the bonding theory 
to the two component alloy systems of nickel and 
chromium. 

A series of Ni-Cr alloys were prepared from high 
purity metal powders (99,999+1) of the following 
compositions: Ni95CrS, Ni90CrlO, Ni80Cr20, 
Ni70Cr30, Ni60Cr40 (in vtt). Together with these 
alloys, pure nickel and chromium were included as 
end members of the series. Sessile drop experi
ments combined with weight loss measurements were 
made at an ambient pressure of 2 x 1D"9 atm in two 
furnaces: "alumina furnace" with a p0 2 of - lC" l l J 

atm and a "graphite furnace" with a p02 of - 1C" 2 0 

atm. 

Time and temperature dependence studies of 
sodium disilicate on Ni, Ni-Cr alloys and Cr were 
made at 900 to llOO^C. The data for weight loss 
and contact angle vs. composition at 1000°C for 
120 min are shown in Fig. 1. The average reaction 
rate was first measurable at 950°C for all systems 
except pure nickel (1000°C) and increased both 
with temperature and tijne. The highest reaction 
rate, as was expected, was found for chromium, the 
lowest for nickel with an essentially linear in
crease for Ni-Cr alloys with increasing amounts 
of Cr. Chromium silicide formation was evident at 
the periphery of the glass drop and at the inter
face for all Ni-Cr alloys. Nickel participated by 
reduction of sodium ions in the glass. In all 
cases, the overall reactions were faster in the 
graphite furnace for comparable experimental con
ditions. Smaller contact angles were usually 
associated with higher weight losses. 

In all experiments with the alloys, the sodium 
disilicate separated into two immiscible glasses. 
The glass zone near the intei^ace developed a 
green color, and the upper pare of the drop had 
a brown color, with a distinct interface between 
the two zones. The thickness of the green zone 
("- 10 to So microns) was related to the Cr content 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
Materials Sciences Division of the U.S. Department 
of Energy under Contract No. W-7405-ENG-48. 

WEIGH' P11ZIUJ Of Liatgntst 

Fig. 1. intact angles and weight lois of sodium 
disilica.. glass on nickel, nickel-chromium alloys 
and chromium after 2 hr at 1000°C in 2 * 10" 6 torr 
vacuum. (XBL S15-S6S9) 

in the alloy. In adherence measurements based on 
slowly bending the plates of the respective allovs, 
fracture always occurred at the green-brown glass 
interface, indicating that the adherence of the 
green interfacial glass zone to the metal sub
strate was stronger. The adherence was found to be 
better for spe-imens tested in the alumina furnace 
than in the graphite furnace because of a higher 
oxidation rate of the alloys in the former furnace 
leading to faster saturation of the interface with 
CrzOS' AE$ studies and depth profiles revealed 
that the amount of CriOj on the surface was always 
about five times greater in the alumina furnace.' 
In the alumina furnace all alloys always had a 
Cr203 layer whose thickness increased with the Cr 
content in the alloy (from 5000 A for Ni95CrS to 
~ 2 micron in case of the alloy Ni50Cr40). 

SEM and \ES studies showed that brown glass was 
richer in ..• > with only a small amount of chromium 
(< 1 w U ) , and the green glass was richer in C0O3 
with a small amount of NiO. These results suggest 
at least qualitatively that the diffusion of the 
chromium into the glass is much slower than dif
fusion of nickel. 

These results led to a study of the effect of 
saturating NS2 with NiO and Ci'203 on adherence, 
wetting and reactivity of Ni-Cr alloys. Sodium 
disilicate saturated with NiO (S.O -rttS) on Ni and 
Ni-Cr alloys showed greater reactivity than NS2 
alone. The smallest contact angle, lowest weight 
loss, and excellent adherence were obtained on pure 
nickel. Increasing amounts of Cr in the alloys 
did not produce a linear effect on these properties. 
In contrast to NS2> weight loss and contact angle 
increased under similar conditions in both 
furnaces, reaching a maximum value for Ni8OCr20 
and Ni70Cr30 alloys. The next alloy in the series 
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showed markedly lower weight loss during one- and 
two-hour experiments. The adherence decreased 
with increase of Cr, becoming poor in the center 
of the sessile drops on alloys with more than 
30 wt% Cr. 

Sodium disilicate saturated with &2O3 showed 
the highest reactivity of all the glasses studied. 
The contact angles were smaller than 8 degrees in 
all of the experiments, and spreading occurred on 
all alloys with 20 wt$ Cr and higher in about 20 
minutes after the occurrence of a violent reaction 
associated with bubbling. The adherence was very 
good in all cases. 

All of the results indicate that the redox 
reactions at glass-alloy interface are sensitive 
to the O/Si ratio in the glasses and the pC>2 in the 
ambient atmosphere. Redox reactions introduce 
substrate metal oxides into the glass which are 
favorable for development of adherence. Chromium 
also participates in redox reactions leading to the 
formation of silicides which apparently are not 
favorable for development of adherence. 
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This work was part ial ly supported by the National 
Insti tute of Dental Research of the National 
Institutes of Health. 

Fig. 2. Contact angles and weight loss from sodium 
disi l icate glass on titanium vs. time from 1 to 
16 hr a t 1000'C and 2 * 10" 6 torr . (XBL 8010-12599) 

2. WETTING AND REACTICWS IN GLASS/TITANIUM SYSTEMS 

Zhang Feipeng, Antoni P. Tomsia, and Joseph A. Pask 

Interfacial reactions and wetting of sodium 
disi l icate CNSz) and sodium borosilicate glass 
(NBS) on high purity titanium were studied using 
the sessile drop technique combined with weight 
loss measurements and SEH observations. Two vacuum 
furnaces were used: one with a graphite core and 
heating element and an estimated Pfj2

 o f I d " 2 0 atm, 
and a second with an alumina core and an estimated 
PQ 2 of 10 1 0 atm. A survey of the l i terature on 
the wetting behavior of NS2 glass on T i 1 " 2 revealed 
observed contact angles from 48 to 80 degrees and 
l i t t l e information about the reaction mechanisms. 

The f i r s t series of experiments with sodium 
disi l icate were made at 1000°C for times from 1 to 
16 hr. the reaction rate determined by weight 
losses increased, both with time and temperature 
as seen in Figs. 2 and 3, but the associated change 
in contact angles was small. In a l l experiments 
the glass drop had a very regular shape and changed 
in color to brown or brown-violet. 

Figure 4 shows the edge of the NS2 glass drop 
on Ti after 2 hr at 1000 C in the alumina furnace. 
Titanium is at the botom of the photo, with a 
characteristic kink surface structure, and the 
glass drop is on top. The phase formed at the 
interface, which separates Ti and glass, was identi
fied by x-ray diffraction analysis as titanium 
si l ic ide - TisSij. The thickness was time and 
temperature dependent and was always greater in the 
graphite fumace than in the alumina furnace under 
similar conditions. After 16 hr in the graphite 

fumace at 1000°C, the average thickness of T i 5 Si 3 

in the center of the glass drop was 8 microns and 
in the alumina furnace, 4 microns. 

The formation of the TisSi3 phase provides an 
explanation for the essentially constant values 
of contact angle under a l l experimental conditions. 
Redox reactions at the interface between NS? and 
Ti were always faster at the periphery of the glass 
drop because of the short diffusion paths. The 
formation of the new phase froze the position of 
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Fig. 3. Contact angles and weight loss of sodius 
disi l icate glass on titanium at 900 to 1100°C 
after 2 hr at 2 x 10-& torr. (XBL 8010-12598) 
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Fig. 4. Top view of the edge of the sodium 
disilicate glass drop on titanium in alumina 
furnace after 2 hr at 1000°C and 2 * 10_6 torr. 
Titanium substrate at the bottom. (5000x) 

(XBB 813-2390) 

the drop edge. It was further found that the 
formation of this phase occurs rapidly and is thus 
sensitive to the heating rate. With a very fast 
heating rate to the experimental temperature, it 
was possible to obtain an 80° contact angle as 
reported in the literature. In this case, the 
position of the drop edge was frozen before it had 
time to flow to the smaller angle. 

The adherence of the Tis5^3 layer to the 
titanium was always very good, but separation 
occurred at the TicSi3-glass interface. The net 
result was poor adherence from an engineering 
viewpoint. 

With sodium borosilicate glass, obtuse contact 
angles in the range of 110-120° were obtained on 
Ti in vacuum at temperatures from 900 to 1200°C. 
Examination of the samples after an experiment 
showed that the glass drop had a distorted and 
irregular surface. Cross sections showed that the 
glass is in contact with Ti only at the periphery 
and that the remainder of the interface had ex
tensive gaseous cavities. 

This unusual appearance, together with weight 
losses of less than 2 wt%, suggested decomposition 
of the glass drop surface, causing the flow to be 
arrested and freezing the shape of the drop. 

Using simultaneous Auger electron spectroscopy 
and ion sputter-etching, the glass surface, the 
area under the glass and the black deposit were 
analyzed. Figure 5 shows a surface view of the 
black (seen here as grey) deposit near the glass 
drop. The open area in the center was caused by 
sputter-etching and analysis. The thickness of 
the layer deposit is 1 micron. Figure 6 shows 
several Auger spectra: the upper was taken from 
the surface of the black layer and the lower after 

Fig. 5. Area on titanium just outside the periphery 
of the sodium borosilicate drop in graphite furnace 
after 2 hr at 1000°C and 2xl0~ 6 torr. Reaction 
resulted in the formation of black tarnish layer. 
Open area in the center was sputter-etched for 
Auger Electron Spectroscopy (AES). (XBB 813-2391) 
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Fig. 6. AES spectra of the black tarnish layer 
surface (top) and of the titanium surface beneath 
the layer, after 5 min of sputtering (bottom), 

(XBL 8010-12600) 



sputtering. The spectra indicate that the surface 
of the layer contains carbon, Ti and oxygen. A 
depth profile showed that the carbon concentration 
rapidly diminished from the surface. Underneath 
the black layer, Auger spectra showed the appearance 
of boron. Boride was formed by reaction of the Ti 
with B2O3 evolved duririg glass decomposition. The 
area under the glass drop contained titanium boride 
and titanium silicide. 

Glass itself, as was found from surface analysis, 
decomposed rapidly from 900°C by evolving P2O3. 
A silica rich shell formed on its surface. Tie 
high viscosity of the silica rich layer prevented 
the glass from flowing to form an acute contact 
angle which would normally be expected since 
isv > nv-

1. A. Passerone, 6. Valbusa, and E. Biagini, 
J. Mat. Sci. 12, 2465 (1977). 
2. I. J. McColm and C. Dimbylow, J. Mat. Sci. 9, 
1320 (1974). 

3. WETTING AND ADHERENCE OF GLASSES TO NOBLE 
METALS 

V. K. Nagesh, Antoni P. Tomsia, and Joseph A. Pask 

Wetting studies between different glasses and 
precious metals are very important to the glass 
and the electronic industries. Bushing nozzles for 
glass fibers and hollow fiber production parts are 
usually made from precious metal alloys. For fiber 
drawing, it is desirable that the glass does not 
react with and spread over the bushing. Most of 
the thick film conductor systems use lead boro-
silicate glass as a binder between the metals Ag, 
Au, and Pt and the alumina ceramic substrate. 
Here, good adhesion and associated low contact 
angles of the glass are essential. 

Sessile drop experiments with lead borosilicate, 
sodium borate, sodium borosilicate, and sodium 
disilicate glasses were conducted on Ag_, Au and Pt 
under four different atmospheric conditions, 
namely, air, 1 arm helium, and 2 * 10~s arm vacuum 
with ~ 10-15 atm P 0 2 and ~ ID"2" atm Po2-

In a_i air atmosphere, the LBS and SB glasses 
spread on silver into a uniform extended circle. 
In case of LBS, glass crystallization was evident 
at the periphery of the glass extension. NS2 and 
NBS glasses formed contact angles of ~ 30° and 
became transparent yellow. All four glasses had 
very good adherence because of solution of silver 
oxide by the glasses resulting in saturation of 
the interface. SEM-EDAX analysis indicated that 
the solubility of AgzO in NS2 and NBS glasses is 
about 4 times lower than in LBS and SB glasses. 
Some of the silver precipitated from these glasses 
during cooling and formed spheres of 0.2-0.3 micron 
diameter without complete loss of transparency of 
the glass. 

Under low oxygen partial pressure in vacuun all 
glasses showed slightly weaker adhesion than in 

air; the LBS glass, however, showed the strongest 
adhesion. LBS glass drifted on the silver plate 
and showed 2.8% weight loss after the sessile drop 
experiment. Bubbling was also evident, nhicb 
indicated a reaction at the interface. No weight 
loss occurred for the other glasses and no indica
tion of any reaction was noticed from the examina
tion of the cross-sections. Those observations and 
the low contact angle of LBS glass (4^) compared 
to all other glasses p> 30°) indicate the possi
bility of a redox reaction between Ag and lead 
oxide in the glass. The possible overall reaction 
under these low oxygen partial pressure conditions 

2 ^(s) + Pb0(glass) " ̂ (glass) + P b(g) • 

The standard free energy for this reaction at 700°C 
is positive. Reaction could be achieved if lead 
is formed in the vapor state and is immediately 
removed from the reaction site. At 700°C_, the 
vapor pressure of Pb is ~ 10~$ atm which is higher 
than the total ambient pressure of 2 * 10"^ atm. 

In the presence of gettered helium at 1 atm, 
the adherence of all glasses was poor. All glass 
drops could be easily removed from the surface of 
the metal. No reactions were observed with any 
of the glasses, not even LBS. These factors are 
reflected in the high contact angles {> 50°) for 
all glasses. 

All glass drops on gold had finite contact 
angles under all atmospheric conditions. Good 
adherence was observed for all glasses in air. 
In vacuum, however, the adherence was poor, even 
though the contact angle was lower than in the air 
atmosphere for the LBS and SB glass. The strong 
adhesion of glasses in the presence of oxygen is 
due to the dissolution of the surface oxide by the 
glass which approaches saturation and the formation 
of a chemical bond at the interface. Adherence 
was always stronger at the edges of the glass 
drops than the center. Auger electron spectroscopy 
(AES) showed a higher Au concentration in the 
glass at the interface close to the periphery than 
at the center. 

The adherence was poor under vacuum and in 
helium, indicating the absence of any reaction 
between glass and the gold. This premise was 
supported by AES of several glasses which did not 
detect any traces of Au at the glass surface 
removed from the gold. LBS and SB glasses showed 
lower contact angles in vacuum than in aiT, which 
can be explained by a higher driving force for 
wetting represented by (YSv~"rsl) • ^ v e ii though ysi 
in air is lower than in vacuum, y Sv * S sufficiently 
larger in vacuum than in air to give a larger over
all value for (Ysv-Ysi). 

All glasses showed strong adhesion to platinum 
when fired in air. SB glass spread on Pt while 
the other three glasses showed low but finite 
contact angles. As for Ag and Au, the low contact 
angle and strong adherence in air are due to the 
saturation of glass by the metal oxide at the 
interface. Because of the solution of the surface 
oxide of platinum in glass, the interfacial energy 
is greatly reduced resulting in a large driving 



force for wetting (Ysv'Ysl) a n ^ a 1°" contact 
angle. 

Under vacuum, only sodium disilicate showed a 
low contact angle (15°) and fair adherence. All 
other glasses had high contact angles f> 50°) and 
poor adherence. Because of carbon contamination 
of the Pt surface in a graphite core furnace, 
which reduces the Pt surface energy, contact angles 
for all glasses are larger than those obtained in 
an alumina core furnace. 

In summary, the results for Ag, Au, and Pt 
indicate that heating in air always results in good 
adherence because of saturation of the interface 
with the respective metal oxide which forms on the 
metal surface at high partial pressures of oxygen. 
Although the amount is small, it is adequate 
because of the low solubility of the oxides in the 
glasses. The absence of redox or solution reactions 
at the interface and/or oxygen leads to an increased 
contact angle caused primarily by a decreased 
(Ysv-Ysl) • Changes in contact angles with time and 
associated weight losses always indicate reaction 
at the interface and improved adherence. In all 
cases, the values of contact angles correlate well 
with adhesion, i.e., the lower the contact angle, 
the better the adhesion. 

* * * 
Now at Hewlett-Packard Co., Palo Alto, California. 

A. REACTIONS AND SPREADING IN THE Cu-Ag SYSTEM 

Paul R. Sharps,1 Antoni P. Tomsia, and Joseph A. 
Pask 

Sessile drop experiments were performed on 
substrates in the Cu-Ag system at the eutectic 
temperature of 780°C and at 900°C at partial pres
sures of oxygen below the dissociation pressures 
of the metallic oxides. The experiments support 
the generalization that the use of solids and 
liquids in chemical equilibrium in binary metal 
systems results in wetting or an acute contact 
angle but not spreading, i.e., the surface energy 
of the solid is greater than that of the liquid, 
but the energetic driving force for wetting does 
not exceed the surface energy of the liquid. 
Specifically, the driving force for wetting of the 
Cu-solidus by the eutectic liquid at 782°C is 
greater (smaller contact angle) than that for 
wetting of the Ag-solidus. Another experimental 
observation is that no mass transport occurs across 
the interface as indicated in Fig. 7 when chemical 
equilibrium exists, i.e., the interfaces remain 
flat and are continuous with the free surfaces of 
the substrates. 

Mien the sessile drops are not in chemical 
equilibrium with the substrate, solution reactions 
occur. If the substrate is undersaturated relative 
to a component in the liquid, the specific free 
erargy of the solution reaction contributes enough 
to the driving force for wetting in most cases 
to cause spreading, i.e., it exceeds the specific 
surface energy of the liquid. If only the liquid 
is undersaturated relative to a component in the 

Fig. 7. Liquid of eutectic composition at eutectic 
temperature (~ 782°C) on (a) Cu and (b) Cu-solidus. 

(XBB 807-8509) 

substrate, the solution reaction does not increase 
the driving force for wetting and no spreading 
occurs, in both cases, however, a mass redistribu
tion occurs and the interface does not remain flat 
and continuous with the substrate surface. For 
example, the eutectic liquid on Cu-solidus a t 900°C 
causes a lenticular depression by dissolving suf
ficient substrate to reach the equilibrium Cu-
liquidus composition (Fig. 8). 

Development of nonhomogeneity in the Cu-solidus 
with grain boundaries attaining continuous non-
equilibrium compositions results in some movement 
of liquid along the grain boundaries ahead of the 
liquid drop, which contributes to the driving 
force for wetting. This appearance can be mis
interpreted as primarily capillary movement of 
liquid along thermally grooved grain boundaries. 

This study indicates the importance of control
ling the conditions of the sessile drop experiment 
and of careful preparation of specimens. Cross 
sections should be made and analyzed to determine 
the details of any reactions that may have been 
occurring during the experiment. That i s , careful 
characterization must be applied to the specimen 
assemblies, especially in the possible presence 
of inhomogeneities, in order to fully understand 
and a<roid misinterpretations of "simple" sessile 
drop experiments. 

* A * 

Now at Purdue university, Lafayette, Indiana. 



Fig. 8. Liquid of eutectic composition at 900°C 
on (a) Cu and 0 ) Cu-solidus. fXBB 807-8510) 

5. SINTERING OF MULLITE-CONTAINING C0MP0SITIONS+ 

Michael D. Sacks and Joseph A. Pask 

AI2O3 and S1O2 raw materials were processed by 
"powder" and "gel" processes to form mullite-
containing materials for sintering studies. The 
effects of phase composition, particle packing in 
the green compact, powder surface area, and sin
tering atmosphere on microstructural evolution and 
sintering kinetics (densification and grain growth) 
were investigated. 

Rapid densification was observed when large 
amounts of liquid were present during sintering. 
Even trace amounts of glassy phase, which can only 
be resolved by transmission electron microscopy, 
can cause notable increases in densification rate. 
However, it is inportant to be cognizant of trade
offs between increased densification rate and 
possible adverse affects on properties (such as 
high temperature strength). 

In "powder" process materials with compositions 
near or within the mullite solid solution range, 
a proportionality was observed between i theoreti
cal density and the logarithm of time for the 
various sintering temperatures. This observation 
is consistent with the predictions of several 
intermediate stage sintering models. The non-
uniformity in packing and in size of particles led 
to the rapid formation of dense microregions (in 
which pores in closely packed regions were quickly 
elrninated), while large pores "opened up" in 
regions which were initially packed with a low 

density. This development requires the use of an 
"effective grain size" as a measure of the diffusion 
path length during sintering. This parameter is 
experimentally detensined by measuring the spacing 
between pores. Pore spacing measurements are also 
used to show that inhomogeneity affects the rate 
of approach to theoretical density. 

In "gel" materials, enhanced densification rates 
with increasing grinding times of the calcined 
powders is observed because of increasing surface 
area (decreasing particle size). Particle packing 
was important in determining the final density. 
Although the initial pore volume was kept nearly 
constant, lower final densities were observed when 
large pores were present in the green microstruc-
ture. Packing arrangements also caused the occur-
rance of densification substages during the 
intermediate stage of sintering. A detailed 
microstiuctt.al analysis is required in order to 
assess whether a sintering model is physically 
realistic. 

Sintering atmosphere, in which the total pres
sure and the partial pressure of oxygen were the 
important variables, affected the microstructural 
development and the rates of grain growth and 
densification. The partial pressure of oxygen can 
affect the diffusion coefficients and the inter-
facial energies. The total pressure is an 
important factor in determining the amount of gas 
that is entrapped in pores. 

* * * 
'This work was part ial ly supported by the National 
Science Foundation. 

TNow in Department of Materials Science and 
Engineering, University of Florida, Gainesville, 
Florida. 

6. EFFECT OF SILICA IWURITIES ON ELECTROPHORETIC 
PROPERTIES AVD SINTERING OF ALUMINA 

Jose S. Moya, Jorge R. Rubio,* and Joseph A. Pask 

When an oxide powder is inmersed in water, an 
electric double layer is formed at the oxide/water 
interface. The zeta potential that forms is 
dependent on the pH of the liquid. At the iso
electric point ( i .e.p.) the charge is zero, and 
the dispersed particles tend to aggregate or 
flocculate. This behavior affects the packing of 
the particles and resulting microstructure after 
high temperature sintering, which in turn affects 
the properties. 

When si l ica is present as an impurity (0.03 wtl 
in the Al^Oj specimen studied), the electrokinetic 
properties are modified. Figure 9 shows that the 
variations of the zeta potential with pH is 
dependent on the pretreatment of the alumina sample. 

An i . e .p . of pH 8.9 was obtained after removal 
of the s i l ica impurity with a 0 .IN solution of HF, 
washing and storing the powder in polyethylene 
bottles a t a pH 6.9 for 10 days. Subsequent con
tamination with Na2Si03 changed the i . e .p . to 
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Fig. 9. Zeta potential vs pH curves for AI2O3 
suspensions with different pretreatments: 
a) equilibration at "•" pH 4.5 in pyrex glass con-
trainers, b) aging for 24 hr at each of the pH 
values of measurement, c) leaching with concen
trated HC1 for 4 hr, washing and aging at pH 6.7, 
and d) aging for 24 days at pH 6.7. QCBL 794-6077] 

pH 6.1. These experiments, as well as others, 
indicate that surface contamination by soluble 
species from sources such as sample impurities or 
containers on aging lead to variable i.e.p. values. 
Uncontrolled variations of this type will cause 
variations in agglomeration of the particles which 
will affect rheological behavior of such slurries 
and cause non-reproducibility. 

Further experiments on AI2O3 powder, as received 
and treated as above to remove the siKca impurity, 
indicated that the silica plays a significant role 
both in processing of the powders and in sintering 
and microstructure development of alumina compacts. 
When the silica is removed, compactibility of the 
powder is affected adversely. Silica improves 
dersification during the initial stage of sintering 
(Fig. 10); it also decreases the activation energy 
of sintering and moderately inhibits grain growth. 

Now at Instituto de Ceramic y Vidrio, Arganda del 
Rey (Madrid}, Spain. 

^ o w at Universidad Federal Do Rio Grande Do Sal, 
Departmento de Metalurgia, Porto Alegre, Brasil. 
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Fig. 10. Porosity vs time for HF-treated and un
treated AI2O3 compacts sintered iso^ u ,rmally in 
air at indicated temperatures. 1.̂ 1, " , n-7031) 

7. HERMDDYNAM1CS OF SINTERING 
Boon Kong' and Joseph A. Pask 

Single phase materials at chemical equilibrium 
are generally densified by sintering at high 
temperatures, and the process is normally studied 
kinetically. The objective of this study is to 
develop a better understanding of the mechanisms 
of the sintering process through a thermodynamic 
approach. Since the sintering system ideally is 
under chemical equilibrium and the driving force 
for sintering is a reduction of the free energy 
of the system by reduction of surface area, an 
understanding of sintering requires an under
standing jf the thermodynamics of interfaces. 
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Densification of a compact requires movement of 
mass from particle contacts to adjoining surfaces 
resulting in an increase of grain boundary area 
aid decrease of surface area. This process is 
thermodynamically possible because the specific 
grain boundary free energy Yss i s i c s s f^ a n t v ^ c e 

the specific surface free energy v sf• T h i s im
balance provides the driving force for mass trans
port or sintering which continues until the in
crease of total grain boundary free energy at a 
given time becomes equal to the decrease of total 
surface free energy. At this point the dihedral 
angle, obtained in a model two sphere system by 
passing a plane through the centers of the spheres, 
is at equilibrium as sham in Pig. 11. The two-
sphere system then is in metastatic equilibrium. 
In most compacts complete densification, or closure 
of pores, occurs before the increasing dihedral 
angles reach their mctastable equilibrium value. 
Therefore, the y s s / y s f ratio should be small for 
favorable sintering;"more open or less dense powder 
compacts require smaller ratios. 

The overall mass transport process consists of 
two steps: movement of material from a contact 
boundary area being formed between two phases to 
the "neck" between them and movement from the neck 
to the adjoining free surfaces. In the previous 
case the second step was faster than the first 
resulting in no neck formation and an increasing 
dihedral angle between the spheres until the 
equilibrium angle was reached. Another extreme 
case occurs when the first step is much faster 
than the second step resulting in the formation of 
a neck with an equilibrium dihedral angle. The 

• <'-h> . J u 

Fig. 11, Two sphere model after densification 
showing grain boundary with formation of dihedral 
angle, 0. The displaced mass is distributed uni
formly on the free surface with an appropriate 
increase of radius, r. When Y s sdAs S = YcfdA^f* the dihedral angle is at metastable equilibrium 
and is represented by Yss • 2Y sf cos $/2. 

(XBL 798-6757) 

driving force for sintering then is the reverse 
curvature of the neck surfaces. Most sintering 
experiments indicate that a neck is formed; with 
this type of mechanism, complete densification 
occurs before the reverse curvature is eliminated. 
The same requirement for a small Yss/^sf also 
holds in this case. 

* * * 
'Now at ARCO Solar, Inc., Chatsworth, California. 

8. HICH TEMPERATURE SOLID STATE REACTION'S IN 
K/OLINITE'1' 
S. M. Johnson, J, S. Mqya,* and J. A. Pask 

Kaolinite is the mineral name for a hydrous 
alumino silicate (Al2Si20s(ar)4 cr Al203-23iO2«2H20) which is the principal constituent of fire clays 
and white-firing clays. These clays are the prin
cipal raw or starting materials for refractories 
which are the principal candidates for lining of 
furnaces in coal gasification processes; they also 
are the principal raw materials for many tradi
tional ceramic products. Consequently, the solid 
state reaction sequence on heating kaolinite has 
been widely studied. One of the principal research 
tools has been differential thermal analysis (DTA); 
several thermograms are shown in Fig. 12, Most of 
the work reported in the literature has been 
centered on the nature of the endothermic reaction 
(peak temperature about 625°C) and the first exo
thermic reaction (peak temperature about 9B0°C). 
This study was concerned with the nature of the 
second and third exothermic reactions that occur 
and the effect of small additions of K2O and CaO, 
since such impurities very strongly affect the 
refractoriness of the clay. 

Kaolinite, which becomes metakaolinite after 
dehydroxylation corresponding to the main endo-
thermic peak in DTA, undergoes several successive 
reactions (represented by three exothermic peaks 
in a UTA run) in attaining the equilibrium phases 
of mullite (3Al203-ZSi02) and cristobalite (Si02). 
It has been postulated that the first exothermic 
peak represents the formation of mullite nuclei. 
This study indicates that the second exothermic 
peak is the result of rapid growth of mullite by a 
solution-precipitation process prompted by the 
formation of an amorphous or liquid-like silica-
rich phase, and that the third exothemic peak 
is the result of the crystallization and growth 
of cristobalite. 

When additions of K2O are made, a solid state 
side reaction occurs at the "metakaolinite" grain 
contacts independently to foriu compounds which 
react with the precursor amorphous phase in the 
grain to form the modified liquid associated with 
the second exothermic peak, the modified Si02~rich 
phase causes an acceleration of the mullite growth 
with a shift of the second exothermic reaction 
peak to a lower t/mperature. Additions of CaO 
have a similar effect as observed in Fig. 13, 
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Fig. 13. SBI photomicrograph of HF-etched specimen 
of a kaolinite with 4t CaO after OTA run up to 
1310°C, and EQAX analysis of original grain (a) 
and grain in liquid phase (b). (XBB 800-119851 

KGO-2+ K p EiO C I3G0°C 
1 I 

6I0"C 

Temperature, DC 

Fig. 12. DTAs of two kaolinites with 45 CaO, 1.5* 
K2O, and no additives. (XBL 8010-6021) 

This vork was partially supported by the National 
Scier.ce Foundation. 

'Now at the Insti tute de Ceramic y Vidrio, Arganla 
del Rev (Madrid), Spain. 

except that the peak temperature of the second 
exothermic reaction in the DTA (Fig. 12) is shifted 
to a higher temperature. The crystallization and 
growth of cTistobalite, and the equilibrium amount 
of cristobalite are affected by the modified liquid 
phase with a corresponding effect on the third 
exothermic peak. 

This reaction is an excellent example of a 
complex solid state reaction. The kinetic and 
metastability aspects have a strong bearing on the 
microstructure development which, in turn, deter
mines the properties of the material. Therefore, 
i t i s iirportant to understand the various mecha
nisms and step reactions of the overall solid state 
reaction. 

9. PROCESSING OF PZT AND EFFECT ON COUPLING 
COEFFICIENT 

Shu Sheng Chiang, Michihiro Nishioka,' and Joseph 
A. Pask 

The microstructure and properties of lead 
zirconate titanate (P2T) are sensitive to the 
various steps in the fabrication process. The 
f i r s t part of this study investigated the influence 
of the mixing medium, dis t i l led water or isopropyl 
alcohol, used with polyvinyl alcohol (PVA) binder 
on the sintering beha'dor and coupling coefficient 
(Kp) of fired Pb(Zro.5^0.5)03. The second part 
investigated the effect of excess PbO (0-S wt£) 
additions to calcined Pb(Zrn.5^0,5)03 powder on 
i t s density, shrinkage, grain size, dielectric 
constant, remnant polarization, mid Kp after firing 
at lZOO'C. 
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In order to study the effect of the mixing 
medium, powders were prepared for four compactions 
using water (designated as H) and alcohol (desig
nated as A) separately for mixir.g unfired starting 
powders for calcination and the calcined powders 
for compaction, i.e., H-H, H-A, A-H and A-A. The 
green density of each pellet was essentially the 
same, "~ 51.75 theoretical, but differences occurred 
in the individual powder characteristics. The 
first difference appeared during granulation of the 
dried mixtures containing calcined powders: the 
calcines that were milled with alcohol (i.e., H-A 
and A-A) crushed easily. The resulting powders 
were more hulky, as indicated by an ̂  20% volume 
increase compared with the H-H and A-H powders. 
A scanning electron microscope examination (Fig. 14) 
showed that ll-A and A-A powders dispersed uniformly 
and that H-H ard A-H powders agglomerated exten
sively. 

Another difference appeared in the preparation 
of the cold pressed specimens. Pressing of A-H 

and H-H powders was more difficult since a crack 
frequently appeared on the surface of the specimen, 
which caused it to break during subsequent handling. 
An SEM examination of the surface of uncracked 
specimens showed nonuniform packing behavior in 
comparison with the H-A and A-A specimens which 
appeared to be homogeneous. This difference was 
attributed to the agglomeration of the A-H and H-H 
powders. The effect of this difference in homo
geneity appears in the sintered specimens. Micro-
structures of fired A-A and H-H specimens are 
shown in Fig. 15; the H-H specimen shows large 
pores. Bulk density, shrinkage and grain size 
values are higher when alcohol instead of water 
is used for mixing the sintering batch; it appears, 
however, that the medium used for mixing the powder 
for calcining, i.e., A-Il or H-H, is not critical. 
11K behavior difference on using water or alcohol 
for mixing the powders can be related to the 
behavior observed on dilution of the starting 
water solution PVA (4 wtS PVA) itself: with water 
the solution remained clear, whereas with alcohol 

• v- ' . . - - « * 

•~ T* v Ti? : -

Fig. 14, SE-I photographs of dried calcined powders 
mixed with (a) polyvinyl alcohol (A-A) and (b) dis
tilled water (H-H). (XBB 806-77S0) 

Fig. 15. SBI photographs of fired micros true ture 
of compacts prepared with calcined powders mixed, 
with (a) polyvinyl alcohol (A-A) and (b) distilled 
water (H-H). (XBB 806-7751) 
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the solution became murky. It was thus concluded 
that the water diluted solution became gelatinous 
on drying and the alcohol diluted solution became 
essentially granulated. 

No strong trends in Kp values were evident even 
though large pores appeared in the specimens whose 
sintering batch was mixed with water. However, 
it is expected that these specimens will have 
lower Kp values under more severe poling conditions. 

In the second part, experiments were made on 
the effect of excess PbO (0-5 wtt), used to compen
sate the PbO loss from the specimen at sintering 
temperature and to provide a liquid phase sintering 
mechanism, added to calcined powder PgfZro 5Ti().5)03. 
The density, linear shrinkage, and grain size 
increased with an increase ol excess PbO after 
sintering at 1200°C for 1 and 8 hr, as seen in 
Fig. 16. Relationships between remnant polariza
tion (P r), saturation polarization (P s), coercive 
field (E s), dielectric constant (E r), and coupling 
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Excess PbO (wt.%) 

Fig. 16. Density, shrinkage, and grain size vs. 
exctss PbO for Pb('irn cTin 5)03 specimens sintered 
for 1 and 8 hr at 12u(rc. " (XBL 793-5844) 

coefficient (Kp) obtained under poling conditions 
are shown in Fig. 17. I t can be seen that Kg 
values are significantly higher after 8 hr ox 
sintering and that Kp also increased with increas
ing amounts of excess PbO in both the 1 and 8 hr 
sintering series. I t appears that a homogeneous 
distribution of PbO, and perhaps saturation of the 
grains wit'' PbO associated with the higher densi
t ies (Fig. 3) , are the most c r i t ica l factors for 
increasing Kp values. 

Now at Mitsubishi Mining and Cement Co., 
Japan. 

Yokoze, 

2 4 
Excess PbO (wt.%i 

Fig. 17. Dielectric constant ( c r ) , coercive field 
(Ec), permanent polarization ( P s ) , remnant '•jiariza-
tion (P r) and planar coupJing coefficient (kp) vs. 
the amount of excess PbO for Pb(Zrg.5Tin c)0 3 

specimens sintered for 1 and 8 hr r t 120& C. 
Specimens were pored for 30 min with a field of 
3.5 kV/nra a t a poling temperature of 100°C for Kp. 

" (XBL 7S3-5845)1 
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RESEARCH PLANS FOR CALENDAR YEAR 1981 

Studies a re cont inuing on spread ing , we t t inp 
and reac t ions a t i n t e r f aces a t e l eva ted tempera
tu re s between l i q u i d g lasses and m e t a l s . Factors 
being explored a r e the e f f e c t s of bulk Sjnpurities 
and adsorbed species totals of primary i n t e r e s t 
are i ron , n i c k e l , cot»i l t , t i t a n i u m , and chromium. 
Current concepts based on s i n g l e element metals 
are being appl ied to binary and ternary a l l o y s . 
Of n a r t i c u l a r i n t e r e s t i s a s tudy to develop an 
understanding of the s o l i d s t a t e redox chemical 
reac t ions t h a t occur ex t ens ive ly between m e t a l / 
ceramic components of a system tha t i s not a t 
chemical thermodynamic equ i l ib r ium. 

Studies are cont inuing on l i qu id pha^e s i n t e r i n g 
of alumina with calcium alumino s i l i c a t e l i q u i d s . 
The hot s t age scanning e l e c t r o n microscope is 
being used as a ma^or too l for dynamic experiments . 
Si-IM obser '^c ions are co r r e l a t ed with s e s s i l e drop 
and d ihedra l angle data and Kith i n t e r f a c i a l 
r e a c t i o n s . The l i qu id composition se l ec t ed for 
c o r r e l a t i o n s include a l iqu id in equi l ibr ium with 
alumina, a l i qu id undersa tura ted r e l a t i v e t o 
a l imina , and a l iqu id r e a c t i v e with alumina t o 
form a compound at the temperature of thv- exper i 
ment. These fac tors w i l l be evaluated on the b a s i s 
of mic ros t ruc tu re development and k i n e t i c s of 
s i n t e r i n g . 

1980 PUBLICATIONS AND REPORTS 

Refereed Journa l s 

i . Joseph A. Pask, "Ceramic Processing--A Ceramic 
Sc i ence , " Bu l l . Am. Coram. Soc . 58_(12), 1163 
(December 19795, LBL-9179. 

2. Dipak R. Biswas and Richard M. F u l r a t h , 
"Strength and Porous P o l y c r y s t a l l i n e Ceramics," 
Trans , and J . of B r i t i s h Cer. Soc. 79_(1), 1 
(January 1980), LBL-S630. 

3 . Dipak R. Biswas and Richard M. F u l r a t h , "Effect 
of Surface Treatments on Strength of PZ1 Poly
c r y s t a l l i n e Ceiamics ," J . Mat. S c i . 14 2721 (1379), 
LBL-8647. 
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1 . Helmut Riegger , H, E. Exner, and Joseph A. Pask, 
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233 (1980). 
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" Inf luence of Microcracking and Slow Crack Growth 
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LBL-9205. 
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"The E l e c t r o p h o r e t i c a l Behavior of S i l i ca -Bear ing 
Alumina Su r f aces , " January 1980, LBL-9206. 

4. Boon Kong and Joseph A. Pask , "A Thermodynamic 
Derivat ion of the Dihedral Angle Equation for a 
Two Phase System," January 19S0, LBL-9670. 

5. Jose S. Moya and Joseph A. Pask, "Inf luence of 
Surface S i l i c a Impur i t i es on t he S i n t e r i n g B \ a v i o r 
of Alumina Powders," January 1980, LB!.-10392. 

o . Paul R. Sharps , Antoni P . Torasia, and Joseph 
A. Pask, "Wetting and Spreading i n t he Cu-Ag 
System, October 1980, LBL-11119. 

7. I . A. Aksay, Joseph A. Pask, and X. F . Davis, 
"Chemical I n t e rd i f fu s ion ; n M u l l i t e , " October 1980, 
LBL-11334. 

8. S. S. Chiang, M. Nishioka, R. M. Fu l r a t h , and 
Joseph A. Pask, "Effect of Processing on Micro-
s t r u c t u r e and P rope r t i e s of PZT Ceramics," November 
1980, LBL-8868. 

9 . M. Nishioka, R. M. Fu l r a t h , and J . A. Pask, 
" Inf luence of Mixing Medium on S i n t e r i n g and 
Coupling Coefficient of PZT Ceramics," November 
1980. LBL-8869. 
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Spreading and Reactions a t Liquid/Sol id I n t e r f a c e s , " 
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Frac ture Toughness of Aluminum S i l i c a t e M a t e r i a l s , " 
December 1980, LBL-
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c. High-Temperature Reactions* 

Alan W. Searcy, Investigator 

Introduction. Five art icles in this report 
bear on various aspects of the complex dependence 
of decomposition reaction kinetics and product 
properties on reaction variables: TEM studies 
show that MgCa(C03)2 iu vacuum decomposes to a 
metpstable MgO-CaO solid solution, which separates 
at longer times to the stable MgO and CaO phases. 
Very rapid reactions of porous CaO aggregates with 
water vapor have been measured and are shown to 
depend on accessibility of inner surfaces of 
< 100 A pores. Room temperature reactions of three 
forms of CaO which differ in surface areas and 
porosities are shown to yield three physically 
distinguishable forms of Ca(0H)2, a l l of which 
undergo an exothermic, strain relieving process 
when heated to ~ 300°C. The fourth ar t ic le provides 
a theoretical means for evaluating the average 
number of collisions that gas molecules experience 
with capillary walls. Such information is important 
to understanding, for example, the conversion of 
SO3 from sulfate decomposition to SO2 and 02- The 
fifth art icle shows that SO5 gas is not an inter
mediate in SO2 formation from MgSOj decomposition, 
as had been concluded by others. 

Fig. 1. Diff'ise rings of the product of part ial ly 
decomposed dolomite. (XF.B 812-1510) 

1. IN-SITU STUDIES OF MgCa(C03)2 DECOMPOSITION' BY 
TEM 

Tien Tien Dai, W. Kriven, and Alan \<. Searcy 

Characterization of the properties of the porous 
oxide products of carbonate decompositions by SEM, 
x-ray diffraction, and BET methods provided informa
tion on their surface morphology, crystall inity, 
and porosity. However, the vacuum decomposed 
products react with H2O or C02 in the atmosphere 
readily, and the particle sizes of the product 
oxides often are below the resolution limit of 
the SEM technique. Therefore, in-situ hot stage 
TEM work was initiated on MgC03, CaCOs (calcite 
form), MgCatC03)2, dolomite, and S1-CO5 to make 
direct observations of the decomposition reaction 
and properties of the oxide product. Doloi.;ite 
results are reported here. 

Single crystal specimens were prepared from 
naturally formed minerals. A simple spot-
diffraction pattern was usually chosen so that i t 
represented one of the low-index planes. Decomposi
tion was followed continuously by recording the 
changing images and diffraction patterns. 

The diffraction pattern (Fig. 1) of a partially 
decomposed sample gave a ring pattern with con
tinuous intensities between CaO [200) and MgO (200) 
rings and between CaO (220) .,ci MgO (220) rings. 

This work was supported by the Director, Office of 
luiergy Research, Office of Basic Energy Sciences, 
Materials Sciences Division of the U.S T-partmcnt 
of Energy under Contract No. K-7405-ENG-48. 

The continuity in intensities implies the forma
tion of a solid solution of CaO 3ml MgO. As the 
decomposition progressed, the rings became less 
diffuse and a discrete ring pattern (Fig. 2) 
developed that indicated the growth of separate 
oxides. From the image the dimension of the oxide 
crystall i tes can be estimated to be less than 100 A. 
Evidently decomposition proceeds by a two-step 
process in which CO? escapes to leave a metastable 
solid solution of MgO and CaO, which then separates 
into the stable solid products, MgO end CaO. The 
intensity distribution around the circumference of 
the diffraction rings remained inhomogeneous 

Fig. 2. Separate MgO and CaO rings tor fully 
JeccEqicsPd dolomite. (XBB 812-1515) 



throughout the decomposition process. The spatial 
relationships between segments of the ring which 
show strong intensities and the spot diffraction 
pattern of dolomite showed that < 001 > directions 
of oxides preferentially nucleate along <0I0> 
directions of dolomite, and {110} planes of oxides 
preferentially grow on {101} planes of dolomite. 

2. THE KINETICS OF REACTION OF POROUS CaO 
AGGREGATES WITH WATER VAPOR 
Dario Benito,** L. Barco,''' and Alan W. Searcyt 

Aggregates of crystals of CaO that are traversed 
by pores of < 100 A are produced by decomposing 
CaC03 or Ca(OH)2 in vacuum. The rate of reaction 
with water vapor of ~ 27 mg quantities of these 
porous CaO aggregates (formed by decomposition of 
CaC03 powder to produce sr-CaO, of Ca(X>3 single 
crystals to form sc-CaO, and of Ca(OH)2 to form 
h-CaO) have been measured at 25°C. For sr-CaO 
the rates were measured as a function of H2O gas 
pressure. The morphological and porosity changes 
that accompany these reactions have already been 
reported.^ 

Figure 3 shows rates of reaction of sr-CaO, 
h-CaO, and sc-CaO with water vapor at 4 torr 
pressure. Several conclusions and inferences can 
be drawn: 1) Samples of either sr-CaO, or h-CaO 
are largely converted to a poorly crystalline form 
of CaCOH)2 (see following article) within 2 minutes 
by room temperature exposure to water vapor at a 
relative humidity of ~ 20 to 30t. 2) Rates of 
reaction are not limited by solid state diffusion, 
at least until 705 or more conversion to Ca(OH)2. 
(Such a process would cause a parabolic time 
dependence.) Some process such as H2O gas dif
fusion over a constant diffusion distance or a 

2000 

Fig. 3. Hydration rate for sr-CaO (fron CaCOj 
powder decomposition), curve a; for h-CaO (from 
Ca(OH)2 powder decomposition), curve bj and for 
sc-CaO (from CaCOi single crystal deccaposition), 
curve c. (XBL 976-10232) 

surface reaction mist be rate limiting. SEM and 
porosity measurements show that reaction proceeds 
at all the inner surfaces of the porous aggregates. 
The sc-CaO, which has a higher internal surface 
than does sr-CaO, may hydrate more slowly than the 
powders because the water vapor must diffuse 
through longer pores to complete the reaction, 
3) In later stages of the reaction, rates become 
nearly constant but are much slower than initial 
rates. This fact and the fact that the transition 
to the regime of slower reaction occurs at similar 
percent hydration for sr-CaO and sc-CaO, which 
have similar porosities, and earlier for h-CaO, 
which has a smaller porosity, suggest that the 
rates slow when smaller pores become blocked by 
Ca(0H)2 formation. 

Rates of reaction of sr-CaO were measured at 
five partial pressures of H2O. From 20 to > 501 
hydration the rates R fit an expression of the 
form R - K ( P H 2 C / P 0

H 0 ) n , where K - (7.S + 1) x 1(T 1 0, 
P o

H , 0 is one atm, afid n = 0.74 ±0.01. As reaction 
approaches completion, K decreases, as expected from 
Fig. 3, but n remains unchanged at least to > 80% 
completion of reaction. 
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3. STRAIN-INDUCED PHENOMENA IN Ca(OH)2 MADE BY 
REACTION OF CaO WITH WATER VAPCK 
Dario Beruto," Alan W. Searcy ,* Luigi Barco,* and 
Gabriele Beller* 

Three physically distinguishable, poorly crystal
line forms of Ca(0H)2 v e I e "ade by reactions of 
water vapor at 25°C with CaO powders. One form 
(sr-Ca(0H)2) was made by the sequence 

A H20(g) , 
CaC03(sj •J-r CaO(s) • Ca^Cs);1 

a second was made (h-Ca(OH)2) by the sequence 

Ca(OH) 
A H,0(g) 

2 Vac CaO(s) Ca(OH)., 
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and a third (is-Ca(0H)2), by reacting nonporous CaO 
powders of ~ 1 um cross sections with water vapor. 
This study examined the nature of the exothermic 
transformations that a l l three forms are found to 
undergo when heated to 30CC. 

For each, the exothermic process is accompanied 
by decreases in XRD integral l ine breadths. The 
decreases (in radians xlO 3) are for sr-Ca(OH)2 
from 22.5 to 13.5, for h-Ca(0H)2 from 23.4 to 17, 
and for is-CaCOH), from 16.6 to 2.9. 

For is-Ca(0H)2> the integral line breadth after 
heating is smaller than that measured for ~ 1 urn 
crystals of Ca(0H)2 grown from aqueous solutions. 
The surface area of is-Ca(0H)2 is low, ~ 3 nr /g , 
and is not measurably changed by the heat treatment. 
The exothermic process for is-Ca(0H)2 probably is 
recrystallization of highly strained Ca(0H)2 to 
fiv" essentially strain-free crystals. 

For sr- and h-Ca(OH)2, not only reductions in 
internal strain but also reductions in surface 
areas and internal porosities are produced by the 
heat treatment. The porosity of sr-Ca(OH)2 de
creases from 9.8 t c 6.5 rniryg and the surface area 
decreases from 35 to 18m 2 /g. For h-Ca(OH)2, H» 
corresponding decreases are from 5.9 to 4.6 ram2/g 
and from 16.5 to 11.5 ni 2/g. 

Figure 4 shows the effect on the surface area 
of sr-Ca(GH)2 °f being heated to various tempera
tures for 40-minute periods. The fact that heating 
beyond 320°C causes no further reduction in surface 
area implies that the driving force for reduction 
in surface area is low after the exothermic strain-
relieving process. 

200 400 
Temperature rt) 

Fig. 4. Effect of heating on surface area of 
sr-Ca(CH) (XBL* 801-4533) 
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4. COLLISION DISTRIBUTIONS IN POROUS CATALYST 
PELLETS 
Nathan S. Jacobson, David J. Meschi, and Alan W. 
Searcy 

Industrial catalysts are typically precious 
metals deposited on the interior of an inert porous 
material. A reactant molecule diffuses into a 
pore, strikes the walls of the pore, reacts, and 
the product diffuses out. One important question 
is the location of the precious metal--whether it 
should be evenly distributed along the pore or 
concentrated at the entrance. We have developed 
a computer model to answer this question. The 
same basic model can also be used to extract 
reaction probabilities from experimental deter
minations of the fraction of molecules that react 
when a gas passes through a porous barrier. 

Because pore dimensions are small, diffusion in 
these processes is typically by Knudsen flow. A 
number of investigators have modeled Knudsen flow 
on computers by a Monte Carlo technique. Ke have 
adapted this approach to obtain the reactive 
collision probability as a function of distance 
into a porous catalyst pellet. The pores are 
assumed to be straight with closed ends, and the 
catalyst is assumed to be uniformly distributed 
along the pores. 

Figures 5 and 6 are the results for a pore with 
a length to radius ratio of 100 and reaction 
probabilities of 1 and 0.001, respectively. For 
a reaction probability of 1, most of the reactive 
collisions occur at the entrance to the pore, 
suggesting that this is the optimum location for 
the precious metal. For a reaction probability 
of 0.001, the precious metal should be deposited 
more uniformly along the pore. 

We are currently fitting a function to the data 
so that, given a reaction probability, we can 
predict the optimum pore dimensions and optimizing 
distribution of the precious metal. We also plan 
to extend the model to deal with reactions for 
tbich back reactions are significant. 
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r ic . 5. Distribution of reaction collisions along 
a rore vlth a length-to-radius rat io of 100 when 
each collision of an unreached molecule causes a 
reaction. (XBB 811-5101) 

5. PATE LIMITING PROCESSES IN MgSO, DECOMPOSITION 

D. J . Meschi and Alan W. Searcy 

Magnesium sulfate decomposes primarily by means 
of the reactions 1> 2> 3 

MgS04(s) = MgO(s) + S0 3 (g ) , ( l ) 

MgS04(s) = MS0(s) + S0,(g) + 1/2 0 2 ( g ) . (.2) 

Lau, Cubicciotti, and Hildenhrand have found that , 
for some conditions, at 1000 K the decomposition 
proceeds chiefly according to reaction (1), even 
though the SO2 equilibrium pressure at that tempera
ture was about 10 ' 4 atm, which is almost 100 times 
greater than the equilibrium pressure of S03. 2> 3 

The pressures they measured by means of a torsion-
effusion method were consistent with this inter
pretation, except for very small orific areas for 
which pressure and molecular weights approached 
values expected from reaction. 2 The addition to 
the magnesium sulfate of a few mole percent of 
Fe2^3 3 s a catalyst produced pressures consistent 
with reaction (2) even for large orifices. 

Lau, Cubicciotti, and Hildenbrand believed that 
the decomposition reaction in a l l cases was es
sentially reaction (1), and that the SO2 was formed 
as a result of the reaction 

S0,(g) * 1/2 0,Cg). (3) 

0.8 

o 0.4 
S 

i t 0.2 

20 40 60 
Distance along pore 

Fig. 6. Distribution of reactive collisions along 
a pore with a length-to-radius ratio of 100 when 
each collision of an unreached molecule has a 
reaction probability of 10" (XBB 811-5102) 

This last reaction was, in their opinion, the rate 
limiting one and the one which was catalyzed by 

It seemed more likely to us that their observa
tions must result from catalysis of reactions (1) 
or (2) by Fe2U3. To determine if this were the 
case, we carried out a series of calculations 
assuming various values for the rate constants of 
the forward and backward processes corresponding 
to reactions (1), (21, and (3). Because of the 
experimental uncertainties and the complexity of 
the series of rate equations, it was not possible 
to find a unique set of rate constants which fit 
the experimental data exactly, but it was possible 
to confirm our expectation that catalysis of 
reaction (3) alone could not yield the observed 
behavior and to set limits on possible influences 
of the catalysts on the three reactions. 

If the catalyst affected reactions CI) and (3) 
only, it would have to increase the rate of reac
tion (1) by a factor of about 10, and it would 
concurrently have to increase the rate of reaction 
(3) by a factor of at least 10 1 0. If, on the 
other hand, it affected reaction (2) only, it 
would suffice to increase the rate of this reaction 
by a factor of 4000, Aiother less likely possi
bility would be an increase by a factor of 3000 
in the rate of reaction (2), coupled with an 
increase in the rate of reaction (3) by a factor 
of 10 1 0. 
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In our opinion, the most likely hypothesis is 
that the major effect of the catalyst is on 
reaction (2). The rate limiting step for reaction 
(2) may be conversion of adsorbed SO3 to S02(g) + 

1/2 0;Cs); the concentration of adsorbed SO3 on the 
MgS04 surface can be primarily determined by the 
rate of a reaction such as MgS04(s) = MgO[s) + 
S03(ads), and may be little affected by the SO^Cg) 
pressure. 
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J. Chem. Phys. 66, 4532 (1977). 

6. ELECTRONIC CERAMICS IN HIGH TEMPERATURE 
ENVIRONMENTS^ 
Alan W. Searcy and David J. Meschi 

Using information from the authors' experience 
and from the literature, the article abstracted 
here uses principles of thermodynamics to show 
how high temperatures or temperature gradients may 
influence compositions and properties of semi
conductors: Discussed are the effect of tempera
ture on intrinsic and extrinsic carrier concentra
tions, the influence of temperature on the 
composition for congruent vaporization of a binary 
semiconductor fusing Ga2^3 a s a n e x a m P l e ) , the 
effect of temperature on the solubility of a second 
solid in a solid of nominally constant composition 
(using solubility of CaO in CaGO$ as an example), 
and the effect of a temperature gradient nn the 
composition and physical properties of a two-phase 
solid mixture of initially uniform composition 
(using the Zr-H system as an example). 

As these examples show, increased temperatures 
may alter the state of thermodynamic equilibrium 
of a ceramic in ways that are sometimes quite 
subtle but that nevertheless have a significant 
effect on its performance as an electronic device. 

(see article 5 above). Experimental study of 
surface diffusion of gases and high temperature 
vapors on high temperature surfaces, and work on 
a Monte Carlo model for surface diffusion, will be 
important components of the program in the coming 
year. 

SEM will be used to study the rearrangements 
that occur apparently by cooperative movements of 
submicron particles of CaO subsequent to their 
formation from CaC03 decomposition, and of porous 
CaCCH)? aggregates formed by vapor phase hydration 
when those particles are heated to 300°C (see 
article 2 above). TEM studies similar to that 
described in the first article above will be 
completed for CaC03, MgC03, and SrC03. 

An effort to correlate the influence of catalysts 
such as Fe^Oj on rates of SrS04 decomposition, 
which was initiated last year, will be completed 
ins Lead for MgSOa because catalysis was slight for 
SrS04. A relatea study of heterogeneous catalysis 
of SO3 decomposition, which was delayed in order 
to concentrate effort on the study of transport of 
vapors by surface diffusion, will be resumed. 

A solution calorimeter study of the thermo
dynamic stabilities of CaO formed by CaC03 decom
position and of MgO formed by Mg(OH)2 decomposition 
in vacuum is expected to be completed. These 
studies should establish whether large discrepancies 
between apparent stabilities measured by Knudsen 
effusion methods and known stabilities of the bulk 
oxides result because (a) vacuum decomposition 
produces the oxides in highly metastable states, or 
(b) a previously unrecognized kind of partial 
equilibrium fixes the measured decomposition 
pressures. Further efforts to clarify decomposi
tion kinetics and the dependence of properties of 
the solid oxide products of decomposition reactions 
on processing conditions probably will include 
(a) hot-pressing experiments for CaC03 and high 
surface area CaO with LiCl, (b) measurement of the 
influence of particle size and powder bed depth on 
rates of calcite decomposition, and (c) participa
tion in studies with Dario Beruto's group at the 
university of Genoa of the dependence of surface 
areas of CaO from large calcite crystals on the 
extent of reaction. There is reason to believe 
that large calcite crystals may decompose by a 
significantly different process than do powders. 

Submitted to the Bulletin of the American Ceramic 
Society. 

RESEARCH PLANS FOR CALENDAR YEAR 1981 

During calendar year 1980 we obtained evidence 
that several vapors pass through ~ 1 mm thick 
alumina disks that are traversed by pores with 
cross sections of the order of 1 urn predominantly 
by surface diffusion rather than by Khudsen flow. 
This finding opens the way to measurements of 
surface diffusion coefficients of high temperature 
vapors on solids, and their temperature dependence, 
which are quantities of great importance at a wide 
range of high temperature processes, including 
sintering and heterogeneous catalysis of decomposi
tion of one solid by particles of a second solid 
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d. Chemical Properties of Cenrrric Alloys* 

Lutgard De Jonghe, Investigator 

Introduction. When a dense oxide alloy reacts 
with a strcigly reducing gas such as hydrogen, a 
porous metal product layer can develop at i t s 
surface. If the gas flow is sufficient to eliminate 
the external mass transfer resistance, the pore 
structurp of the metal layer and the nature of the 
metal/oxide interface reaction will determine the 
overaK -<•,. , Lcn rate kinetics. When the reduction 
is dii • •-!y irom dense unreduced oxide to metal 
alloy .•:••: ;:v? reaction is topochomical, a fairly 
simple react ion model can be applied. 1.2 This 
model leads to layer growth kinetics described by 

po 

R T C o lDeff \ ) CD 

where C = porous product layer thickness 
5 = dC/dt 
P H = hydrogen pressure in the gas stream M 2 

C = oxygen concentration in the solid oxide 
D e ~ = effective gas diffusivity in the 

porous product layer 
k = interface reaction rate parameter 

The details of the assumptions involved in this 
model have been discussed by Porter and De Jonghe. 

Analysis of the layer growth data with Eq. (1) 
will thus permit a separation of the contributions 
to the overall reaction resistance of gas diffusion 
in the scale and of the interface reaction. This 
analysis Has used recently to study the reduction 
reaction of cobalt f e r r i t e . 2 

1. GASEOUS REDUCTION OF AN AUOT OXIDE 

Jeffrey AUender and Lutgard C. De Jonghe 

We report here on the reduction kinetics and 
product phase morphologies of NiFe204 and 
NiCAl,Fe)204 ceramic allovs. Although Ni and Co 
are fairly similar elements, some interesting dif
ferences exist in the Ni-Fe-0 and the Co-Fe-0 phase 
relationships that should affect the kinetics and 
micromorphology of the reduction: Ni ion diffusion 
is not significantly slower than that of Co ions 
in their respective ferri te spinels at a l l oxygen 
act ivi t ies . 

The alloy oxides used in this study were dense 
polycrystalline NiFe204, NiAlo.02Fe1.98O4, and 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
Materials Sciences Division of the U.S. Department 
of Energy under Contract No. W-740S-ENG-48. 

NiAlo.lFe1.gO4. Grain sizes were between 4 and 8 
microns. Porosities were about 2.54. 

Some results of optical layer growth measurements 
are shown in Fig. 1. The product layer thicknesses 
after a reaction time of 3000 sec are compared in 
Fig. 2. For NiFe204 and NiAlo.02Fe1.9sO4, the 
increase of the interface advance rate diminishes 
in a temperature range between S00°c and 700°C. 
This slowdown i s , however, not comparable to the 
pronounced reaction rate minimum that was observed 
for cobalt ferrites in this temperature range. 2 

For NiAlo.jFe1.9O4 alloys, a reaction rate slow
down is not observed. These results clearly 
demonstrate the pronounced effect of Al*1, on the 
reduction behavior of the Ni-Al-Fe oxide alloys. 

Analysis that begins with Ea. (1) leads to the 
identification of reaction regimes and the deter
mination of Deff and k r . Thus, when 

5 = S r « b/2a (2) 

where a = CoRT/2Deff pg 2 and b = CnRT/kr pfl2, the 
gas diffusion resistance and the interface reaction 
resistance contribute equally to the control of 
the overall reduction kinetics. Thus, the reaction 

0.5 I 2 5 10 20 
Reduction time {Sec x IOOO) 

Fig. 1. Total product layer thickness, 5, as a 
function of time and temperature for hydrogen 
_ _ i . ^ r m , .._ „ (XBL 807-1521) 

http://NiAlo.02Fe1.98O4
http://NiAlo.lFe1.gO4
http://NiAlo.02Fe1.9sO4
http://NiAlo.jFe1.9O4
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i'ig. 2. 'i'otal product layer thickness, Z, after 
500 sec as a function of temperature, T (°C), for 
reduction with hydrogen. (XBL 807-3527) 

will be mainly under interface reaction control 
when C « h/2a = Kc> and id 11 be under gas trans
port control when £ » Cp. 

Application of this analysis to the data ob
tained for the reduction of nickel ferrites yielded 
the results shown in Table 1. 

The values of £rj the kinetic data clearly indi
cate that the reactions are under mixed control in 
the temperature and time intervals of the measure
ments. In addition, for the measurement interval 
reported here, the importar._-e of the gas transport 
resistance through the porous scale increases with 
increasing temperatures* 

Calculated values of Dgff are shown in Fig. 3. 
Deff for N i F e ^ and KiAln.002^^1.98^4 does n o t 

vary simply with temperature.~ The values for 
Dgff for NiAlo.o2Fex.98°4 w r e generally lower than 
those for NiFê Cty indicating higher scale tortuosi
t ies when Al 3* is present. 

The activation enthalpy for k r for NiFe204 and 
for NiAlo.02fe1.ggO4 3n^ 1 0 kcal/mole, while for 

., 
600 

Tempwoluret*C 
700 600 

1 
500 

., L! I 1 

u Ni FeE 0 4 

cT-3 
3 

-
N'«0, F e IS ° . ^ ^ ^ 

N i»\>o/«,.^4 

^D" 

- 4 " 1 1 1 ^ 
0 1.0 1.1 1.2 1.3 1.4 

rooo/TtK"'t 

Fig, 3. The effective gas diffusion coefficient, 
Deff, for transport through the porous product 
layer. Above 6D0°C the values of Deff for NiFe204 
and NiAlo.02Fe1.9804 could not be calculated since 
the scales were no longer single phase. 

(XBL 807-1522) 

NiAln.lF e1.9S°4 i t is 12 kcal/mole (Fig. 4). The 
main action of A l 3 + alloying additions thus appears 
to be the depression of the pre-exponential factor 
of the interface reaction-rate parameter. 

In general, at the lower reaction temperatures 
a l l scales consisted simply of a porous metal alloy. 
At temperature above 600°C, the scales that formed 
on NiFe204 and on NiAln.02^1.9804 were more com
plex and proved to be two-phase. 

The microstructure of the scales formed on 
NiAln.02Fe1.9O4 were comparable to those on 
NiF^fy. Up to 600°C, a single porous metal pro
duct layer is formed. Above 600°C, the micro-
structural sequence is spinel/spinel + metal/wustite 
+ metal/metal. There are some differences, however, 
from the simple NiFejt^ behavior: even after 
7000 sec reduction at 600°C the interface structure 
is s t i l l spinel/metal. At 700°C the presence of 
Al 3 + appears to have promoted preferential grain 
boundary attack (Fig. 5). 

Table 1. Product laye^ chickness, ^ , a t which the gas diffusion 
and the interface reaction contribute equally to the 
total reaction resistance. 

e„(nnO 
Material 450°C SO0°C 550°C 600°C 700°C 800°C 

NiFe.,0, 2 4 0.4 0.45 0.19 0.13 

N m 0 . 0 2 F e 1 . 9 8 ° 4 0.21 0.36 0.25 0.17 

N i A 1 0 . 1 F e 1 . 9 O 4 - 0.06 0.07 0.04 0.13 0.24 

http://NiAlo.02fe1.ggO4
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IOOO/T(K-') 

Fig. 4. The interface reaction rate parameter, k r 

as a function of temperature for nickel aluminum 
ferrite by hydrogen. (XBL 807-1528) 

Preferential grain boundary reaction will then 
depend on the ratio of the grain boundary dif-
fusivity to the grain bulk diffusivity, as well 
as on ratio of the reaction rate to the grain 
boundary transport rate of the less reducible 
cations that build up at the reaction interface. 
We can therefore expect alloy oxides to have a 
limited range of reaction conditions where grain 
boundary attack is pronounced. 

* * * 
+Brief version of 1BL-11125. 

Fig. 5. Preferential intergranular reduction in 
NiAlo.02Fe1.98O4 after 7000 sec of reduction at 
600°C. M is porous metal alloy, S is spinel. 

(XBB 808-9667) 

2. IN SITU OBSERVATIONS OF GAS/SOLID REACTIONS: 
COBALT FERHITE REDUCTICN+ 

Lutgard C. De Jonghe 
One of the most significant advantages of high 

voltage transmission electron microscopy is that 
it permits in situ observation of phase transforma
tions in thick foils. One class of transformations 
of technological importance involves gas/solid 
reactions in which a metal oxide is reduced to 
metal. Examples of such reactions can be found 
in ore reduction, and in hydrogen production by 
the steam/iron process. 

The rates of reduction reactions depend on a 
number of parameters, including the composition of 
the ceramic alloy and the environmental conditions. 
The early stages of reduction are not easily 
accessible by conventional methods such as thermo-
gravimetric analysis. High voltage transmission 
electron microscopy with environmental control can 
fruitfully be used to clarify these earl) reaction 
stages. The reactions that can be studied are 
necessarily limited to those that proceed fairly 
slowly, in order to permit the recording of the 
transformation events. For cobalt ferrite, this 
restricts the reaction condition to a temperature 
range of 400 to 650°C and a pressure range of the 
reducing gases at 10" s to 10"° torr. In our re
duction experiments with H2/H2O, the gas composi
tion and processes were monitored with a partial 
pressure gage. 

When ceramic alloy oxides are reduced, the 
element having the least stable oxide will be 
preferentially removed. For cobalt ferrite at 
500°C, and at low driving forces, nearly pure 
cobalt is produced on the foil surface. The 
chemical reaction is roughly: 

CoFe204 • 4H,(g) -> Co(m) * 2Fe 2 + 4Hj0(g) 

The continued growth of the metal phase thus con
sumes the matrix oxide. The divalent iron that is 
produced at the reaction surface is mainly injected 
into the matrix oxide, thus establishing an oxygen 
chemical potential gradient. The divalent iron 
preferentially occupies octahedral interstices, 
thus leading to the formation of small, coherent 
(Fe,Co)0 clusters, as can be seen in Fig. 6. The 
appearance of the strain contrast is very rapid, 
indicating that the excess divalent iron cannot 
be accommodated by the spinel in solid solution. 
The nucleation appears to be quasi-homogeneous. 
At a somewhat later time, competitative growth and 
strain interactions lead to the appearance of 
coherent precipitates of the wtistite type phase 
nearly regularly spaced in (440> directions, 
Fig. 6(c). 

The metal phase is initially oriented with 
respect to the matrix oxide, especially on near 
{ill} planes. The orientation relationship for 
the hexagonal -obalt metal phase is (OOOl)fv,// 
(111) and (2110)r //(110) The metal particles 
tend tS facet alongn[21ia) defections in their 
basal plane, thus providing a reference direction. 
Comparison of Fig. 7(a) and 7(b) shows that the 

http://NiAlo.02Fe1.98O4
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,t j » 4 

Fig. 6, Time sequence of an in situ reduction of cobalt ferrite at 
S00°C, with a total pressure of 10'5 torr, H2/H2O * 1/10. Fe 2 + is 
immediately injected into the bulk leading to strong stain contrast 
from coherent precipitates, as shown in b. After long times, c, 
competitive growth and strain interactions lead to quasi periodic 
precipitate arrangements (a = 0 min; b = 4 min; c = 7S min). 

(XBB 803-3227) 

cobalt doe? not maintain its orientation relation
ship upon continued growth. A rotation of about 
6° can be observed in the two successive micro
graphs. Fig. 7(a) and 7(b) also show that the 
cobalt particles move along with the receding 
metal/oxide interface. This mode of morphological 
development implies that oxygen is readily removed 
from the metal/oxide interface, probably by an 
interface diffusion process. 

In a gas/solid reaction of the type described 
here, the entire reaction zone is observed at 
once. The finite foil thickness makes it a limited 
sink for the excess cations that are being injected. 
As a result, the appearance of the phase changes 
may depend on the foil thickness. Furthermore, 
the surface oxygen chemical potential can depend 
on local reaction conditions. These local condi
tions involve the interrelation of gas phase mass 
transfer processes, surface reaction rates, and 
solid state transport rates. At sufficiently low 
pressures, gas phase mass transfer is unlikely to 
be rate limiting. Then the surface reaction rate 
and the solid state diffusion rate will determine 
the surface oxygen chemical potential. Due to the 

finite foil thickness, this oxygen potential will 
be time dependent. In the thinner part of the foil 
a quasi equilibrium may have been reached, while 
thicker parts of the foil are still reacting and 
show different phase relationships. This condition 
is illustrated in Fig. 8. The thin section of the 
foil has reached the spinel-metal quasi equili
brium, while the thicker parts of the foil still 
show the presence of the coherent (Co,Fe)0 phase. 

Only reactions at low driving forces can be 
fruitfully studied. The observations are not 
readily extended to the higher reaction rates that 
are common in processes of technological signifi
cance. Indeed, in recent observations,1 it was 
found that no wiistite cauld be detected ahead of 
the advancing metal/oxide interface up to about 
7O0°C. Then the wiistite started to form as a con
tinuous subscale with an associated drop in reac
tion rates. 

'Brief version of LBL-10729. 
1. M. C. Rey and L. C. DeJonghe, J. Mat. Sci. 15, 
2241 (1980). — 

Fig. 7. Cobalt ferrite reacting with hydrogen at 520°C. The H 2/H 20 = 
1/20, and the total pressure was 5 * 10" 6 torr. The reaction product 
particles are pearly pure cobalt and tend to facet. These facets can 
be used as reference directions. The particles C and D, marked with an 
arrow, can be used as a reference line for the matrix, since they did 
not displace. Comparison of subfigures a and b show how the metal 
particles (A and B) translate and rotate upon continued reaction. The 
rotation leads to a gradual loss of the initial orientation relation
ships. (XBB 803-3226j 
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0.2^1 m 

Fig. 8. The foil thickness affects the phase 
relationships that are observed in. this cobalt 
ferrite reduced under the same conditions as in 
Fig. 7. In the thin part of the foil a condition 
has been reached where a cobalt rich metal phase 
is in near equilibrium with an iron rich spinel 
(blade arrow). In the thick part of the foil, the 
wiistite type phase is still present (white arrow). 

(XBB 803-3225) 

3. REDUCTION KINETICS AND MICRDSTRUCTURES OF AT 
CONTAINING COBALT FERRITES'1' 

Michael C. Rey and Lutgard C. De Jonghe 

The reduction of cobalt ferri te and of cobalt 
ferri te with aluminum added in solid solution was 
studied. The purpose was to investigate the 
reduction behavior of multi-cation oxides and the 
effects of hard-to-reduce interactive dopant on 
the reduction behavior. Since the reduction kine
t ic studies alone do not give sufficient informa
tion about the process„ efforts were made to 
determine the microstructural characteristics of 
the reduction products as well. 

The experiments were done on dense polycrystal-
line specimens of cobalt ferri te and alumina doped 
cobalt ferr i tes . Compositions were 99.4i dense 
Co Fe204, 99.5% dense Co Al 0,o2F e1.98°4» ^ 9 8 - 9 % 

dense Co Aln_1.Fe1.9O4.. Layer growth measurements, 
micromorphologicai characterization of the reduc
tion product layers, and weight loss kinetics by 
means of thermogravimetry were carried out. Samples 
with edge lengths of about 0.5 cm were reacted in 
flowing hydrogen containing 0.01% of water at a 
total pressure of 1 atmosphere a t fixed tenperatures 
between 500 to 800°C, for times between 5 minute? 
and 1 houT. 

The growth kinetics were determined from optical 
microscope measurements on sectioned layers. 
Identification of the reaction product was made 
by x-ray diffraction or chemical etching. 

Kinetics were determined by thermogravimet. ic 
methods. Figure 9 shows a log-log plot of layer 
thickness versus time for undoped samples reacted 
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Fig. 9. Log-log plot of layer growth data for 
"0 .02 F e l Note that for 

than at 650°C. Each data point represents the simple 
average of 3 to 6 different reduction runs. The 
slopes of the lines through the data points indicate 
approximate time dependences of t"- 7 5 for the 800°C 
reductions and at t°-67 for the 600 and 700°C re
ductions. This indicates a mixed reaction control. 

(XBL 791-816S) 

between 600 and 8pO°C. Time dependences were sub-
linear, between t 0 , 7 5 and t ° - o S . Such sublinear 
kinetics usually indicate mixed reaction control. 
A reaction rate anomaly occurs between o50°C and 
700°C for this undoped cobalt ferri te and for 
lightly doped cobalt ferri tes CFig. 9) . 

The product layer thicknesses after 20 minutes 
of reduction are compared for undoped and lightly 
doped ferri tes as a function of temperature in 
Fig. 10. Below 650°C, Al s* lowers the rate of 

http://Aln_1.Fe1.9O4
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Fig. 10. Comparison of undoped and lightly doped 
layer growth data for speciisens reacted under one 
atmosphere (1013 mbar) of hydrogen for 20 minutes. 

(XBL 791-8163) 

reduction. Above 650°C the reaction rate of the 
undoped material decreases while that of the 
lightly alloyed material continues to increase. 
Between about 675°C and 775°C the lightly alloyed 
material actually reacts faster than the undoped 
material. 

Little densification of the metal product scale 
occurred even at reaction temperatures as high as 
800°C. Nonetheless, the pore structure coarsened 
as a function of time [except for the heavily doped 
ferrites). Possibly, surface diffusion is the 
dominant metal transport mode, or the initial layer 
density is too low to permit significant scale 
densification. 

For NiFe204 500 JC and 600°C significant grain 
boundary attack is observed in the undoped ferrite. 
Etching v.ith hydrochloric acid showed that the 
cores of the individually shrinking grains were 
unreduced spinel. The degree to which this mode 
of interface advance took place became more 
pronounced with lower reaction temperatures and 
with increased Al 3 + content (Fig. 11). When the 
individual grains have been completely reduced, 
loosely connected relics oH the original spinel 
grains constitute the metal product layer. The 
int.rface instability must arise from rapid grain 
boundary reaction and slow bulk reaction. The 
extent to which the interface is distributed thus 
depends on the grain bulk/grain boundary cation 
transport rates. 

At about 6S0°C the product scale morphology 
changes. Extensive grain boundary attack is not 
observed while pore coarsening occurs to some 
extent in the scale. At 700°C, grain boundary 
attack is absent and the interface is clearly 
defined. 

The pore structures of the scale could best be 
observed on samples that had been RF sputter etched 
after mechanical polishing (Fig. 12). Below 650°C 
the scale has a clearly dual pore structure. Pores 

Fig. 11. Distributed reaction interface of heavily 
doped specimen reacted at 600°C. The width of the 
total reaction interlace is on the order of 100 
micrometers. (A) is toward the outside of the 
reaction zone while (B) is toward the inner region 
of the reaction zone. The individual grains now 
behave as particles for which the shrinking core 
model could be applied again. (XBB 794-5002) 

have formed along the original ferrite grain 
boundaries leaving very finely porous metal grains 
that are relics of the original ferrite grains. 
The pore structure becomes coarser and more homo
geneous as the temperature is increased above 650°C. 
It follows that the reaction rate anomaly is 
associated with the interface behavior rather than 
with the scale structure. This supports the earlier 
conclusionl that the rate anomaly is the result of 
formation of a wiistite type sub-scale. 

'Brief version of J. Mat. Sci. 15, 2241 (1980). 
1. J. Porter and L. C. De JongHe", Lawrence Berkeley 
Laboratory Report LBL-9801, June 1979. 
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Fig. 12. Pore network morphologies in the metal scales of undoped 
specimens at the temperature indicated. The major morphological changes 
are not correlated with the reaction rate anomaly. (XBB 794-5001) 

RESEARCH PLANS FOR CALENDAR YEAR 1981 

The role of the interface reaction during the 
gaseous reduction of an alloy oxide will be studied 
in more detail. In particular, the relative con
tribution of the interface transport step will be 
compared to the gas/solid reaction step. 

The effect of gas composition on scale morphology 
will he examined: it has been observed that re
duction by CO/CO2 mixtures leads to significantly 
swelled scales whereas reduction by H2/H2O mixtures 
.does not. The role of the interface and transport 
reaction step and the nucleation step of the 
initial product phase will be studied. Thermo-
gravimetric methods, as wel] as electronic micro
scope methods will be used in the analysis. 

LBL Reports 

1. J . Allender and L. C. Be Jonghe, "Gaseous 
Reduction of an Alloy Oxide,*' LBL-11125. 

2. L. De Jonghe, "In Situ Observations of Gas/ 
Solid Reactions," LBL-10729. 

3. Mei Chang and L. C. De Jonghe, "The Reaction 
Interface in Reduction," LBL-11392. 

4. Mei Chang, "Gas-Solid Interface Reaction," 
M.S. thesis, LBL-1U24. 

1980 PUBLICATIONS AND REPORTS 

Refereed Journals 

1. M. C. Rey and L. C. De Jonghe, "Reduction 
Kinetics and Microstructures of Al3 +-Containing 
Cobalt Ferrites," J . Mat. Sci. 15, 2241 (1980). 

invited Talks 

1. L. De Jonghe, "Microcharacterization by 
Electron-Optical Methods," Am- Ceram. Soc. Meeting, 
Chicago, April 1980. 
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e. Structure and Electrical PropwtlM of Composite Materials* 

Robert H. Bragg, Investigator 

Introduction • The objective of this research 
on carbon materials is to delineate the relation
ship between their structure and physical proper
ties, with emphasis on how galvomagnetic properties 
are related to structure. Carbon materials find 
such uses as mineral fuels, re-entry thermal pro
tection structures, coatings on nuclear fuels, 
and medical prosthetic devices. This wide range 
of applications is obtained by combining in appro
priate proportions two broad classes of materials, 
hard carbons and soft carbons, whose properties 
differ markedly, into composite materials. The 
hard carbons are derived from pyrolysis and subse
quent carbonization of thermosetting carbonaceous 
substances, whereas the soft carbons are prepared 
either by thermal degradation of thermoplastic 
carbonaceous substances that liquify upon heating 
or by chemical vapor deposition of hydrocarbons 
such as methane on a hot polycrystalline graphite 
substrate at temperatures above about 2000°C. Our 
approach is to induce structural changes by chemi-
c:-1 treatments or heating in inert atmospheres 
ax temperatures up to 3000°C and LO characterise 
the structure using wide range x-ray diffraction 
(XRD), small angle x-ray scattering (SAX&j, 
electron microscopy and electron diffraction. 

There is a considerable body of scientific 
literaturr on the structure and properties of soft 
carbons, for which commercially obtainable pyro-
carbon or pyrolytic graphite (PG) is a convenient 
model material. Mich less is known about the 
hard carbons for which glassy carbon (GC), so-
called because it is a black shiny material which 
fractures conchoidally, has been chosen as a model 
material. GC is also obtainable commercially in 
chemically pure monolithic form convenient for a 
wide range of measurements of physical properties. 
The term glassy is a misnomer since GC does not 
melt, but in other respects such as compressive 
strength, chemical inertness, and impermeability, 
the analogy is close. 

The work at LBL has shown that contrary to 
popular belief GC "graphitizes," i.e., the inter-
layer spacing dgn2 decreases from 0.344 ran toward 
the 0.335 nm of ideal graphite, when heated above 
about 2000'C. The activation energy of 225 ± 30 
kcal/mole obtained from kinetic studies of the 
broadening of x-ray diffraction line profiles of 
GC is close to the generally accepted 260 kcal/mole 
value found for soft carbons. It can fairly be 
claimed that this work has also pioneered the use 
of SAXS to study the specific surface area (S/V) 
and characterize reaction kinetics. 

The thrust cf the research in 1980 was in areas 
concerned with redetermination of the activation 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
Materials Sciences Division of the U.S. Department 
of Energy under Contract No. K-7405-ENG-48. 

energies for graphitization and vacancy migration, 
verification that the latter mechanism has been 
correctly identified, identification of the 
mechanism of graphitization and why it seems to 
occur only for temperatures above about 2000°C, 
identification of the mechanism of the nonkinetic 
density decrease, extension of the electrical 
measurements to lower temperatures and obtaining 
more data on the temperature dependence of RJJ. 

Btork w?' initiated to adapt the techniques 
developed for analysis of diffraction patterns of 
GC to the characterization of coals of various 
ranks. Jne cannot but be struck by the remarkable 
similarities of the XRD patterns of these sub
stances, and thus optimistic that the considerable 
work (in press) doae on amorphous carbons will 
shed new light on the structure of coals. Work 
was ;ilso initiated on the preparation of graphite 
intercalation compounds. 

1. DENSITY CHANGES IN HEAT TREATED GLASS-LIKE 
CARBON (GQf 

Bhola N. Mehrotra and Robert H. Bragg 

P-:se observed that when GC is heated above its 
process temperature [typically 1000°C), the density 
decrease is nonkinetic. This led Bose and Bragg2 

to the hypothesis that the instantaneous density 
decrease was caused by lattice thermal expansion. 
The initial support for this came from the 
observation that because of the large anisotropy, 
thermal stresses of the order of Z.2 x 10* MPa 
(3.2 x 106 psi) would be generated, comparable to 
the failure stress of graphite in the presence of 
Griffith flaws of length about 1.0 nm. This size 
is consistent with the scale of heterogeneities 
in the microstructure seen in lattice image 
photographs cf GC. Furthermore, if the observed 
volume change is ascribed to thermal expansion of 
the crystal lattice, then a .ough calculation shows 
that the order of magnitude of the v ilume change is 
predicted correctly provided that somehow the 
expansion is not reversible. 

In this work, measurements were made of dimen
sions, mass and density of the samples before i-'A 
after heat treatments. As received plates of GC^ 
were cut into specimens of 5 cm * 2.5 cm x 0.25 cm 
and heated for 3 hr in the range 1000-2700^. 
Heating rates of 15-75°C/min were employed. 
Densities, pyenometric, weight, and linear dimen
sions were measured to an accuracy of ± 0.001 g/cm , 
± 0.001 g and ± 0.00025 cm, respectively. 

Figure 1 shows the results of isochronal heat 
treatments. There is no appreciable weight change 
for HTT > ZOOO'C but the volume continues to 
increase up to the highest HTT. The figure also 
shows that the dimensional change can be taken as 
isotropic. The average linear expansion calculated 
from Fig. 1 is shown in Fig. 2 as a function of 
heat treatment temperature. 
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Fig . 1 . Effect, of HIT on dimensions and weight of 
GC. CXBL 8012-15465) 

Density .measurements obta ined from severa*. 
experiments in t h e p resen t work a r e shown i n F i g . 3* 
The t h r e e s e t s o f LBL da t a i n K g . 3 were obta ined 
f roa d i f f e r e n t ba tches prepared by the same vendor 
and agree fairly closely, but differ from those 
reported by Fischbach and Rorabaugh. Variation 
of heating rates ranging from 15°C/min to 75°C/min 
had l i t t l e effect on the resulting densities. If 
the density decreases are attributed to volume 
expansion and mass loss then one can calculate the 
average dimensional change from density decrease 
by correcting i t for mass loss a t each HTT. 
Figure 4 shows a comparison of the average dilation 
obtained in this way from the LPL data in Fig. 3 , 
with the measured data shown in Fig. 2. The close 
correlation verifies that the pyenometric measure
ments are not effected by ingestion of fluH 
(water or kerosene). 

The strain at temperature T should be quadratic 
in T. However, an experiment involves f irs t 
preparation of the materials by heating to 1000°C 
and cooling to room temperature. The experimental 
data points are obtained by heeling to temperatures 
nbnvo mnn°r and coolinr To room tfworrvture for 
measurements. Since the dimensional ^tinges are 
irreversible, a ratchet mechanism which prevents 
shrinkage back to the in i t ia l values must be 
operating. The resistance of the "ratchet" must 
be extremely strong. Experiments were done wherein 
sampler Dreviously heated to various temperatures 
were subjected to hydrostatic pressures in a bomb, 
which employed 20 wt" turbine oil as the working 
fluid. The data in Fig. 5 shows that GC once 
expanded because o* the anisotropy in thermal 
expansion coefficients vail undergo very l i t t l e 
reversible contraction. Consequently the net 
expansion for AT above 1000°C should be given by 

5.0, 
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Fig . 2. Average l i n e a r expansion of GC versus HIT. 
(XBL S012-13466) 

F ig . 3 . Effect of HIT on the d e n s ' - ' of GC. 
iXBL 8010-6147) 
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The data of Fig. 2 have been least squares 
fitted to Eq. (1). 

Fischbach and Rorabaugh have argued that most 
of the volume expansion is caused by gas pressure 
of volatile pyrolysis products trapped in GC 
during processing which cannot escape at high 
heating rates. There is some evidence in their 
results that greater volume expansions accompany 
higher treating rates. In their experiments and 
in ours, thick specimens invariably fractured 
when higher heating rates were employed. However, 
our results indicate that for the range of heating 
rates employed, which are comparable to theirs, 
there is no clear indication of an effect of 
heating rate. 

The irreversible thermal expansion hypothesis 
not only provides a plausible explanation for the 
density decrease, it also provides a simple ex-
lanation of a puzzling feature of the magneto-
resistance. The magnetoresistance is negative and 
becomes stronger as HIT increases. It can be shown 
that Ap/p will be negative for a paramagnetic or 
ferromagnetic material and proportional to the 
square of the net magnetic moment. A net moment 
can arise from unpaired electron spins in a 
magnetic field and since bonds are broken when the 
sample expands, the increase in Ap/p should cor
respond to an increase in HIT. Furthermore, the 
impermeability of the material prevents the satura
tion of these dangling bonds, e.g., by diffusion 
of atmospheric gases into the samples. 

where a, + afl = the coefficient of thermal expan
sion in the c-direction and cta is the coefficient 
in the a-direction. 
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Fig. 5. Effect of hydrostatic pressure on the 
density of GC for various HIT. (XBL 8012-13463) 
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2 . EXPERIMENTAL DETERMINATION OF COMPTON 
SCATTERING FROM PYROLYTIC, GRAPHITE AND GLASSY 
CARBONT 

Leo G. Henry and Robert H. Bragg 

In the LBL repo r t here abbrev ia ted , a procedure 
for correcting wide range x-ray diffraction pat
terns of GC was presented. The procedure involved 
correcting the observed data for Compton scattering, 
for distortion caused by low specimen absorption 
and for SAXS prior to making the usual corrections 
for the angular variation of the atomic scattering 
factor and Lorentz polarization factors. In that 
report an indirect method for correcting for the 
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Compton intensity was employed. Here i s reported 
a method for determining the Compton intensity 
directly. While repeating some experiments i t was 
found that a considerable error is made in using 
the low angle data obtained in reflection measure
ments to estimate the power law to be used in 
correcting for the SAXS. The error was detected 
when i t was seen that data taken in transmission 
had the expected h" 3 asymptotic behavior (h * 
4ffA sine), whereas the data taken in reflection 
decreased more like h"2. 

A thorough analysis of the x-ray optics showed 
that for the length L of specimen employed, speci
men to detector distance R, and for a fixed angular 
divergence of the x-ray beam 2a, the beam no 
longer fully irradiates the sample when 2a is given 
by L sin(e-a) » 2R sin a. At lower angles the 
observed data must be multiplied by a correction 
factor 2Ra/L sin 9. This correction restores the 
expected h" 3 asymptotic dependence except for HIT 
< 2000°C. The difficulty was finally resolved when 
i t was realized that for HIT < 2000°C the scat
tering is expected to decrease as h~ 2 bee: se of 
the diffuseness in the electron density in the 
"solid" phase in GC* 

For the direct measurements, the Compton frac
tion of the total intensity was determined using 
the balanced (Co-Ni) f i l t e r method described by 
Short 2 and applied to samples of carbon materials 
whose wide range patterns are shown in Fig. 6. 

A strong C006) graphite reflection is evident in 
Jie PG pattern, whereas only a weak (11) hk band 
- i evident for the GC samples. Pryolytic graphite 
has a strong basal texture so that in regions far 
from (00£) reflections the observed intensity 
should be due entirely to Compton scattering. In 
Fig. 7 the total intensity and the Compton intensi
t ies measured at several points are shown. I t 
can be seen that in PG the background intensity 
far from a Bragg reflection is_ essentially a l l 
Compton. Thus by appropriate scaling using direct 
measurements of linear absorption coefficients u, 
thickness T, and densi • '"s p, measurements of 
background intensities .jn be made at appropriate 
angles, e .g. , at 28 - 100°, on PG and used to cal
culate the Compton contribution to the total 
intensity in GC. Table 1 compares direct deter
minations and data calculated from measurements 
on PG. The agreement is generally good. Table 1 
also shows that the original proposal to use the 
background of the GC sample i t se l f would be sur
prisingly accurate for sinO/X * 0.61 A"1. 

+Brief version of LBL-10225. 
1. S. Bose and R. H. Bragg, "Small Angle Scattering 
by Diffuse Interfaces," LBL-6656. 
2. M. A. Short, Acta Cryst. 14, 486 (1961). 

- Total intensity 
750[ • - Direct measurement of Compton intensity 

r j 

H 5 0 0 -

Fig. 6. X-ray line profiles of PG and GC CCuKj, 
radiation. 

Fig. 7. X-ray line profile of PG near 008 reflec-
(XBL 8012-13460) tion (CuK radiation). (XBL 8012-13461) 
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Table 1. Gompton intensity determinations. 

Material 20 
deg 

J i nc 
ITOT 

IT0T I i n c (meas.) I ^ c a l c ' d ) 

Pyrolytic Graphite 

MT - 1.16 140 0.995 190 189 -
V - 8.91 cm"1 128.5 0.396 320 127 -
T ' 0.125 an 120 0.857 160 137 -
P - 2.11 gm/cm 90 0.748 140 105 -

(u/P) • 4.22 cm2/gm 

GC 1000 - 1 

PT = 1.06 140 0.945 180 170 188 

P = 6.43 cm" 128.5 0.829 160 123 125 

T - 0.165 cm 120 0.817 150 137 135 

p = 1.52 gm/cm 90 - 160 - 104 

(U/P) =4.22 era /gm 

GC 2700 - 2 

uT = 1.00 140 0.980 180 176.4 183.8 

p = 5.58 cm"1 128.5 0.778 160 124.5 123.4 

T = 0.180 120 0.569 150 85.4 133.8 

p = 1.32 gm/cm3 90 - 160 - 103 

(u/p) =4.22 cmz/gm 

3. HALL COEFFICIENT, MAGNETORESISTANCE AND 
ELECTRICAL CGttDUCTIVnY IN GLASSY CARBON 
Dennis F. Baker and Robert H. Bragg 

In the first known systematic investigation of 
the galvanomagnetic properties of GC, measurements 
were made on samples heated in the range 1000-
2750°C.1 However, the cryostat used then did not 
attain temperatures below 10 K and very few 
measurements of the Hall coefficient, RH, were 
made on any samples. 

With the rebuilt lew-temperature apparatus, 
measurements have been made down to 2.8 K in 
magnetic fields H to 5.0 tesla. As found by pre
vious workers, the magnetoresistance Ap/p was 
found to be negative for HTT > lOOO'C and is more 
negative the greater is HIT (Fig. 8). Despite 
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Fig. 8. Negative magnetoresistance in GC. 
(XBL 8012-13459) 
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the fact that kT has been reduced by more than a 
factor of 3, the data do not show convincingly 
that Ap/p saturates as H increases or T decreases. 

Figure 9 shows that the [AftnT/Tol term reported 
earlier does not appear to be required to describe 
the electrical conductivity o. Instead it appears 
that the a 0 term is also temperature dependent. 
This becomes evident at the lower T values obtained 
with the rebuilt cryostat insert. The Hall . 
mobility UJJ shown in Fig. 10 was plotted vs. T"1'' 
to afford easy recognition of a T"*'2 dependence 
of yn. It can be seen that y H is not a strong 
function of T, and if anything decreases as T 
decreases. 

Measurements were made of the ac conductivity 
of GC up to 100 kHz and no ac component was found. 
Giuntini et al.' found no ac conductivity of 
anthracence chars heated to 1000°C. Since the 
properties of these chars are similar to those of 
GC it is now possible to draw the conclusion that 
the hopping distance for dc conduction in GC must 
be much shorter than for ac conduction. 
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Fig. 10. Hall mobility of GC vs T •1/2 _ 
(XBL 8012-13458) 

The data in Fie. 10 do riot lead strong support 
to the hypothesis! of a T~1'2 dependence of m 
upon T. It must be borne in mind that u H and JJ, 
the drift mobility, may not be synonymous. 
Furthermore in the more recent experiments at 
lower T the data do not present a clear case for 
|Ap/p[l/2 to be a single valued function of the 
H/Tl/2 variable. An alternative argument, based 
upon a spin-flip mechanism, predicts that Ap/p is 
proportional to -m2. That it is proportional * 
accounts for the negative sign in a natural way 
and suggests a means of relating Ap/p to magnetic 
susceptibility. 

1. R. Saxena, "The Structure and Electrical Proper
ties of Glassy Carbon," Ph.D. thesis, LBL-5129 
(1975). 
2. J. C. Giuntini et al., J. Non-Crystalline 
Solids 30, 87 (1978). 
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Fig. 9. Conductivity of GC vs T. (XBL 8012-13456) 

RESEARCH PLANS FOR CALENDAR YEAR 1981 

The rebuilt cryostat insert and 5.0 tesla super
conducting magnet are working well, and apart from 
some difficulties with rapid burnout of graphite 
heating elements the general condition of our 
apparatus is good. It is intended to investigate 
the feasibility of a hookup of one or two of our 
XRD 5 diffractometers to a PDP 11 computer on tie 
3rd floor of Building 8 to eliminate time-consuming 
steps currently required in retrieval and subse
quent use of x-ray data now being collected on a 
teletype. We plan to do the following in 1981; 

Electrical Properties. It is necessary to 
obtain isochronal data tor about five additional 
HTT, and kinetic runs will be made at a temperature 
above and below 2000°C to determine if the changes 
in a, % or Ap/ . are kinetic. 

Graphitization. The activation energies for 
graphitizaticn and S/V decrease will be redeter
mined. The analysis of the graphitization datT 
should be complete by June 1981 but the identifi
cation of the mechanism of S/V decrease will 
require parallel data on PG, and hence an exten
sive set of heat treatments and SAXS measurements. 
Since the SAXS by GC is isotropic these data can 
be obtained at Berkeley. However, it will probably 
be necessary to go to ORNL tc the National SAXS/ 
SANS Facility for the data for Pyrolitic graphite 
(PG) because previous work has shown the the scat
tering is anisotropic. A target date for this 
work at ORNL is summer 1981. 

Intercalation Compounds. An extensive series 
of heat treatments will be completed and graphite-
FeCl3-Al&3 compounds will be prepared and charac
terized. Initial efforts will involve producing 
improved, i.e., highly graphitized PG from ordinary 
PG by oxidation with Cl2 or HNO3-H2SO4 mixtures 
followed by heating at high temperatures. It is 
expected that intercalation experiments will begin 
in Summer 1981. 
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Amorphous Material Characterization. Radial 
distribution analyses will be determined for GC 
heated at 1000, 2000, and 3000°C. I t should be 
possible to make far better analyses than were 
possible heretofore because of our advances in 
making quantitative corrections for SAXS and 
Compton scattering. The possibility of using NMR 
to determine the structural configuration of 
residual H2 in GC will be investigated. Standard 
samples of coals of various ranks will be collected 
for analysis of coal structures before and after 
charring. 

Annealing of Graphite. The annealing of carbons 
by laser radiation will be studied. The objective 
is to obtain highly oriented graphite for inter
calation experiments by combining high pressure with 
laser heating of ordinary PG. The interpretation 
of Rg data will also be investigated. Our previous 
results suggest that Rg grows as t*'* and i t may 
be possible to do kinetic analysis of the Rg data 
from SAXS on GC and other carbons. A third task 
is to make a careful assessment of requirements 
for setting up a magnetic susceptibility apparatus 
using a 1.0 tesla magnet. 

1980 PUBLICATIONS AND REPORTS 

Refereed Journals 

1. R. H. Si'agg, "Small Angle X-Ray Scattering: 
A Resurgence and an Opportunity," NTA Journal, 
April-June 1980. 

1. D. F. Baker and R. H. Bragg, "The Thermal 
Expansion of Directionally Solidified AI-CWU2 
Eutectic," Met. Trans. A (in press) , LBL-10640. 

LBL Reports 

1. S. Bose and R. H. Bragg, "Kinetics of Pore 
Coarsening in Glassy Carbon," submitted to Carbon, 
LBL-7659. 

2. S. Bose and R. H. Bragg, "Small Angle X-Ray 
Scattering by Diffuse Interfaces," submitted to 
J. Appl. Cryst., LBL-6656. 
3. D. F. Baker, R. H. Bragg, and A. S. Rao, 
"Effect of Grinding on the Structure of Glassy 
Carbon," Submitted to J. Am. Ceram. Soc, LBL-10224. 

Invited Talks 

1. R. Gronsky and K. H. Bragg, "Lattice Images in 
Glassy Carbon," 33rd Pacific Coast Regional 
Meeting, American Ceramic Society, San Francisco, 
CA, October 1980. 

2. D. F. Baker and R. H. Bragg, "Electrical 
Properties of Glassy Carbon," 33rd Pacific Coast 
Regional Meeting, American Ceramic Society, 
San Francisco, CA, October 1980. 

3. L. G. Henry and R. H. Bragg, "Graphitization 
Kinetics in Glassy Carbon," 33rd Pacific Coast 
Regional Meeting, American Ceramic Society, San 
Francisco, CA, October 1980. 

4. B. N. Mehrotra and R. H. Bragg, "Irreversible 
Thermal Expansion in Glassy Carbon," 33rd Pacific 
Coast Regional Meeting, American Ceramic Society, 
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5. R. H. Bragg, "Negative Magnetoresistance in 
Glassy Carbon," Annual 'eeting, Society of Black 
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6. R. H. Bragg, "Electrical Properties of Glassy 
Carbon," Joint Seminar, Ceramics and Materials 
Science Departments, Rutgers University, New 
Brunswick, NJ, November 1980. 

7. R. H. Bragg, "Kinetics of Void Growth in Glassy 
Carbon," Materials Research Department, Power 
Systems Division, United Technologies, East 
Hartford, CT, November 1980. 
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f. High-Temperature Oxidation and Corrotkm of Materials* 

David P. Whittle, investigator 

In t roduc t ion . This i s a mul t i - f ace ted program 
which a t tempts t o gain an unders tanding of the 
cor ros ion chemistry and m a t e r i a l s behavior in high 
temperature environments. Of p a r t i c u l a r i n t e r e s t 
a r e t he mechanisms of a t t a c k in environments con
t a i n i n g more than one ox idan t , such as su l fu r and 
oxygen. Sulfur i s a c r i t i c a l impuri ty i n almost 
a l l energy sources . I t can appear i n a number of 
forms: i n gaseous environments, i t can appear a s 
H2S when the ox id iz ing p o t e n t i a l of the atmosphere 
i s low, such as i n energy conversion systems, o r 
as SO2/SO3 a t h igher oxygen p o t e n t i a l s as in fuel 
combustion. I t may a l s o appear in d e p o s i t s . Work 
dur ing the pas t year has continued t o i n v e s t i g a t e 
t he va r ious forms of su l fur - induced acce le ra t ed 
a t t a c k , and a number o f common mechanisms have been 
i d e n t i f i e d . One of t he methods of achieving 
adequate p r o t e c t i o n l i e s i n forming and maintaining 
p r o t e c t i v e oxide s c a l e s , e s p e c i a l l y AI2O3. Con
t inued study of t he formation and adherence of 
AI2O3 on t y p i c a l a l l o y s and coa t ings has i d e n t i f i e d 
t h e p o t e n t i a l importance of a l l o y o r coat ing s t r u c 
t u r e : t h i s has important r ami f i ca t ions in t he 
design of coa t ings . F i n a l l y , continued develop
ment of d e f i n i t i v e q u a n t i t a t i v e models of a l l o y 
ox ida t ion has involved a more d e t a i l e d cons idera
t i o n of the defect chemistry of oxide so lu t i ons 
and the i n t e r - r e l a t i o n s h i p s between t r an spo r t and 
thermodynamic p r o p e r t i e s . 

1. MECHANISM OF SULFUR-INDUCED ACCELERATED 
CORROSION AT LOW OXYGEN POTENTIALS* 

Haroun Hindam and David P. Whi t t le 

^ 0 3 i s considered t o be among the bes t p ro 
tective barriers for oxidation resistance. I t is 
thermodynamically very stable and grows slowly due 
to i t s low concentration of native defects. How
ever, in environments where the oxidation potentials 
are relatively low, typically 10"20 - io~14 atm, 
and in which sulfur is present, primarily as H2S 
and at fugacities around 10"4 atm, the protective 
behavior of the Cr203 scale is apt to breakdown. 
This has been investigated by exposing Fe-, Ni and 
Co-Cr alloys, containing 25 wt% Cr which is suffi
cient to form and maintain a Cr203 scale, to 
H2-H2O-H2S mixtures in which the Prjn and Ps 2 a « 

controlled at the values indicated in Fig. 1. 
Figure 1 also shows that thermodynamic considera
tions indicate that the sulfides, not the oxides, 
of Fe, Ni or Co could be formed under these condi
tions. 

At 1200 and 1300 K, the general pattern of be
havior of Fe, Ni, and Co-Cr alloys was similar. 
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This work was supported by the Director, Office of 
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Fig. 1. M-O-S phase diagrams at 1200 and 1300 K. 
(XBL 8012-12919A) 

Ini t ia l ly a continuous Cr203 scale was formed and 
remained intact for a period which depended slightly 
on PQ2> varying typically from 1 hr to 10 hr for a 
P0 2 = 10" 1 6 and 10" 1 2 atm, repectively, for Ni-25 
Cr at 1300 K. Subsequently, a few sulfide agglo
merates were formed, and the density of these 
nodules increased rapidly. This sequence i s shown 
in Fig. 2. A more developed localized sulfide 
growth tended to in i t ia te at sample corners, 
Fig. 2(d), but was not confined to these locations. 
Indeed, where the localized growth occurred near 
the specimen edges, different nodules showed dif
ferent stages of development, as opposed to 
locations away from sample edges where the sizes 
of the nodular growths were a l l comparable, Fig. 
2(c), suggesting that they a l l started to grow at 
about the same time. Cross sections through the 
regions of localized growth show that the sulfides 
formed outside the original Cr203 layer are pr i 
marily Ni-(~Co-) rich sulfides, molten at the 
reaction temperature, while inside the sulfides 
are rich in Cr. The original CrjOj film s t i l l 
separates the two regions, and analysis indicates 
i t contains almost undetectable amounts of sulfur 
or the base metal Ni, Co, or Fe. Cr203 is often 
precipitated out in the outer molten sulfide and 
sometimes is present as a faceted skin on the sur
face giving rise to the filament-like protrusions. 
Pre-oxidation of the alloys in a sulfur-free, 
H2-H2O environment prolonged the pre-breakaway 
stage, but not by much (Fig. 3). 

Most of our observations point to sulfur trans
port through the oxide layer as the operative 
mechanism for accelerated corrosion. Solid state 
transport of sulfur through the oxide may be in
volved, but the evidence indicates that i t i s a t 
least supplemented by molecular transport of the 
H2S through pre-existing physical defects in the 
oxide. Similar mechanisms are invoked to explain 
the accelerated and breakaway type of corrosion 



loa 

Fig. 2. Top views of Ni-25 wtl Cr oxidized at 1300 K and p j , 
PQ 7 = 10"1° atm, i l lustrat ing the development Ni-S protrusions 
Cr^O, film. 

• 10"' atra, 
D .... r..._ _ J protrusions through 

(a) 1 hr, CW 2 hr , (c) and (d) 3 hr. (XBB 800-14104) 

Fig. 3. Top views of Ni-25 wt% Cr pre-oxidized at 1300 K in H2/H20 
(p02

 = 1 0 " 1 4 a t m 3 f o r 5 I T and subsequently exposed to H2/H2O/H2S 
5S2 " 10" 4 atm, PO2 - 10" 1 4 atnO for 17 hr. (a) and (b) outward flow 
of liquid Ni-S through &2O3 film, (c) long filaments emanating from 
Ni-S nodules, (d) unattacked C r ^ film exhibiting whisker formation. 

(XBB 800-14106) 
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observed in combustion-type (SC^-containing) 
environments and CO? atmospheres. For example, 
the sulfur potential in the bulk gas is too low 
to produce sulfides. If, however, SO2 transport 
through physical defects in the oxide, the oxyg' 1. 
potential effectively decreases, causing a r ise 
in the sulfur potential to an extent that sulfides 
can be fcrmed. In the present system, a decrease 
in the oxygen potential, by removal of H2O through 
reaction to form oxide, also causes the sulfur 
potential to decrease, but not sufficiently to 
render the sulfides unstable, as shown in Fig. 1. 
The growth of the sulfide from that point reflects 
the behavior of these alloys in oxygen-free environ
ments. 

In addition, gross cracking and mechanical loss 
of the protective oxide near specimen edges and 
corners can also occur. This phenomenon must, 
however, be related to a Cr-depletion produced at 
the alloy surface during the in i t i a l Cr203-
formation, otherwise there i s no reason to suppose 
that (J2O3 could not reform, as i t did on ini t ia l 
exposure. As a consequence, by raising the Cr 
content of the alloy to a high enough value, 
there would s t i l l be sufficient Cr to reform 
the oxide at the interface even i f scale crack
ing occurred. However, this would not eliminate 
the problem of scale breakdown via gaseous sulfur 
transport through the minute physical defects 
in the Cr,0, scale. To achieve th i s , there is a 
need to examine the factors that affect the 
"porosity" (or permeability) of the C r A . It 
is interesting to speculate that, if the so called 
pores were wider or the path length of the gas 
through the oxide shorter (thinner oxide), there 
might be less oxygen removal on passing through 
the scale and hence less propensity to form 
sulfides at the alloy/scale interface. 

+Brief version of LBL-12052, to be presented at 
N.A.C.E. Corrosion '81 , Toronto, Canada. 

oxidation under idealized conditions. Thus, iron-
base alloys containing small concentrations of Al 
or Cr have been exposed to H2/H2S or H2/H2O 
atmospheres in which the Pg, or Po? were such that 
the Fe would behave as a noGle metil. Providing, 
DxNv. » DRNB. where Bx and Dn are the diffusion 
coefficients of the oxidant and the alloying element 
in the alloy and Nx and Ng are the solubility of 
t H oxidant at the surface and bulk atomic fraction 
of alloying element respectively, then 

N,(Dx(permeability) [4 -si 
where 5 is the depth of internal precipitation at 
time t , and advance of the precipitation front has 
been assumed to be under exclusive diffusion con
t rol . 

Figure 4 shows typical internal sulfide penetra
tion as a function of t 1 ' 2 for Fe-1 and S Cr and 
Fe-lAl alloys at 927°C at a Ps, - 10-8 atm. In a l l 
three cases, a parabolic rate law is followed. 
Unfortunately, there is l i t t l e scope for varying 
the sulfur potential. At potentials of 10" 1 1 atm., 
both the I t Al and Si Cr alloys are within the trans
i t ion region for continuous scale formation. As a 
result the depth of internal precipitation tends 
to be irregular around the sample. Fe-1% Cr s t i l l 
sulfidizes internally. An alloy of Fe-SI Al formed 
a continuous sulfide layer even at the higher 
potential. The internal precipitates appear to 
show some tendency to be formed preferentially at 
grain boundaries. However, with experiments in 
which the alloy grain si2e varied, there were no 
detectable differences in the depths of internal 
sulfidation. Preferential sulfur diffusion along 
alloy grain boundaries does not seem to be involved. 
However, preferential precipitation in grain bound
aries is prevalent, particularly at distances well 
away from the alloy surface. At these locations 
the degree of supersaturation is low and nucleation 
occurs heterogeneously on grain boundaries. Near 

2. SIMULTANEOUS INTERNAL OXIDATION AND SULFIDATION 

Peter J . Risse and David P. Whittle 

A significant feature of the corrosion of high 
temperature alloys is the formation of internal 
oxides and sulfides behind the surface scale. This 
can have two effects: (1) i t can degrade the 
materials properties of the material to much greater 
extents than can be accounted for by superficial 
scale formation, and (2) i t can t i e up elements 
such as Cr or Al, preventing them from forming 
protective external scales. The internal oxidation 
or sulfidation occurs by partial dissociation of 
the surface scale at the scale/alloy interface, 
dissolution of the oxygen or sulfur in the alloy, 
and diffusion inwards where they react with the 
dissolved Cr or Al to form internal precipitates. 
The solubility and diffusivity of the oxidant in 
the base metal are the important parameters. One 
of the most appropriate methods of measuring the 
premeability (solubility * diffusivity product) is 
to measure the progress of internal sulfidation or 

+ l%Cr, P* = B.7xiO"9olm 

E * 6%Cr iPSa»a.0xl0"Botm 

^ • I%AW P- * 2.0xlO'8n1m 

Fig. 4. Internal sulfidation kinetics a t 927°C. 
(XBL 813-454) 
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thL surface, the alloy before precipitation is 
highly supersaturated, and random homogeneous 
nucleation occurs. Nevertheless, the precipitate 
grows preferentially along the {100} faces of the 
fee crystal. Coarsening of the precipitates 
appears to continue after precipitation. This is 
in part related to the relatively low stabi l i ty of 
the sulfides, in comparison, for example, to cor
responding oxides. 

Now that baseline determinations of sulfur 
penneability have been established, simultaneous 
internal oxidation and sulfidation experiments will 
be continued, jiong with more detailed examination 
of the precipitate morphologies. 

A regular solution model was used, when i t 
became obvious that the calculated value of the 
interaction parameter Wi_, of the liquid solution 
was insensitive to the value Wg of the solid solu
t ion, which could be taken as zero, ideal solid 
solution behavior. Table 1 gives the calculated 
interaction parameters for the liquid solutions. 
Calculated data show satisfactory agreement with 
the limited solubility data available. 1 Figure S 
shows the minimun PSQ, necessary for liquid forma
tion in the CoO-Na2S04 system. The Pso 3 level for 
liquid formation from a Na2S04-NiO mixtise is 
higher than in the Co-based, systems, which is 
primarily responsible for the greater corrosion 
resistance of Ni-bnsed alloys in this temperature 

3. THERMODYNAMIC OF UDW TEMPERATURE (700-fi50°C) 
HOT CORROSION* 

Ajaya Misra, David P. Whittle and Wayne L. Worrell1" 

Hot corrosion of f irs t stage blades and guide 
vanes of gas turbines exposed to marine and indus
t r i a l environments i s due primarily to a deposit of 
Na2S04 on the component surface. The sulfur comes 
from impurities in the fuel. At 90D°C and above, 
where Na2S04 is molten, the corrosion proceeds by 
interaction of metal oxides with the Na2S04 melt. 
In contrast, the mechanism at 650-850°C, where 
Na2S04 is solid, seems to involve the formation 
of mixed sulfates, Na2S04-MS04 (M = Co or Ni) or 
Na2S04-M2(S04l3 (M = Fe, Al or Cr), by the reaction 
of metal oxides with SO2/SO3 in the gas turbine 
atmosphere. The sulfur again comes from impurities 
in the fuel. The formation of a molten sulfate 
can be described by 

W + S0 3 = MS04 (dissolved in Na 2S0 4), 

aMS04 (melt) 

*SO, 
fl) 

Thus the Pso 3 required for mixed sulfate formation 
will depend on the activity of the MSO4 in the 
melt. Existing phase diagrams in the systems 
Na2S04-MS04 (M = Ni, Co) and Na2S04"M2(S04)3 
(M = Al, Cr, Fe} have been used to calculate the 
thermodynamic properties. 

700 750 800 

TEMPERATURE, *C 

Fig, S. Minimum pgQ required for liquid formation 
as a function of temperature in the Na2S04 - CoO -
S0 3 system. (XBL 809-115723 

Table 1. Interaction parameters, Wj,, for regular solution models of 
molten Na2S04 - MSO4. or M2 (SO4) 3 systems. 

NiS04 CoS04 Fe 2 (JK>4) 3 Al 2 (SO^) 3 Cr 2 <S04) 3 

-65±1 -7±1 -35.4 -55.2 -14.3 

Temp. RangeCWC) 700-800 600-850 650-800 700-800 700-800 
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range. The activity of Al2 (S04)3, Cr2(S04)3, and 
Fe2(SO)4)3 in sulfate melts can be lowered to 
such an extent that liquid sulfate solutions can 
be formed at PSO3 levels that are prevalent in 
marine gas turbine operations; this can be ex
plained on the basis of complex formation in the 
melt. 

In this lower temperature range of 650-800°C, 
the oxidation behavior of resistant alloys, which 
at high temperatures normally rely for their pro
tection on the formation of a continuous layer of 
AI2O3 or Cr203, has not been well-characterized. 
However, i t is anticipated that formation of a 
continuous layer of the protective oxide will be 
difficult at least in the early stages of oxidation. 
Thus formation of the base metal oxides NiO or CoO 
will continue for some appreciable time. As a 
consequence, the early stages of the low-
temperature hot-corrosion process is considered 
to be the formation of Na2S04 - MS04<M - Co, Ni) 
melts, while the subsequent propagation process 
depends on the interaction of this melt with the 
protective oxides AI2O3 and ^ 0 3 themselves. The 
possible reactions between the mixed sulfate melt 
and CT20$ or AI2O3 can be expressed as 

NiS04 + M 20 3 = NiM2Ofl + SO, (M= Cr or Al) (2) 

3MS04 + 4M203 = M 2(S0 4) 3+ 3NiM204 (M=CrorAl) (3) 

Na2S04 + M 20 3 = 2NaM02

 + S0 3 (M=Cr or Al) (4) 

or similar reactions with Co replacing Ni. Reaction 
(4) is not expected at the SO3 levels prevalent in 
gas turbine operation, and is not considered 
further. For reaction (2), upon fixing the PSO3' 
the ajJisOj (or acoSOj) i-n the melt saturated with 
the spinels is automatically fixed. If instead of 
a spinel, the AI203 and 0263 from their respective 
sulfates in the melt by reaction (3), the activity 
of MSO4 in the melt will depend upon the activity 
of Al2(SQ4)3 or Cr2(S04)3 in the melt. At a given 
PSOv t h e activity o f Al2(SC>4)3 or Cr2CS04)3 in 
the melt will be governed respectively by the fol
lowing equilibrium: 

Thus, the ajjjSO^ (or acoSO.4) in the melt can be 
predicted for different p<$o3 levels at each 
temperature. Figure 6 shows the equilibrium 
relationships in the Na2S04 - C0SO4 - AI2O3 - SO3 
system; corresponding equilibria in the Na2S04 -
C0SO4 - Cr203 " SC>3> Na2S04 - NiS04 - AI2O3 - SO3 
and Na2S04 - NiS04 - Cr203 - SO3 systems have also 
been calculated. 

The thermodynamic calculations have shown that 
the activity of Al2(S04)3 and Fe2(SC>4)3 in the 
molten sulfates can be lowered to such an extent 
that Na2S04 - Al2(S04)3 and Na2S04 - Fe2(S04)3 
liquids can be formed at pso, levels that can be 
attained in the marine gas turbine operations. 
This has been explained on the basis of complex 
formation in the melt. Thermodynamic analysis 
of the interaction of the Na2S04 - MSO4 (M = Co or 
Ni) melt with protective oxides AI2O3 and Cr203 

650 700 750 000 850 

TEMPERATURE, *C 

Fig. 6. Equilibrium relationships in the Nâ SO* -
CoS04 - A1 20 3 - S0 3 systems. CXBI, 809r11580) 

has demonstrated the vulnerability of aluminun-
containing alloys to hot-corrosion attack. It 
appears that the development of a continuous layer 
of C r ^ or a NiC^Cty spinel layer from the onset 
of oxidation would improve the hot-corrosion 
resistance considerably. 

Although thermodynamic analysis has shown that 
Na2S04 - A12(S04)3 and Na2S04 - Fe2fS04)3 melts 
can be formed at PSO3 level and at temperatures of 
concern to low-temperature hot-corrosion process, 
the kinetics of both the formation of mixed sulfates 
and the reaction of mixed sulfates with the oxides 
of the alloying elements will eventually be the 
determining factor in developing alloys for improved 
hot-corrosion resistance. Unfortunately, practical
ly no information currently exists on the kinetics 
of these important reactions in the hot-corrosion 
process, and this is an area where further work is 
required. 

Brief version of LBL-11495, submitted to J . 
Electrochem. Soc. 
'Department of Metallurgy, university of 
Pennsylvania, Philadelphia, PA. 
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4. ALUMINUM DIFFUSION DURING THE ALUMTNIZING OF 
IRON 

Hilary C. Akeuzue and David P. Wnittle 

Aluminizing of Fe-based alloys recently has 
received revived impetus as a means to improve the 
high temperature corrosion resistance of materials 
likely to be considered in many energy related 
applications. A pack cementation process is widely 
used. A mixture of either pure Al or an Fe-Al 
alloy powder, AI2O3 used as an anti-sintering 
agent, and a halide sa l t , is used to provide a 
vapor phase around the component to be coated. 
The vapor phase is an Al halide gas, whose type 
and activity depend on the activity of Al, the 
halide sal t , and the temperature of operation. 
During the process, the effective concentration 
of Al at the surface remains essentially independ
ent of time. Thus, solid state diffusion is the 
rate-controlling step both during the coating 
process and during subsequent degradation of the 
coating during service by continued interdiffusion 
with the substrate or to the surface to form the 
protective AI2O3 scale. For adequate prediction 
and control of the aluninizing process and coating 
behavior, the diffusion coefficient matrix in the 
relevant systems is an absolute prerequisite. 

To this end, pure iron samples ground to 600 
gr i t finished were aluminized at temperatures in 
the range 850-1050°C, using a pack consisting of 
Fe-50 at . 8 Al powder (300 raesh), M^Cl and A120} 
(300 mesh) in the ratio 49:49:2. A covered cylin
dr ical , recrystallized AI2O3 crucible was used as 
the pack container. Prior to aluninizing, the 
blended pack was pre-heated to 850°C for 25 hours. 
Temperatures were controlled to within i 0.2°C 
and samples were aluninized for different periods 
of time. Weight changes followed a parabolic rate 
law with time, as might be expected: the rate 
constants were 3.11 « 10-1°, 2.02 * 10" 9 , and 

,-4 s-l at 850, 950 and 1050°C, 1.3 x io-8g<: 
respectively. Layer thickness measurements were 
also made after etching the samples. Layer thick
ness is somewhat of a misnomer. According to the 
Fe-Al phase diagram, at the diffusion (aliminizing) 
temperature, only the a solid solution phase is 
stable in the composition range up to about 50 at A 
Al, except for a very small region of y-solid 
solution at less than about 1 a t . t Al above 900T. 
The observed ordered phases Si (Fe3All and B2 (FeAl) 
are probably formed on cooling. The outer 62 layer 
consists of relatively large columnar grains, whole 
the inner Bl and a layer is equiaxed. In part , 
this is related to the growth direction of the 
layers. Analogous to the Ni-Al system, the rat io 
of intrijisic diffusivities DfJi/DAl 1 S expected 
to be a strong function of composition. 

The growth rates of the layers show the expected 
parabolic behavior: apparent rate constants are 
61.3 (62), 192 (a), 540 (B2) and 1473 M um2/hr 
at 840 and 950°C, respectively. These layer growth 
rates are, of course, related to the diffusivities; 
however, the relationship i s complex since the 
diffusivity is a strong function of composition, 
as shorn below. Once this dependence has been 
established, layer growth rates can be calculated 
under other experimental conditions. 

Samples aluninized at 850°C were analyzed by 
EPMA and from the resulting Al concentration pro
f i les . Values of the Fe-Al interdiffusion coeffi
cients, as a function of composition, were obtained 
using the Boltzmann-Matano equation for D. Figure 
7 shows the variation of D with Al content. The 
values compare well with available l i terature data. 
D rises with Al content, reaching a maximum at 
about 34 at.V Al, which corresponds with the 
appearance of the ordered FeAl phase. 

Because of the very strong dependence of D on 
composition, i t is not possible to use a simple 
error function solution of the diffusion equation. 
Instead, an i terat ive solution procedure of a 
transformed equation is used. This technique has 
proved satisfactory in reproducing experimentally 
measured Al concentration profiles, and therefore 
can be used to predict the progress of the aluraini-
zing process under a variety of conditions. 

, 

1 
J O KT» 

- Present work 

Siegle etal 

Soto eta! 

Atomic fraction of Al 

Fig. 7. Interdiffusion coefficients in Fe-Al alloys 
at 850°C as a function of composition. 

(XBL 813-456) 

5. DIFFUSION AND MULTIPHASE SYSIBS T 

Glyn W. Roper* and David P. Whittle 

Because many of the practical situations where 
diffusion is important involve systems of more 
than one phase, an understanding of the diffusion 
path (defined as the locus of compositions across 
the diffusion zone) in such systems is important. 
Phase boundaries move as the diffusion process 
takes place, and this compounds the difficulties 
of modeling such a system. It is possible to cope 
with phase boundary movements in a bijiary system 
because the Phase Rule prohibits the development 
of composition gradients parallel to the reaction 
front through two phase regions. This causes the 
phase boundaries to remain stable and planar. Since 
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phase boundary movements are diffusion controlled, 
changes of position of a planar boundary are con
fined to the dimension of diffusion and to a 
parabolic rate that can be simply defined. 

In ternary systems, on the other hand, the addi
tional component gives an additional degree of 
freedom. This means that a and B phases, for 
example, can co-exist at equilibrium over a range 
of compositions, even when pressure and temperature 
are fixed; and non-planar interfaces and/or internal 
precipitates can arise. Thus, concentration 
gradients in the vicinity of the interface are no 
longer necessarily restricted to the single dimen
sion of the macrogradient of composition, which 
destroys the conditions for parabolic behavior of 
the phase interface. An approximate approach to 
the problem in ternary diffusion couples between 
two different single phases i s to treat the system 
as a pseudo-binary by assuming that interphase 
boundaries remain planar. I t is then possible 
to match solutions to the diffusion equation on 
either side of the phase boundary by means of flux 
continuity relations. By plotting this diffusion 
path on the appropriate isotherm of the ternary 
phase diagram, i t is possible determine if the 
path runs through any two phase regions. If the 
only incursion to a two-phase region is straight 
across a t i e - l ine , as for example at the assumed 
planar junction between a. and 8 phases, the cal
culated diffusion path is a stable solution, i . e . , 
the assumption, of planar interfaces is valid. If, 
however, the calculated diffusion path loops into 
two-phase regions, cutting across t ie-l ines to 
create a finite region of supersaturation, the 
solution is unstable because supersaturation is 
not usually tolerated in a real system. The dif
fusion path is then a virtual path, although in 
many instances i t is broadly similar to the com
posite path which would describe the real behavior. 
I t has been shown that where a portion of a 
(composite) diffusion path passes into a two-phase 
region from a single phase region at an angle to 
the t ie - l ines , the morphology of the resulting 
two-phase zone is dependent on the way in which 
that path exits from the two-phase region of the 
phase diagram. Exit to the same single-phase region 
describes a zone of isolated precipitation in the 
diffusion couple, while exit into another phase 
represents a non-planar interface (possibly with 
associated isolated precipitation). Composite 
diffusion paths have been derived from f i rs t prin
ciples for two diffusion couples in which the 
pseudo-binary approach ii inadequate: each com
prises a single phase (a) alloy annealed in contact 
with a two-phase (a + B) alloy. This model system 
approximates the behavior in the Co-Cr-Al ternary 
system.* 

The reason for interest in diffusion couples, 
whose two terminal alloys l i e in the same single 
phase field but whose diffusion path loops into 
adjacent two-phase and even single-phase regions, 
l ies in a problem that besets coating development 
for high temperature superalloys: coating deterio
ration in service as a result of (among other 
things) interdiffusion with the substrate. Up to 
the present, attempts to suppress this deteriora
tion by interposition of a physical diffusion bar
r ier between the coating and the alloy substrate 
have proven largely unsuccessful. 

A possible answer considered was manipulation of 
the metal chemistry of the superalloy surface to 
maintain a protective aluminide by the mechanism 
described above, i . e . , growing a region of pro
tective B phase by harnessing diffusional interac
tion in an otherwise single phase a system. However, 
i t soon became apparent that , in the case of the 
Co-Cr-Al system, at least , th i s would not be 
feasible because of the_low value of the cross 
diffusion coefficient Dr? c coupled with the fact 

that the '-. phase boundary is aliaost parallel to 
the chrcn.ijn axis. These two features are probable 
manifestations of a single characteristic of the 
system. 

The reason why diffusion path looping out of 
the single phase a region is not possible is that 
the Co-Cr-Al system closely approximates to the 
model system ABC in Fig. 8, where DjL i s zero and 
the a phase boundary is parallel to the B axis. 
For any fi phase to be formed in a couple between W 
and X, the diffusion path must loop into a region 
of higher C concentration than that of alloy W. 
However, this is impossible if D ^ is zero because, 
under these circumstances, the B concentration 
gradient has no influence on the diffusion of C; 
and C i s bound to diffuse down i t s own concentration 
gradient. This argument applies even in the case 
of a diffusion couple between alloy compositions 
W and Y, whose diffusion path is simply a vertical 
line between the txo therminal compositions* 
Attempts to find other systems which might be able 
to ut i l ize this phenomenon are continuing. 

Brief version of LBL-11689, submitted to Metal 
Science Journal. 

^Shell Research Center, Thornton, Nr. Chester, 
England. 

1. G. W. Roper and D. P. Whittle, Metal Sci. J . 
U_ (Jan. 1980). 

tZ 

100%A 
Fig. 8. Schematic isothermal section of ABC chase 
diagram with composite diffusion path of diffusion 
couple XZ superimposed. (XBL 809-11791) 
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6. A 1 2 0 3 ADHERENCE ON' CoCrAl ALLOYS 

Lori M. Kingley and David P. Whi t t le 

Although add i t ions of a c t i v e e lements , such as 
Y, Hf, e t c . , o r o f d ispersed oxide phases a r e known* 
and used t o improve the adhesion of AI2O3 p r o t e c t i v e 
s c a l e s on MCrAl 01 = Ni o r Co) type c o a t i n g s , t he 
mechanism of improved adhesion i s s t i l l unc lea r . 
Although i t must be r ea l i z ed t h a t the mechanises 
proposed a r e not mutual ly e x c l u s i v e , t he most 
Lnportant a r e : 

(a) enhanced s c a l e p l a s t i c i t y , e i t h e r by a 
chemical change of the defec t concen t ra t ion o r 
(more l i ke ly ) by included p a r t i c l e s of oxide ac t ing 
as d i s l o c a t i o n sources i n the s c a l e ; 

(b) formation of compound oxide between metal 
and s c a l e which has a c o e f f i c i e n t o f thermal ex
pansion intermediate between t h a t of metal and 
sca le and thus a c t s i n t he same way as a "graded 
s e a l " in t he j o i n i n g of g l a s s ; 

(c) modif ica t ion t o t he growth p r o c e s s , thereby 
reducing the growth s t r e s s e s ; 

(d) improved chemical bounding across t he i n t e r 
face due t o t he presence of h ighly oxygen-affine 
elements in t he a l l o y ; 

(e) the r e a c t i v e metal atoms or (more probably) 
the pi ivt ic lns of the s t a b l e oxide ac t i ng as s i t e s 
for t he condensation of vacancies injected by the 
ox ida t ion p r o c e s s , prevent ing t h e i r condensation 
a t t he sca le-meta l i n t e r f ace as vo ids ; 

(f) mechanical keying ("pegging") of the s c a l e 
t o t he a l loy by :nward growth of AI2O5 around the 
d i spe r sed oxide p a r t i c l e s . 

Although our e a r l i e r r e s u l t s have always favored 
the l a s t t h r e e models , i t has not been p o s s i b l e 
t o d i f f e r e n t i a t e between the chemical bonding and 
mechanical bonding models. Our e a r l i e r work a l so 
showed t h a t g r e a t e r improvements were achieved 
in sca le /meta l adhesion i f t h e m e t a l l i c Hf addi t ion 
were converted i n t o an ox^.de d i spe r s ion by pre-
i n t e r n a l ox ida t ion t r ea tment . The procedure used 
for the l a t t e r was v i r t u a l l y i d e n t i c a l t o tha t 
used during a luminiz ing , and the two processes 
could perhaps be combined. Thus, the major objec
t i v e s were: (a) t o determine whether a f ine d i s 
pe r s ion of AI2O3 p a r t i c l e s in a CoCrAl type a l l oy 
would be as e f f i c i e n t i n inrproving t h e adhesion 
of t he AI2O3 s c a l e , which forms on subsequent high 
temperature exposure as an a c t i v e element (Y, Hf, 
e t c . ) or a c t i v e element oxide d i s p e r s i o n (Hfl)2» 
Th02, e t c . ) , thereby e l imina t ing t he "chemical" 
e f f e c t from the proposed mechanisms; and (b) t o 
determine whether CoCrAl a l loys conta in ing m e t a l l i c 
Hf a d d i t i o n s could be converted t o Hf02-dispersion 
con ta in ing m a t e r i a l s dur ing an a lun in iz ing p r e -
t rea tment . 

To achieve t he f i r s t ob j ec t i ve an i n t e r n a l 
ox ida t ion s t e p , s epa ra t e from t h e aluminizing t r e a t 
ment was r e q u i r e d . Therefore , a Co-lOCr-lAl alloy 
was i n t e r n a l l y oxidized i n a "Rhises pack ." 
Co-lOCr, used as a b a s e , was t he l eve l of Cr used 

in our previous s t u d i e s . After t he i n t e r n a l oxida
t i on p re t r ea tmen t , i t was necessary t o aluminize 
the Co-lOCr-lAl a l l o y , o r i t would not form an 
AI2O3 s c a l e on subsequent exposure. Figure 9 shows 
weight change/time curves dur ing 20-hour cyc les 
a t 1200°C. The aluminized Co-lOCr-lAl a l l o y , wi th 
no i n t e r n a l ox ida t ion p r e - t r e a t m e n t , completely 
d e t e r i o r a t e d in t he f i r s t cyc le . Aluminized a l loys 
with o r i g i n a l l y S% Al a l s o oxidized r ap id ly a f t e r 
t he f i r s t few cycles when the supply of Al t o 
r ep l en i sh spa l l ed AI2O3 ran ou t . The time a t which 
t h i s occurs depends on the du ra t i on of t he 
aluminizing t r ea tment . The Co-lOCr-lAl a l l o y , 
i n t e r n a l l y oxidized and aluminized, showed minimal 
s p a l l a t i o n of the p r o t e c t i v e AI2O3. I t s ox ida t ion 
r e s i s t a n c e i s not as good as those conta in ing Hf 
(see below), but compares ve ry well wi th t h a t of 
s i m i l a r a l l o y s conta in ing o t h e r add i t i ons s tudied 
e a r l i e r . The presence of t he i n t e r n a l oxide d i spe r 
s ion increased the r a t e o f a luminizing o f t h e 
a l l o y : depths were about 100 pm in comparison 
t o 60 ym in t he same a l loy without an i n t e r n a l 
ox ida t ion t r ea tmen t . The i n t e r n a l AI2O3 p a r t i c l e s 
were p resen t throughout t he CoAl layer which forms 
on the su r f ace , i n d i c a t i n g an inward growth of 
t h e a lun in ide l a y e r . The unders ide o f t h e AI2O3 
l aye r formed in the i n t e r n a l l y oxidized and 
aluminized Co-lOCr-lAl a l l o y , revealed a f t e r d i s 
so lv ing away the s u b s t r a t e , showed ex tens ive peg 
development, c h a r a c t e r i s t i c of the improved adhesion 
as shown i n our e a r l i e r work. Thus, inward growth 
of the AI2O3 surface s c a l e along the incoherent 
i n t e r f a c e between the d i spersed oxide p a r t i c l e s 
and the matr ix again appears r espons ib le ; t he chemi
cal na ture of the d ispersed phase i s not c r i t i c a l . 

In r e l a t i o n t o the second o b j e c t i v e , a CoCrAl 
a l l o y , again conta in ing 101 Cr but now with 11% Al, 
ind var ious leve ls of Hf was used. This a l so per
mi t ted comparison wi th previous work. Normally, 
i t would not be necessary to aluminize t h i s a l l o y 
t o ensure fonnation of an AI2O3 s c a l e ; however, 

Specimen treotrnent before oiidation 

Co-IOCr-lAi internally aiidized 
120 hours. AluminiMd 162 hours 

Co-fDCr-5W Afumini»d €i (is 

Co-10 Cr- 5 Al Alursinized fOOha 

Co-IOCr-SAHluminized 144 hs 

40 60 BO 100 IZ0 

Cyclic (nidation 1200 *C 

ISO hours 

Fig . 9. Cyclic oxida t ion k i n e t i c s a t 1200°C and 
20-hour cyc les o f Co-lOCr-lAl and 5A1 a f t e r var ious 
p r e - t r ea tmen t s . (XBL 805-1087) 
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simultaneous enrichnent of the surface layers of 
the alloy with Al during internal oxidation was 
not anticipated to have a detrimental effect unless 
the surface became too b r i t t l e . To partially 
counteract th i s , Co-10Cr-5Al-Hf alloys were also 
subjected to similar treatments. Figure 10 shows 
the results of cyclic oxidation experiments, again 
at 12001c. The aluminizing, and hence internal 
oxidation, treatment produces significant increases 
in oxidation resistance, the improvements being 
similar to a solely internal oxidation pre-treatment 
of this alloy in earlier work. Again, internal 
oxide part icles, in this instance of HfO;, ave 
formed within alloy and aluminide layer during 
aluminizing, and these give rise to peg formation 
beneath the surface scale during subsequent ex
posure. The distribution of the internal oxide 
particles depends on the internal oxidation (or 
aluminizing) pre-treatment and the Hf content of 
the alloy, and i-.*s determines the ultimate peg 
distribution and hence the improvement in adhesion. 
An additional feature was also noted which relates 
to the observations reported in the following 
ar t ic le . The enrichnent of Al in the surface layers 
during aluninizing also increases the a-CoAl con
tent at the surface. Pegs never develop in the 
3-phaso and thus too high a surface Al content 
is actually detrimental to the oxidation resistance. 

TBrief version of LBL-10952. 

Co-tOCr - U A I - H f 

Cyclic oxidation 1200 *C 

Fig. 10. Cyclic oxidation kinetics at 1200°C and 
20-hour cycles of Co-10Cr-llAl-Hf alloys after 
various pre-treatments. (XBL 505-1090) 

7. OXIDATION BEHAVIOR OF OVERLAY COATINGS' 

Steve Shaffer and David p. Whittle 

.Tie most important group of alloys, other than 
the conventional heater alloys, to which active 
elements are added is the MCrAlY group of overlay 
cladding alloys where M is Fe, Ni, or Co. These 
alloys are widely used to protect gas turbine blades 
exposed to severe environments. When exposed to 
high temperature oxidizing environments, the coating 
develops an AI2O3 surface oxide which grows iso-
thermally at a slow rate. The coating i c eventual
ly degraded, principally by the progressive loss 
of oxide as a result of thermal cyditig; the prin
cipal role of yttriun is therefore to improve the 
adhesion. However, Y may not be the optimun active 
element for improving the overall oxidation resis
tance. Our earl ier work1 indicated that Hf was a 
much more efficient active element addition than Y, 
in cast CoCrAl alloys, and this difference was 
related to the distribution of Hf and Y in the 
alloys. Hf was in complete solution; as a result> 
internal oxidation of the Hf produced a fine, 
random distribution of Hf02 particles in the alloy. 
The Y on the other hand, tended to segregate to 
alloy grain boundaries as an intennetallic yt t r ide. 
Thus, the Y-rich internal oxide produced on ex
posure were rather coarsely distributed throughout 
the alloy. Distribution of the internal oxides 
i s important because the inwardly growing "pegs'* 
of AI2O3 grow along the incoherent interface be
tween alloy matrix and internal oxide part icles. 
These pegs, keying the surface scale to the alloy, 
are the main, although not necessarily the only, 
factor promoting the improved scale adhesion.2 

In considering actual coatings, particularly 
those produced by electron beam physical vapor 
deposition, differences between various additions 
were anticipated to be less marked, because segre-
jation of either Hf or Y within the coating would 
not be expected. A number of Co-20Cr-10Al (a 
composition similar to the ear l ier cast alloys) 
coatings containing different active elements were 
prepared by Airco Temescal under DOE contract No. 
ET-78-C-05-2156. These were oxidized at 1000°C 
for various times and the coating/surface scale 
interface examined in deta i l . In i t ia l ly , a s t r ip
ping technique was used as in earlier work, where 
all the underlying metal \*as dissolved away using 
a Br-MeOh solution. This permitted the underside 
of the oxide to be examined in the SEM, Subsequent
ly, a much improved technique was adopted, involv
ing deep etching of the raetailographically prepared 
samples in the same Br-MeOH solution, but only 
removing sufficient metal to enable the underside 
of the oxide to be examined. This technique has 
considerable advantage over the complete stripping 
of the oxide, because the detailed oxide morphology 
can be related to the coating {or alloy) micro-
structure. 

Figure 11(A) shows a typical metallographic 
section through the coating after the 240 hour 
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Fig. 11. AI2O3 peg formation - The "key" to scale 
adherence. (XBB 814-3089) 

exposure at 1000°C. This particular micrograph 
shows CoCrAl coating containing no addition ele
ments. The coating consists of a dark, dendritic 
B-CoAl phase in a lighter a-Co-rich matrix. The 
8-phase i s orientated normal to the growth direction 
of the coating. In addition, there is also a band 
at the surface of the coating, which is devoid 
of the fi-phase. This i s formed as a result of the 
loss of Al from the surface to form the AI2O3 scale 
during oxidation. The AI2O3 scale is not visible 
in the optical micrograph, because of i t s poor 
contrast with the other phases. I t can, however, 
be revealed by adjusting the lighting conditions. 

An additional feature of the coating i s that 
the 6-phase in the outer half of the coating i s a 
slightly darker color than that in the inner half 
of the coating. The reason for th i s only became 
apparent when the sample was deep etched, as shown 
in Fig. 11 (B). The B-phase in the outer half of 
the coating is sheathed with AI2O3. Presumably 
this sheath i s very thin, because there i s no in
dication of i t s presence in the optical micrograph. 
The surface AI2O3 scale is also visible, and i t 
i s clear that this i s not attached to the AI2O3 
sheaths or the pegs penetrating into the alloy. 
The AI2O3 pegs do not cross the B-depleted zone. 
These observations throw quite a different light 
on the mechanism of peg formation. I t appears 
to be related to preferential diffusion of oxygen 
inwards along the a/B phase boundaries, although 
there i s an important difference between this and 
the CoCrAl coating because the pegs or AI2O3 

sheaths are now attached to the surface scale. 
With the Hf-containing coating, a profuse distribu
tion of pegs is attached to the surface scale; and 
these do not. seem to penetrate down the a/B bound
aries of the coating. Indeed, there i s a B-free 
region immediately below the pegged scale. These 
inwardly growing pegs presumably grew around 
internal oxide particles of Hfl)2 » a s observed with 
the as-cast alloys. 

I t appears, therefore, that the oxide pegs form 
by preferential oxygen diffusion into the alloy 
or coating along incoherent interfaces. These 
interfaces may be either between the a and 3 phases 
in the metallic structure or between an oxide dis
persion and the matrix, the oxide dispersion being 
added intentionally during the processing or as 
a result of internal oxidation of an active ele
ment addition during high temperature exposure. 
This means that the coating or alloy structure 
plays a more important role than previously sus
pected. Some of the cr i t ica l diferences between 
different methods of applying coatings -- such as 
by pack cementation, plasma spraying, or sputtering 
-- may be associated with the structure. This 
and other factors are currently being examined. 

* * * 
+Brief version of LBL-10607 to appear in Thin Solid 
Films, and a paper to appear in Pioc. Int. Conf. on 
Surfaces and Interfaces in Ceramics and Ceramic-
Metal Systems. 
1. I. M. Allam, D. P. Whittle and J. Stringer, 
Oxid. of Metals 13, 381 (1978). 
2. D. P. Whittle and J. Stringer, Phil. Trans. Roy. 
Soc. (London) A295, 309 (1980). 

8. MOTION OF DEFECTS DURING GROWTH OF SOLID 
SOLUTION OXIDES* 

David P. Whittle, Francesco Gesmundo* and Fulvio 
VianiT 

Real advance in understanding alloy oxidation 
can be achieved only if the interrelationship 
between transport and thermodynamic properties 
are developed quantitatively. Recently,1 the 
growth of solid solution scales containing ions 
of the same valence on binary monophase alloys has 
been examined. The equations developed describe 
the simultaneous transport of two cations through 
a growing surface scale; and, although these 
equations are quite general, their application to 
a particular system Tequires a knowledge of the 
dependence of the self-diffusion coefficients of 
the two cations on both oxygen activity and oxide 
composition. Thus, a detailed knowledge, or model, 
of the defect structure of the oxide solution is 
required. The model used in our earlier analysis,1 
and by others, was formulated on the basis of a 
simple approximation that only a single type of 
cation vacancy prevailed. However, it is becoming 
increasingly evident that this simple model is 
no longer adequate, and a more complete model for 
the defect structure of the oxide solution is 
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necessary. Indeed, the growth of the solid solu
tion oxide via the transport of the defect species, 
rather than the diffusior of ions, may be considered 
as an alternative approach. 

In the ideal oxide solid solution formed from 
isotypic oxides AD and BO of known defect struc
tures, assuming that electron transport i s much 
more rapid than ionic transport (semiconducting 
oxides), that the presence of dt :.ects in the oxygen 
sublattice and in te rs t i t i a l cations can be neg
lected, and that interactions between the different 
types of defects can be ignored, the quasi-chemical 
equations for the formation of cation vacancies 
may be written in the general form 

j 0 2 = 0 X + V*; V* = V + h - ; V » V • h - . (1) 

These equations give rise to corresponding equili
brium constants which are related to the standard 
free energies of formation of the various defects, 
(AG°)j. (i = V x, V , V"), which are functions of 
the composition in the oxide solution. For ideal 
solution behavior, it is appropriate to approximate 
these free energies of defect formation to a com
position weighted average. Thus, the concentra
tions of the various defects vary exponentially 
with oxide composition; and, using the local 
neutrality condition, they can be calculated, pro
viding that the free energies of defect formation 
in the two pure oxides and their intrinsic ioniza
tion constants are known. 

The flux of defects through the oxide solution 
can be related to the parabolic rate constant, 
eventually leading to the expression 

\ V = f° h ([vX] + Iv'] + lv"5) d l n V (2) 
where y is the fractional distance through the 
scale; Kx is the parabolic rate constant in tenns 
of scale thickness; a,,* and a,," are the oxygen 
activities at alloy/scale and scale/gas interfaces, 
respectively; and Dy is the diffusion coefficient 
of the defects assumed to be independent of their 
effective charge. To evaluate the integral in 
Eq. (2) and hence calculate the oxygen activity 
profile through the scale and the parabolic rate 
constant K x, the function E[v] must be known. In 
the present case where the oxide contains two 
types of cation, this function depends on both ao 
and %, the oxide composition. As a consequence, 
the dependence of 5 on the local position in the 
scale Cor on ap, although 5 is not a single-valued 
function of a 0) is also required. The present 
approach has used experimentally determined2 cation 
concentration profiles, i.e., £ = FCy), as input 
data, so that the calculations can be completed. 
However, the analysis is being continued to include 
considerations of the differences in the rates of 
exchange of the different cations with neighboring 
defects (jump frequencies) and correlation effects 
which allow calculation of the cation concentration 
profiles from the defect transport equations. 

Figure 12 shows the defect concentration profiles 
through the (NiCo)O scale growing on a Ni-101 Co 
oxidized at 1000°C. These have been calculated 
using Eq. (2), experimentally determined Co con
centration profiles, and free energies of defect 
formation in pure NiO and CoO. There is good 
agreement between calculated and measured scale 
growth constants. Similar calculations have been 
made for other alloys for which experimental data 
are available. It is clear that: 

(a) Singly charged vacancies, V • predominate, 
especially at higher oxygen potentials for 
all the alloy:;, 

(b) As the cobalt content of the alloy and hence 
the Co concentration in the oxide increases, 
the concentrations of V x and o 1 become in
creasingly significant, 

(c) As the cobalt content of th' oxide increases, 
the total concentration of 11 types of 
defect increases. 

Previous analysis of the growth of solid solu
tion scales assuned an oxide defect model in which 
only one kind of vacancy predominates. Although 
this is certainly an oversimplification, it is 
interesting to make a comparison of the two 
approaches to the problem: Using these defect 
transport equations and ionic transport equations 
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Fig. 12. Calculated concentrations of defects 
across the NiO scale formed on Ni 10.91 Co at 
1000°C. (XBL 809-11699) 
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as in earlier work, under the assumption of a 
single type of vacancy, the pseudo-chemical equa
tion for formation of a vacancy of effective charge 

LI yZ yZ yZ O 

(6) 

where are the equilibrium constants 
relating to the formation of a defect of effective 
charge z', relative to the perfect lattice, for 
pure oxides AO and BO, respectively. 

This expression is consistent with that used to 
express ionic diffusivities in the scale as func
tions of composition and oxygen potential. Using 
appropriate data from the literature, both ionic 
and defect transport equations were solved, under 
the assumption of a single type of vacancy. 
Figure 13 compares the variation of [V*] and [V] 
through the scale calculated according to the two 

approaches. Agreement between the two approaches 
is excellent; and agreement with available experi
mental data, for example the growth of the scale, 
is also good. However, the intention of this 
analysis was not to obtain better agreement with 
already acceptable experimental data for the Ni-Co 
system, derived using the ionic transport equations, 
but to more fully describe the true defect proper
ties of the oxide solid solution, in particular 
the dependence on composition and oxygen activity 
because further analyses should use a combination 
of the two approaches. 

Brief version of LBL-11735, accepted by Oxidation 
j>i Metals, 
tentro Studi di Chimica Fisica Applicata alle 
Caratteristiche d'Impiego del Materiali del C.N.R., 
Genova, Italy. 
1. B. D. Bastow, D. P. Whittle and G. C. Wood, 
Proc. Roy. Soc., London A3S6, 177 (1977). 
2. B. D. Bastow, D. P. Whittle and G. C. Wood, 
Corros. Sci. 16, 57 (1976). 
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Fig. 13. A comparison of the calculated variation 
of defect concentrations across the scale formed 
on Ni 10.9% Co oxidized at lOOO'C using defect 
diffusion and ionic diffusion equations. 
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RESEARCH PLANS FOR CALENDAR YEAR 1981 

Studies of high temperature corrosion by gaseous 
environments containing both sulfur and oxygen will 
continue. Cr203 appears to have limited capabili
t ies as a protective oxide when sulfur is present 
in the atmosphere and breaks down either mechanical
ly , by transport of sulfur through the oxides via 
a la t t ice transport mechanism, or through physical 
defects. Attempts to distinguish between these 
two mechanisms will be intensified. Thermogravi-
metric measurements of the influence of sulfur on 
the defect properties of Cr2p^ have been initiated 
and will continue. Transport via physical defects 
has proved difficult to identify; oxide grain 
boundaries may be important, and more detailed 
examinations of the oxide grain size and means of 
modifying i t will be pursued. An adequate safety 
system enabling the use of CO-rich mixtures has 
now been installed. This will permit evaluation 
of the importance of the rate of change of sulfur 
potential with removal of oxygen as the gas mixture 
permeates the oxide. Work currently in progress 
on sulfide growth indicates a dependence on the 
overall composition, and not on the sulfur potential 
alone. 

The thermodynamic calculations have shown that 
only very low SO3 contents in the gas are necessary 
for stabilization of mixed liquid sulfate melt 
in the presence of Na2S04 and that these mixed 
sulfates are potentially capable of reacting with 
protective oxides AI2O3 and, to a lesser extent, 
C r ^ . This project i s now concentrating on the 
kinetics of formation of the liquid sulfates. The 
extent of NiO formation in the early stages of 
oxidation of Ni-Cr alloys in the 650-800°C tempera
ture regime is also being investigated. 

The work on Al203-forming alloys and coatings 
and, in particular, scale adherence, has taken 
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on a new emphasis with the indication that the a/B 
phase boundaries are as important as the presence 
of active elements. A more detailed examination 
of the diffusion along these interfaces and of the 
partition of the active elements between the two 
phases i s planned. Possible use of in-si tu oxida
tion in the SEM to follow the early stages of growth 
is being considered. 

Measurements of intordiffusion coefficients in 
Al-containing systems will be extended to ternary 
alloys with continued exploration of ways of mani
pulating the alloy chemistry to minimize coating 
degradation by harnessing the diffusional interac
tions. Theoretical studies will concentrate on 
the defect chemistry and transport in oxides con
taining more than one cation. A collabration with 
Dr. Gesmundo in Italy is extending the analysis 
developed earlier to include oxide solutions in 
which the cations have different valencies. In 
addition, defect clustering models are being 
examined in order to rationalize variations in 
ratio of cation jump frequencies with composition. 
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4. Engineering Materials 

a. Erotlon-Corroalon Waar Program* 

Alan V. Levy, Investigator 

Introduction. Continuing studies of erosion and 
corrosion behavior of ductile metals and br i t t l e 
ceramics have broadened the base for gaining a 
detailed understanding of the behavior of struc
tural materials that will be utilized in synthetic 
fuels production processes. The improvement in 
corrosion resistance of chromia barrier scale 
forming alloys by internal alloying with small 
amounts of active element Of, l a , Hf, Ce) was ex
tended to surface alloying by the application and 
reaction of active element n i t ra te sal ts to alloy 
surfaces. Marked improvement in scale adhesion 
in cyclic oxidation tests was observed. Periodic 
reapplication of the sa l ts further extended cyclic 
oxidation l i fe . I t was determined that the erosion 
behavior of thin scales on both chromia and alunina 
former alloys was caused by a cracking and chipping 
mechanism. The stronger the scale-metal interface, 
the more the scale resisted erosion. 

The platelet mechanism of erosion of ductile 
metals defined in the past year was used to develop 
an analytical model for erosion by spherical part i 
cles at a 90° impingement angle. Further numerical 
analysis of two phase flow resulted in the defini
tion of the rebound behavior of particles. This 
behavior causes many of particles to re-enter the 
gas-particle flow after an in i t i a l rebound and 
re-strike the target surface, often several times, 
in the same manner that a stone restrikes a water 
surface while skipping along i t . Further fluid 
mechanics studies of surface gas composition con
trol by steam injection into a boundary layer 
region have indicated that such a method of over
coming sulfide corrosion attack in coal gasifier 
piping components, such as heat exchangers, may 
be possible. 

The laser doppler velocimeter (LEV) instrumented 
two phase flow system, both liquid and gas, has 
been completed and checked out. I t is now genera
ting flow system data that wil l be used to deter
mine the validity of analytical models of two 
phase flow developed in this progran in past years. 
I t i s capable of gathering and analyzing 400 
readings per sec and represents one of the few 
state-of-the-art systems available in the country 
to study low speed, two phase flow. 

The projects that have been carried out in 1980 
are summarized below in the order: corrosion, 
erosion, two phase gas flow, and two phase liquid 
flow studies. 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
Materials Sciences Division of the U.S. Department 
of Energy under Contract No. W-7405-ENG-48. 

1. THE EFFECT OF SURFACE DOPING ON THE OXIDATION 
OF CHKCMIA FORMER ALLOYS* 

Maria Landkoff 

The inf luence of t he sur face a p p l i c a t i o n of 
a c t i v e elements (doping) on the composi t ion, mor
phology, adherence, and the growth r a t e of t h e 
oxide s c a l e s formed on chromia former a l l o y s d u r i n g 
high temperature oxida t ion has been i n v e s t i g a t e d . 
The a c t i v e elements were appl ied as an aqueous 
so lu t i on of t he n i t r a t e s a l t s , which were subse
quent ly thermal ly decomposed t o ox ide . Y, Ce, La, 
Hf, Ca and Zr were used a s the a c t i v e elements on 
304 and 310 ? t c i n l e s s s t e e l s and a n i c k t l base 
s u p e r a l l o y , Income! 738. 

The doping procedure employed c o n s i s t e d of 
he a t i ng t h e sample a t 500°C i n a i r for f i ve minutes 
and then hot d ipp ing i t i n t o a 101 aqueous n i t r a t e 
so lu t i on of t he a c t i v e e lements . Af te r d r y i n g , 
the sample was heated fo r an a d d i t i o n a l 30 minutes 
a t 500DC t o decompose t he n i t r a t e . The specimens 
were oxidized in a i r , e i t h e r i so the rmal ly a t 1000"C 
for 50 h r or by thermal ly cyc l ing them for 20 h r 
cyc les a t 10D0°C, cool ing the specimens t o room 
temperature between each c y c l e . 

The sanples a f t e r i so thermal ox ida t ion a r e shown 
in F ig . 1. V, Ce, and La doping prevented s p a l l i n g 
of t h e oxide s c a l e . The oxides on t h e Z r , Hf, and 
Ca doped samples s p a l l e d off t o about t he sane 
degree a s oxide on the undoped 304SS sanp le . 

The undoped s c a l e on 304SS, i n an a rea where i t 
remained adheren t , measured 25 urn t h i c k and was 
p r imar i ly i r o n oxide w i t h some s p i n e l , FeCr204. 
The Y doped s c a l e on 304SS was about one f i f t h t he 
th ickness of t he s c a l e on t he undoped specimen and 
cons i s t ed p r ima r i l y of Cr203 wi th a small amount 
of manganese; no i ron could be de t ec t ed us ing EDAX. 

On the under sur face of t he Y doped s c a l e (F ig . 
2 ) , Si02 webs can be seen i n a r ea s conforming t o 
t h e under ly ing a l l o y g r a i n boundar ies . No i n d i c a 
t i on of oxide pegs were found i n t h e doped s c a l e 
t o account for t he increased s c a l e adherence , a s 
occurs i n some a l loys wi th i n t e r n a l l y - r a t h e r t han 
surface-added a c t i v e e lements . 

The most pronounced e f f e c t of su r face a c t i v e 
element doping w i t h y t t r i u s was observed on 304SS 
a l l o y . The doping a f fec ted t h e adherence , t h i c k 
n e s s , composition and morphology of t h e oxide s c a l e 
formed. The doped s c a l e d i d no t undergo any s p a l 
l a t i o n a f t e r e i g h t cyc les (20 h r a t 1000°C f o r 
each c y c l e ) , wh i l e t he s c a l e on t h e undoped specinen 
s p a l l e d on t h e f i r s t c y c l e . Although t h e enhanced 
protection fron a single application of an active 
element sa l t occurred for only eight thermal cycles 
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Fig. 1, Test alloys after one thermal cycle. 
(XBC 803-3113) 

maximum, i t appears that the effect may be prolonged 
by additional applications of the doping element. 
It was found that , by reapplying the yttrium nitrate 
after the third thermal cycle, only very slight 
spallation appeared after 13 thermal cycles. 

The scanning Auger microscope (SAM) was used to 
determine the location of the dopant yttriun during 
the various stages of ni trate decomposition and 
oxidation of 304SS. After the decomposition stage 
(30 minutes a t 500°C), yttrium could be readily 
detected in the surface film. The thin film 
(800 A) was mostly Y2O3 with some chromium and iron 
oxide formed near the scale-metal interface. After 
a short oxidation period at high temperature (15 
min at 1QQ0°C), the yttriun could barely be detected 
in the C r ^ scale which formed. 

The probable explanation for the beneficial 
effect of yt t r iun, ceriua, and lanthanun on the 
performance of the oxide barrier scales is that 
they act as nucleation s i tes which decrease the 
distance between the more stable chromia forming 
nuclei during the early stages of oxidation and, 

Fig. 2. Uhdersurface of oxide scale formed on 
yttriun doped 304SS. (XBB 80S-6205A) 

thereby, the oxide grain size. The surface was 
completely covered by the protective chromia layer 
at an earlier time. The smaller grain size may 
also improve the adherence of the scale, making the 
scale more deformable during the graving reaction 
and during thermal cycling (easier deformation 
by sliding along grain boundaries). 

The poor behavior of hafniun and zircortiun ex
ternally doped scales was quite surprising. The 
absence of an active element effect may be explained 
by anisotropy of the oxides, which can be more 
important for external than for internal doping, 
expecially for the in i t ia l stages of oxidation. 
The thermal expansion nlong one of their crystal' 
lographic axes is extremely low. Also, the total 
polycrystalline thermal expansion of ZrC>2 and Hf02 
in the monoclinic form is somewhat lower than that 
of the Y, Ce, and La oxides, making them more in
compatible with the higher thermal expansion base 
metals. 

The enhancement of the behavior of chromia pro
tective barrier scales on stainless steels by ex
terna? doping with active element aqueous sal ts 
holds considerable promise to economically extend 
the l i fe of components in coal conversion systems. 

fBrief version of LBL-11127. 
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2. METAL EROSION BY SPHERICAL PARTICLES AT NORMAL 
INCIDENCE* 
Ian Hutchings 

A theoretical analysis was developed for the 
erosion of metals by spheres at normal incidence. 
The model employs a criterion of critical plastic 
strain to determine when material will be removed 
and predicts velocity exponents of 3 for erosion. 
The mechanical properties of the metal are described 
by two quantities: its dynamic hardness and its 
ductility under erosion conditions. 

The model developed was based upon the platelet 
formation mechanism of erosive wear wherein repeated 
impacts of the surface of a ductile metal result 
in the extrusion of highly distressed, thin plate
lets of metal that are knocked off the surface by 
subsequent particles. Since the erosion process 
involves an accumulation of plastic deformation 
in the surface layers of the target, a critical 
strain, e c, was selected as a suitable criterion 
for the amount of plastic strain that a particle 
must achieve before it could be removed. The 
critical strain is a property of the metal that 
is a measure of its ductility under erosion condi
tions. 

From the criterion of critical strain, a value 
for the mean number of plastic strain cycles needed 
to remove a wear fragment can be deduced. Consider 
the target to be struck by a large number of 
spherical projectiles distributed at random 
over the surface, each traveling at the same velo
city and, therefore, causing the same pattern of 
plastic deformation in the target on impact. As 
will be shown below, an average strain &zn can be 
associated with each impact. For simplicity, we 
assume that the whole \'olume plastically deformed 
by each impacting sphere is subjected to a plastic 
strain increment of the same magnitude, fiep, and 
that the strains are directed with circular symmetry 
about the line of impact of the sphere. Material 
at any point on the surface will, therefore, be 
subjected to successive increments of strain of 
magnitude, Aep, randomly oriented in the plane of 
the surface. After N impacts the expectation 
value of the resultant strain at the point may be 
shown from random walk theory to be AcpN 1". if 
Nf is the mean number of impacts (i.e., strain 
increments) needed to cause detachment of material, 
then application of the failure criterion gives 

1/2 

The volume of material, which is plastically 
strained oy each impact, is amv2/2P where a is 
volume of indentation, m is mass of eroding sphere, 
v is impact velocity and P is dynamic hardness; 
this volume will be called the "elementary volume." 
Under steady state erosion conditions, one elemen

tary volume will be removed after Nf impacts, 
according to the failure criterion defined above. 
The volume loss per impact is therefore amv2/2PNf. 
If the target material has density p, the erosion 
£ defined as the mass loss from the target per unit 
mass of impinging particles is given by: 

E = apV2/2PNf - (2) 

Tabor has shown empirically that, for quasi-
static indentation by a rigid sphere of radius r, 
the average strain introduced into a metal is given 
by 

e * 0.2 a/r , (3) 

where a is the final chordal radius of the indenta
tion and e is the strain in an equivalent uniaxial 
compression test . 

By equating the in i t i a l kinetic energy of the 
impinging sphere with the work done in forming the 
indentation, i t may be shown that 

a - 2 1 ' 2 r v 1 ' 2 (2p/3P) 1 / 4 (4) 

and combining Eqs. (1), (2), (3), and (4), the 
erosion is given by 

1/2 3 
E = 0.033 SSS^v . 

In this equation, the properties of the target 
material are described by three quantities: 
density, dynamic hardness, and e c > which may be 
called "erosion ductility". 

Erosion rates for 6061-T6 aluminum alloy were 
calculated from Eq. (5) for steel shot (densitv 
7.85 mg"3) and glass beads (density 2.48 mg"3)'. 
The dynamic hardness, P, was taken as 1.15 GPA, as 
measured in the single impact experiments. The 
straight lines of slope 3.0 plotted in Fig. 3 
represent the theoretical prediction for a/e c

2 = 
0.7, a value chosen to give the best fit to the 
data. Agreement between theory and experiment is 
fair, although it is evident that the dependence 
of erosion on spherical particle density is 
stronger than that predicted by the theory and 
that particle size also influences erosion rate. 
Possible explanations for these discrepancies lie 
with strain-rate effects and work-hardening. 

* * A 

+Brief version of LBL-12014. 
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Fig. 3. Erosion rate vs velocity for 6061-T6 Al 
eroded by glass beads and steel shot. (XBL 811-126) 

3. EROSION OF THIN CORROSION SCALES1' 
J. Maasberg 

The erosion behavior of thin corrosion scales 
formed on metals at high temperatures is important 
in designing metallic components for use in energy 
conversion systems. The susceptibility of various 
corrosion scales to erosion was studied on two 
alloys: an alumina forming Fe-18Cr-5Al-lHf, and 
a chromia forming 310 stainless steel. Both as-
received and burnished surfaces on the specimens 
were present prior to their corrosive exposure to 
900° and 1000°C for 100 hours. Air, low P 0 2, and combined low ?QJ and Ps? gas mixtures were used in 
the corrosive exposure. The corrosion product 
scales were subsequently eroded using an air-
particle stream containing 50 urn SiC traveling at 
200 fps. Erosion rates of the scales were com
pared to determine the effect of the various 
corrosion parameters on the susceptibility to 
erosion. 

Specimens exposed to air at 1,00D°C formed 
thicker, friable oxide layers that were much more 
susceptible to erosion than scales formed at low 
Po,. There was no difference in the amount of 
erosion between 90D° and 1000°C for the low P Q 2 specimens, see (Table 1). The scale was about 
4 um thidt and appeared continuous. The thickness 
of the oxidized, sulfidi2ed scale was the same as 
that of the low PQ, oxidized scale. Only two of 
the specimens exposed to combined low VQ? and P ^ appeared to form sulfides which exhibited high 
erosion rates. Among other specimens, it appeared 
that the presence of sulfur degraded the scale, 

90° 30° 

°C 
Log 
P 0 2 

Log 
PS 2 

Scale 
th ickness 

Cum) 

weight lossCmg] 
a f t e r 

wei ght loss(mg) 
a f t e r 

°C 
Log 
P 0 2 

Log 
PS 2 

Scale 
th ickness 

Cum) 
0.3g 
SiC 

l -2g 
SiC 

0.3g 
SiC 

1.2g 
SiC 

Surface: 

As-received 
900 
900 
900 

1000 

-15 
-15 
-16.5 
-16.5 

— 
4 

0.4 
0 .3 
0.4 
0.4 

0.7 
0 .6 
0.7 
0.7 

0.1 0 .3 

Simultaneous Sulf idat ion-Oxidat ion of 310SS 

As-received 
1000 
1000 
1000 
1000 

-15 
-15.2 
-16 .9 
-17 .4 

-6 
-8 .5 
-6 
-7 

5 

2 .5 

0.8 
0.7 
1.1 
1.0 

1.3 
1.35 
1.8 
1.6 

0.8 

0.7 

1.2 

1.2 

Burnished 
1000 
1000 
1000 
1000 

-15 
-15.2 
-16 .9 
-17 .4 

-6 
- 8 . 5 
-6 

0.9 
0.7 
0.9 
0.9 

1.7 
1.2 
1.6 
1.6 



12S 
even though no sulfur could be detected in the 
scale. These non-sulfur containing oxidized-
sulfidized scales had a higher erosion rate than 
those exposed to oxygen only, (Table 1). The 
surface condition prior to corrosion, as-received 
or burnished, fcad little effect on the suscepti
bility to erosion. 

Figure 4 shows a typical chromia scale after 
being impacted with a few particles of SiC. The 
small crystallites are undisturbed oxide scale 
surface. There are a few areas where erosion of 
the scale is beginning. The scale appears to have 
been removed by a chipping mechanism; particles of 
SiC hit the surface and fracture the brittle scale. 
From sequential erosion tests in which the erosion 
process was interrupted every few particles and 
the surface studied under a scanning electron 
microscope, it appeared that the scale was frac
tured by the initial impacting particles and that 
subsequent particles removed small chips of scale. 
This loss mechanism is typical for brittle mate
rials. 

The greater erosion at 90° compared to that at 
30° also indicates that the thin oxide layers on 
a metal substrate have erosion behavior similar 
to that of brittle ceramic materials. No weight 
loss was found when the erosion conditions used in 
this test were applied against an unoxidized duc
tile metal substrate; thus the erosion loss re
corded was that of the scale, not the substrate. 

Fig. 4. Scale on 310SS at early stage of erosion. 
(XBB 808-10079) 

* * * 
^Brief version of LBL-1201S. 

4. EROSION OF OXIDE SCALES ON CoCrAl COATINGS* 

J. Maasberg 

Erosion of barrier oxide scales fo r r : ' an CoCrAl 
high temperature corrosion protection coatings was 
investigated. The effect of active element addi
tions to the CoCrAl coatings on erosion behavior 
was determined. Their effects on enhancing cor
rosion protection is well known. The purpose of 
the active element additions is to modify the 
alunina scale which forms on the oxidized CoCrAl 
coating to make the oxide more adherent. 

Coatings of CoCrAl containing small amounts of 
either Hf, Ti , Si , Y, or Zr were vapor deposited 
(ebpvd) on Inco 738 substrates and oxidized in air 
at 1000"C for 100 hr. The coatings were then eroded 
in a gas-particle stream of 50 urn SiC in a i r moving 
at 200 fps at room temperature. Erosion was 
measured as the weight loss of scale by a 3.0 g 
weight of SiC impacting part icles . 

The erosion behavior of the scales on the various 
coatings is shown in Fig. 5. The impingement angle 
dependence of the erosion was similar to that of 
b r i t t l e materials; the highest erosion rate occurred 
at a 90° angle. The scale was observed to be 
removed by a chipping action. Erosion tests on an 
unoxidized CoCrAl coating showed that the measured 
weight loss was due to scale erosion and not un-
reacted coating erosion. 

Microstructural examinations showed that the 
active element additions had a profound effect on 
the nature of the oxide scale-coating interface 
(Fig. 5). The Y- and Hf-containing specimens 
formed fingers of scale which deeply penetrated 
into the unreacted coating, pinning the scale to 
the metal and enhancing erosion resistance. The 
Zr-containing specimen also formed deep fingers 
but the oxide was quite porous and friable, thus 
accounting for i t s very low erosion resistance. 
Specimens containing Ti and Si formed thin oxides 
similar to the Hf and Y specimens but without the 
pinning fingers. Their increase in erosion sus
ceptibili ty is due to the absence of pins. 

Control of scale morphologies through the use 
of active element additions shows promise in the 
development of erosion-corrosion resistant mate
rials. 

A A A 

+ Bnef version of LBL-12016. 
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Fig. 5. Oxide microstructures and weight loss measurements of Zr, di and 
V doped CoCrAl coatings. (XBB 809-10348) 

5. MODELING THE EROSIW OF BRITTLE MATERIALS 

Mohsen Khatibloo 
The factors involved in the indentation and 

erosion of brittle materials by solid particles 
have been analyzed. It was found that brittleness 
is only a state rather than a property. Brittle 
behavior in a ceramic material is observed when a 
surface is impacted with large blunt particles, 
while ductile behavior is observed when very small 
or much sharper particles are used. For spherical 
particles the critical radius, Re, at which this 
transition occurs is given by the following 
equation: 

4100 K T r 

Re •- -T7Z~ MT H' 

4 [ Ep f J 
CD 

where Kj c is surface fracture toughness, H is sur
face hardness, and v and E are Poisson's ratio and 
elastic modulus, respectively. P and S subscripts 
refer to particle and surface, respectively. The 
combined effect of surface hardness and particle 
size on transition from brittle to ductile behavior 
is shown in Fig, 6. Figure 6(A] presents experi
mental data for two particle sizes arid a number of 
different target materials. Figure 6(B) shows a 
family of calculated curves showing the trend for 
changing particle radius, R. 

The Hertz solution has been used for the analysis 
of erosion when blunt particles are used. However, 
it has been consistently found that the application 
of the Hertz theory to the elastic contact problem, 
which occurs where the particle and brittle surface 
contact, leads to an incorrect prediction of the 
fracture load and its location. In this study, a 
new method was developed to analyze the Hertzian 
contact stress problem, and the validity of the 
procedures used was proven by the agreement between 
the calculated and experiment results as shown in 
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Fig. 6 . Effect of hardness and p a r t i c l e s i z e on 
the t r a n s i t i o n from b r i t t l e t o d u c t i l e behavior . 

(XBL 8010-6206A) 

Fig . 6. This new method reso lves the problems t ha t 
previous ly e x i s t e d in t h i s type of s t r e s s ana lys i s 
and a l s o enables one t o determine many important 
sur face p r o p e r t i e s t h a t can be used as a b a s i s for 
p r ed i c t i ng the r e s i s t a n c e of b r i t t l e ma te r i a l s t o 
damage by p a r t i c l e impact. In environments where 
the e ro s ive p a r t i c l e s can be c o n t r o l l e d by keeping 
the p a r t i c l e ve loc i ty below Vc, given by the fo l 
lowing equa t ion , eros ion can probably be prevented 
at 90° impact. 

. 1/2 K. . 5/6 
V c * 4 S 0 ( i ) {-£--) , (2) 

where p is the particle density. 

The general conclusion to be drawn from this 
study cm the effect of material properties on 
erosion resistance of brittle materials is that 
the fracture toughness plays the most important 
role. Hardness has a lesser effect on erosion, 
primarily when the surface plastically deforms 
prior to fracture. The elastic properties of the 
surface material have only a second order effect 
on erosion behavior. 

6. A NUMERICAL SOLUTION TO ™UTh GAS PARTICLE 
FLOWS AT HIGI VELOCITY'1" 

Jonathan A. Laitone 

Prediction of the fluid mechanical characteris
tics of a gas-solid particle flow is necessary for 
the most efficient design of coal gasification 
systems. The difficulties associated with the 
analysis of gas-particle flows have precluded 
general solutions, with most research applied to 
simple geometries and often to flow conditions 
that are not particularity useful. In this work a 
general numerical solution, suitable for modeling 
dilute suspension flows over a wide range of velo
cities and flow geometries, is presented. 

Conventional finite difference schemes arc 
"blind" to the small eddy structures in the flo\\". 
Because of the high velocity found in most in
dustrial systems, the influence of viscosity is 
confined to narrow regions of high fluid shear. 
These small regions, which are initially invisible 
to a finite difference grid, grow larger. Qualita
tively, the effects of these small regions are 
quite pronounced. The flow may reverse direction 
and recirculate, giving rise to large scale mixing 
and downstream turbulance. Finite difference 
schemes cannot store enough grid points in these 
small areas of high ;.hear to predict backflow with 
sufficient accuracy. 

The Discrete Vortex Method fDVM) numerical 
solution circumvents these difficulties. The 
scheme is grid free because the vorticity within 
the fluid is partitioned into vortex "blobs" which 
are moved according to two components. One com
ponent is a random displacement; in this way the 
effect of viscous momentum diffusion is modeled. 
The other component is a deterministic displace
ment found by moving the blobs according to their 
mutual interaction effects. This interaction is 
similar to the way point vorticies in an inviscid 
fluid interact according to the Biot Savart Law. 

In this work, the method has been applied to 
model gas and particles flowing around a cylinder. 
The technique produces the periodic vortex struc
ture in the wake known as the Karman Vortex Street. 
Figure 7, a computer generated drawing of particle 
flow around the obstacle, illustrates the in
fluence of the wake on particles. The particles 
have velocity vectors indicating their speed and 
direction. The small dots arc computational 
vorticies which are essentially gas flow markers 
and can be thought of as smoke generated on the 
cylinder's surface. There is a strong focusing 
of particles behind the cylinder. Furthermore, in 
the wake, particles that passed under the cylinder 
tend to mix with particles that passed over the 
cylinder. 

The unsteady wake has a surprisingly strong up
stream influence on particles of less than 20 
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Fig. 7. FI . of cne micron particles around a cylinder at a Reynolds 
number of 1 '. (XBL 804-9462) 

microns diameter. The trajectories of small 
particles initially on the dividing streamline 
are deflected above or below the leading stagnation 
point. The direction of deflection depends upon 
the rotational trailing edge, iood agreement is 
obtained between the numerical solution and experi
mental drag coefficients at Reynolds numbers from 
10" to 10 5. The results indic.te the important 
role of unsteady flow analysis in erosion predic
tion. 

Brief version of LBL-9996. 

7. PARTICLE REBOUND PHENOMENA IN TWO PHASE FLOW 

Jonathan Laitone 
This investigation considered flow around a 

circular cylinder having all the attributes of a 
blunt leading edge, similar to a turbine blade, 
while exhibiting a large separate region in the 
rear, typical of flow around btx bends. Computer 
generated movies that visually depicted particle 
trajectories showed three characteristic types of 
particle behavior: 

• Imbedment, 
• Single impact and rebound 
• Multiple impact. 

and 

Particle isbedment occurs when a particle strikes 
the- surface and dissipate:; a l l of it:; kinetic 
erergv. Single iqpacts occur hhen a particle 
strikes the s-orface and dissipates some kinetic 
srergy but s t i l l leaves the surface with modified 
iirjetic er£rsv. -rn the third case, particles 

impact the surface two or more times before re
bounding free of the surface. These particles 
tend to bounce across the surface similar to the 
way a stone skips across the smooth surface of a 
lake. 

These three types of behavior are qualitatively 
evident for particles ranging in size from 20 to 
500 microns, although the computed rebound condi
tions are quantitatively accurate for a particle 
size of 200 microns and a Reynolds number of 
100,000 (assuming a 2 cm diameter cylinder, this 
corresponds to a flow velocity of 74.3 ra/sec). 

There is a strong focusing of particles behind 
the cylinder due to eddy shedding. In Fig. 8, 
an eddy is shed from the upper shoulder of the 
cylinder. This eddy has a very strong clockwise 
rotational motion and creates a force on the 
part icles, deflecting their paths downward past 
the cylinder. An inviscid solution is inadequate 
in this prediction. Some particles impact more 
than once on the cylinder's leading surface, as 
predicted by the computer. 

In Fig. 9, a velocity histogram is plotted for 
a single particle with an inertia number of unity. 
This means that the particle has a history of past 
events as well as being significantly influenced 
by present conditions. This particular example is 
chosen to i l lustrate a typical multiple impact 
experienced by a part icle . The particle impacts 
and rebounds three times before clearing the top 
of the cylinder. The non-dimensional particle 
speed is presented historically at each impact 
point. The difference in impact speed and rebound 
speed is proportional to the momentum lost by the 
particle while eroding the surface. 

At the f i rs t impact with the cylinder (slightly 
above the forward stagnation point!, the par t ic le 's 
speed is already reduced to about 70% of i t s free 
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5 MICRONS, RE = 1 0 ° 
Fig. 8. Particle paths for 5 micron particles 
flowing around a cylinder at a Reynolds number of 
100,000. (XBL S06-10523A) 

FIRST SECOND THIRD 
IMPACT 

stream value. This is cam "3d by gas deflecting 
around the cylinder; consequently, the particle 
"sees" gas nearly at rest relative to its motion „ 
and experiences a retarding force. The impact 
impingement angle local to the cylinder's surface 
is 64 degrees, and the rebound angle is 35 degrees. 

A surprising result is found at the second 
impact point, which occurs at 30.3 degrees on the 
cylinder's front shoulder. The impact speed has 
increased over the rebound speed from the first 
impact. Evidently the gas flow has had sufficient 
time to work on the particle. An acceleration is 
expected in this case due to the gas accelerating 
away from the stagnation point and reaching a 
maximum of spproximatcly twice the free stream 
speed at the top of the cylinder. 

This observation is significant in erosion pre* 
diction; it means that in flew around blunt objects, 
particles can obtain a large fraction of their 
original kinetic energy prior to a secondary impact. 
Tilly1 has found secondan' erosion obtaining signi
ficant fractions of primary erosion. In Tilly's 
experiments, particles larger than 50 microns 
fragmented on impact. This analysis indicates that 
secondary erosion is also highly dependent upon the 
aerodynamic forces acting on the particle and does 
not require fragmenting. The model can be extended 
to account for fragmentation of particles on 
impact. 

The actual work done on the surface is pro
portional to the change in momentum of the particle 
before and after impact. In Fig. 9, the trend is 
toward a decreasing value of the momentum change 
after each impact. This implies that the absolute 
value of erosion in secondary and subsequent im
pacts will always decrease r.ionotonically. However, 
the secondary erosion may obtain significant 
fractional levels of the primary erosion for the 
reasons described above. 
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8. BOUNDARY LAYER GAS GftFOSITION CO.VTROL IK 
PIPING* 

Fig. 9. Particle velocity histogram for a triple 
impact and rebound with the cylinder's surface. 

(XBL 806-10S25 ) 

William Chou-Chun Yeung 

In coal gasification processes, oxidation and 
sulfidation can cause serious corrosion of the 
piping materials. Sometimes the corrosion rate 
is so high that the pipes need to be clianged after 
a few weeks of operation. The purpose of this 
investigation was to analytically determine the 
feasibility of reduction of corrosion of the pipes 
by injection of steam into a boundary layer at the 
entry uo the pipes. The injection will form a 
thin, less corrcding gas boundary layer along the 
pipes, protecting the wall from contact with the 
highly corrosive coal gasification mixture. The 
key to this means of inhibiting high temperature 
corrosion is to maintain the protective mixture 
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far enough down-, the pipe before the reactive gas 
will difftise through the injectant layer. 

The first step was the calculation of the 
interaction between the pipe flow and the jet, 
treated on an inviscid basis. Steam is injected 
as a jet of small, finite xridth at the entry to 
the pipe. The shape of the streamline separating 
the pipe stream from the jet was calculated. This 
dividing streamline influences the main stream in 
a manner similar to that of a solid boundary, and 
its effect can be represented by a line of sources 
along the jet entry section. The jet changes the 
inviscid pipe flow in two ways. First, the pipe 
stream is displaced towards the center line of the 
pipe so that corrosive elements are no longer 
adjacent to the pipe wall. Second, a favorable 
pressure gradient is introduced along the dividing 
streamline. 

tace the inviscid flow has been determined, the 
viscous mixing of pipe flow and the injecte-i jet 
is calculated numerically using the Method of 
Integral Relations. Both velocity and concentra
tion profiles across the layer are found, together 
with the growth rate of the mixing layer. The 
present analysis assumes laminar mixing (\'alid for 
sufficiently low Reynolds numbers) and show* that 
jet injection is an effective means of reducing 
the surface corrosion potential of the total gas 
flow due to H2S or other undesirable species. The 
flow configuration for normal injection is shown 
in Fi#. 10. The mass concentration variation is 
shown in Fig. 11. 
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Fig. 10. Flow configuration for normal injection 
of a boundary layer gas. (XBL 813-460) 

meters 

Fig. 11. Mass concentration variation of H2S along 
a pipe. (XBL 813-462) 

9. TURBULENT MODELING IN TIVO PHASE BOUNDARY 
LAYER FLOW7 

W. S. Yeung and R. J. Yang 

The fluid flows which occur in coal gasification 
systems are incompressible at moderate or high 
values of Reynolds numbers. Such flows are best 
treated as interactions between inviscid flows in 
the main, central part of the gas stream and vis
cous flows in boundary layers, wakes, and separated 
regions. In calculating such flows numerically, 
it is necessary to solve the governing partial 
differential equations for the inviscid and viscous 
flows simultaneously as a coupled set. Finite 
difference methods are unwieldy for coupled 
systems since these must be matched across an 
inviscid-viscous boundary, the shape of which is 
one of the unknowns in the problem. 

A technique was developed for such systems based 
on the Method of Lines for inviscid flows and the 
Method of Integral Relations for boundary layers. 
This technique was applied to the calculation of 
gas-particle flow at the entry section of a curved 
pipe. The analysis developed is for laminar flow 
in the boundary layer. It is obviously desirable 
to extend the Method of Integral Relations to apply 
to turbulent flow; this is the object of the 
present investigation. The method requires that 
the shear stress in the boundary layer be ex
pressed as a polynomial in the streamwise velocity 
component. The difficulties in achieving this in 
turbulent flow are twofold: first, the turbulent 
boundary layer velocity profile is highly inflected 
compared with the laminar profile; and second, the 
eddy viscosity model must be given in analytical 
form. 
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Fig. 12. Initial velocity profile and its development. (XBL 813-452) 

A satisfactory model in the turbulent flow 
regime has been developed for two cases: first, 
when there is no external pressure gradient and, 
second, when the pressure gradient is accelerating. 
Typical velocity profiles in these two cases are 
shown in Fig. 12. Extension to retarded flow 
profiles is now under development. 
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10. LASER DOPPLER VELOCIMETER MEASUREMENTS OF THE 
TWO-PHASE FLOWS IN CURVED DUCTS 

A. Modavi and J. Humphrey 
The experimental apparatus designed for the in

vestigation of fluid/solid flow in conduits is now 
operational and is actively engaged in the acquisi
tion of data relevant to the erosion/corrosion 
problems in coal liquefaction and ccal gasifica
tion, 2-phase, turbulent and laminai flow models. 

The data acquisition system developed for 
measurement of the velocity fields in various flow 
configurations utilizes the latest "state of the 
art" in flow and instrumentation systems. It is 
capable of fully automatic positioning of sensors 
and. acquiring, reducing and plotting data under 
programmed instructions. Special software developed 
for this system allows the user to adapt the system 
to new test configurations in much shorter time 
than was previously possible. The data acquisition 
rate is several orders of magnitude faster than 

manual operation; this makes possible the required 
accumulation of }arge amounts of data in any 
investigation. 

The primary data acquisition system is based on 
a two component laser doppler velocimeter (LDV) 
with frequency enhancing data quality in low 
velocity regions of the flows. The LDV system is 
linked ito a minicomputer (PDP 11/54 unit) which 
conmands the process of acquiring velocity data. 
The minicomputer also places the LDV light probe 
at desired positions of the flow under study via 
general purpose program packages which process and 
plot the acquired data instantaneously. 

The flow models currently under study are a 
water system in a 1§0 degree duct of square cross 
section, 43 * 43 nrnA, with a radius of curvature 
of 150 mn, and an air/solid-particle system flow-
in a 90 degree duct of 2 * 2 in.2 cross section 
and 4 inch radius of curvature. The square cross 
section geometry makes optical probing of the flow 
relatively easy. The water flow system was con
structed with support from the National Science 
Foundation and the Office of Naval Research, 
primarily for investigate -JIX of developing curved 
duct turbulent flow, ana has been used to calibrate 
and test the data acquisition system. Data obtained 
in the 180 degree curved duct provides a base to 
compare the turbulent gas/solid flow data in the 
90 degree curved duct. 

The tangential mean velocity and turbulence 
intensity of the water flow has been determined in 
the 180 degree curved duct at a bulk flow rate of 
1 m/sec and 1.5 m/sec (Reynolds no. 40,000, and 
60,000), with particles of mean diameters 15 
(polyvinyl chloride) and 12 (corn starch) microns, 
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respectively. The quality of the data obtained in 
the above mentioned configuration has been excel
lent. Both the optics and electronics associated 
with the computerized data acquisition system are 
functionijig properly. 

figure 13 shows the mean tangential velocity 
and the turbulence intensity of the fully developed 
turbulent flow upstream of the curved duct section. 
These profiles are in good agreement with the 
results obtained by A. Melling* and J. A. C. 
Humphrey2 in the square duct flows and confirms 
the validity and the accuracy of the data acquisi
tion system. Figure 14 shows the development of 
the secondary motion of the water flow at 90 and 
135 degree stations from the inlet. The curvature-
induced secondary motion generates two symmetrical 
regions of circulation in the curved section which 
affects the impact angles of particles on solid 
boundaries and therefore should alter the erosion 
rate of the conduits at various locations. The 
profiles show where regions of high velocity and 
stress are likely to arise in the flow. This and 
similar information will help explain the heat 
transfer and erosive wear processes arising in 
curved duct flows. The water flow apparatus will 
subsequently be modified to accommodate the 
presence of larger particles. 
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Fig. 14. Development of secondary motion of water 
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Fig. 13. Mean tangential velocity and turbulence 
intensity of fully developed turbulent flow up
stream of curved duct section. (XBL 814-9448) 

Measurements are now being made in the air/solid-
particle flow for a 90 degree curved duct. The 
test schedule includes measurements of the air 
velocity profiles by introducing micron size parti
cles in the flow at mean velocities of 5 to 30 
m/sec. Subsequently, slip velocity measurements of 
larger solid particles of irregular geometry (e.g., 
50-200 microns) will be made. Emphasis will be 
placed on the plane of symmetry of the flow field 
for sake of comparison with the numerical predic
tion of the flows in the cross-sectional curved 
pipes of W. S. yeung and M. Holt. 3 

1. A. Melling, "Investigation of Flow in Non-
Circular Ducts and Other Configurations by Laser-
Doppler Anemometry," Ph.D. thesis, Department of 
Mechanical Engineering, Imperial College of Science 
and Technology, London, 1975. 
2. J. A. C. Humphrey, "Flow in Ducts with Curvature 
and Roughness," Ph.D. thesis. Department of Mechani
cal Engineering, Imperial College of Science of 
Technology, London, June 1977. 
3. W. S. Yeung and M. Holt, "Perturbation Solution 
for the Particle Trajectories of a Gas-Solid Mix
ture Entering a Curved Duct," LBL-8521, December 
1978. 
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11. MODELING OF TURBULENT TITO PHASE FLOW IN A 
CURVED CHANNEL* 
F. Pouramahdi and J. Humphrey 

The purpose of this research is to develop and 
apply numerical calculation procedures capable of 
predicting two-phase fluid motion in a turbulent-
flow curved channel configuration. With an appro
priate treatment of the erosive wear processes 
occurring at the solid-liquid interfaces, the 
procedure can be applied to predict wear in various 
simple industrial flow components and extended to 
encompass more complex configurations in solid 
particle, liquid two-phase flows. 

The first step, which has been completed, was 
to establish numerically the fluid mechanics of 
turbulent curved channel flow. Based on the 
established fluid mechanics, a model appropriate 
for predicting dilute two-phase solid particle 
liquid flow systems is being developed and tested. 
Subsequently, it will be incorporated into the 
prediction procedure to establish its validity 
for a variety of experimentally documented flows. 

Current flow tests utilizing water in a curved 
rectangular channel with laser doppler velocimeter 
(LDV) instrumentation are yielding reasonable 
results compared to the model. Typical calcula
tions produced to date are shown in Figs. IS and 16 
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Fig. 16. Turbulence kinetic energy at exit station 
in a curved channel flow. (XBL 814-4S44) 
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Fig. 15. Mean velocity profiles in turbulent 
channel flow. [XBL 814-4543) 

for mean velocity and turbulence kinetic energy, 
respectively. The predictions are in relatively 
good agreement with experimental data in the 
literature. It is important to note that earlier 
attempts to predict this flow with simpler models 
of turbulence were unsuccessful. Further and very 
rigorous testing is still required to validate the 
model. 
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RESEARCH PLANS FOR CALENDAR YEAR 1981 

The platelet mechanism of erosion will be further 
investigated by sequential erosion of a variety of 
alloys with different crystallographic structures 
and morphologies over a range of testing condi
tions. Protective coating systems on metal sub
strates to enhance either or both erosion and 
corrosion resistance of structural alloys will be 
investigated. Elevated temperature erosion be
havior for a number of metals and ceramics will be 
determined. Further modeling of erosion processes 
in ductile metals and brittle ceramics will be 
carried out. Combined erosion-corrosion testing 
will be conducted in oxidizing atmospheres. The 
potential of surface doping of stainless steels 
with active element salts to promote scale reten
tion will be further defined, particularly the 
ability of reappHcations of the salts to continue 
the enhancement. 
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The fluid mechanics work will concentrate on 
relating experimental results in both liquid and 
gas-solid particle flows to predicted particle 
behavior from previously developed models. Further 
modeling of boundary layer gas composition control 
will be carried out in the turbulent regime. The 
liquid-particle flow model in curved channels will 
he completed in the two-phase flow regime. 
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b. In-SItu Investigation of Gas-Solid Reactions by Eltctron Microscopy* 
James W. Evans, Investigator 

Introduction. Reactions between gases and 
solids have been the object of considerable 
research activity for several years because of 
their importance in many teclinologies (e.g., the 
combustion of gaseous fuels and the reduction of 
iron ores to metal).1 Recently, interest has 
developed in the relationship between microstruc-
ture and solid reactivity; it has become clear 
that many macroscopically observable phenomena, 
such as catalysis and the effect of mechanical 
stress on solid reactivity, must be dependent on 
the micrestructure of the solid. The transmission 
electron microscope is one of the most powerful 
instruments for examining microstructure and is 
being used at Berkeley in a study which, although 
presently concerned with microstrueture/reactivity 
effects in oxide reduction reactions, will eventual
ly embrace other reactions, such as sulfidation 
and oxidation of metals. 

This report describes some initial studies 
using ex-situ and in-situ techniques, of the 
reduction of nickel oxide by hydrogen. The ex-situ 
technique is to be contrasted with the more advanced 
in-situ technique, presently being employed at 
Berkeley, wherein the reaction is carried out in an 
environmental cell located in the microscope- The-
literature on nickel oxide reduction is extensive, 
but nearly all prior work is concerned with macro
scopically observable phenomena; an exception is 
the work of Rao' who used an optical microscope 
to study the development of the second (nickel) 
phase during reduction. 

1. EX-SITU STUDIES OF THE REDUCTION OF NiO 
CRYSTALS 

John A. Little, 
Kestmacott 

James W, Evans, and Kenneth H. 

Nickel oxide single crystal, in the form of a 
boule, was sectioned using a diamond saw and the 
sections ground to 3 mm diameter disks, 1 mm thick. 
After annealing in air at 1350°C for 24 hours, 
the disks were further ground to a 50-80 urn thick
ness and then thinned by ion milling. Reduction 
was carried out in a-alumina high purity crucibles 
placed in a tubular furnace. The samples were 
brought up to temperature under helium, and 
reduction was then initiated under a flow of 
hydrogen at pressures slightly above atmospheric. 
Reaction was stopped by evacuation of the hydrogen 
and cooling carried out under vacuum. The speci
mens were examined at 100 kV in a Philips 301 
electron microscope. 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
.v&terials Sciences Division of the U. S. Department 
of Energy under Contract No. W-7405-ENG-48. 

In work reported earlier, it was shown that 
during the early stages of reduction, most, but 
not all, of the nickel nuclei form epitaxially on 
the nickel oxide surface. After more prolonged 
exposure to hydrogen, the surfaces become nearly 
completely covered with nickel islands, many of 
which have coalesced. At this stage, the majority 
of the nickel nuclei are non-epitaxial, as revealed 
by the diffraction pattern (Fig. 1) where only the 
spots of the remaining nickel oxide lattice and the 
powder rings of the non-epitaxial nuclei are 
evident. A topic of interest is whether or not 
microstructural features play a role in the 
nucleation of the second phase. Figure 2 shows 
that cracks in the nickel oxide are indeed pre
ferred nucleation sites. However, the sites where 
grown-in matrix dislocations intersected the 
surfaces do not appear to act in a similar manner. 

This investigation is the first in which a 
shift from epitaxy to non-epitaxy of the reaction 
product, as reaction proceeds, has been observed 
in the reduction of a metal oxide. A connection 
has been shown between nickel nucleation and one 
microstructural feature, cracks. A fuller account 
of the ex-situ studies may be found in a recent 
publication.^ 

Present address: Department of Metallurgy, 
University of Cambridge, Cambridge, England. 
1. J. Szekeley, J. W. Evans, and H. Y. Sohn, "Gas-
Solid Reactions," Academic Press, New York, 1976. 
2. J. W. Evans, S. Song and C. E. Leon-Sucre, Met. 
Trans. 7B, 51, (1976). 
3. Y. KT Rao, Met. Trans. 10B, 2*3, (1979). 
4. J. A. Little, J. W. Evans and K. H. Westmacott, 
Met. Trans. 11B, S19 (1980). 

Fig. 1. Diffraction pattern from nickel oxide in 
final stages of reduction. Powder rings from non-
epitaxial nickel are pronounced, (XBB 7911-15325) 
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Fig. 2. Nucleation of the nickel at a crack in the 
nickel oxide. (XBB 7911-15330) 

IN-SITU STUDIES 
Fig. 3. Sequence of micrographs showing hetero
geneous nucleation and growth of nickel colonies 
during in-situ reduction of nickel oxide. 

(XBB 807-8728) 

In-situ observations have been made in the 
Hitachi HU6S0 fitted with the em'ironmental cell, 
using samples from the same NiO boule. Runs at 
several different temperatures were made in a 
flowing gas of 10% H2 in He at a pressure of "- 40 
torr. 

At a temperature of about 250°C„ the reduction 
process proceeded in a manner rather similar to 
that observed in the ex-situ studies. Islands of 
nickel nucleated, grew, and coalesced until the 
entire area was covered. It was noticeable, 
however, that certain areas remained unreduced for 
long periods. This difference in behavior could 
not be related to a visible structural feature. 
After reduction times of the order of 1 hour, the 
observed structures were indistinguishable from 
those found after ex-situ reduction. 

With an increase in temperature to "- 275°C, a 
different behavior was observed. At this tempera
ture, as seen in Fig. 3, colonies of Ni islands 
nucleated and grew rapidly while the surrounding 
surfaces remained unchanged. Again, the nucleation 
sites for the colonies could not be related to 
any microstructural features. 

Further experiments in progress are being con
ducted to study the temperature and pressure 
dependence of the reduction process in greater 
detail. 

RESEARCH PLANS FOR CALENDAR YEAR 1981 

In-situ investigations of nickel oxide reduction 
will determine the relationship between nickel 
nucleation and microstructural features such as 
grain boundari*."; or dislocations. A recently 
acquired mass spectrometer, attached to the gas 
outlet from the environmental cell, will enable a 
simultaneous observation of the reacting solid and 
measurement of its reaction rate. Research will 
be initiated on other reactions of interest in 
energy technologies. 

1980 PUBLICATIONS AND REPORTS 

Refereed Journals 

1. J. A. Little, J. W. Evans, and K. H. h'estmacott, 
"Early Stages of the Reduction of Nickel Oxide 
Single Crystals: An Investigation by Transmission 
Electron Microscopy," Met. Trans., 11B, 519 (1980), 
LBL-10176. 
t 2 . M. Ranade and J. W. Evans, "The Reaction 
Between a Gas and a Solid in a Non-isothermal 
Packed Bed: Simulation and Experiments," 1. and 
E. C. Process Design and Development 19, 118 (1980). 
I 
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3. A. Malazgirt and J. W. Evans, "Production of 
Aluminum and Aluminum Coatings by Thermal Decomposi
tion of Aluminum Alkyls," Met. Trans. 11E, 225 
(1980). 
T4. J. W. Evans and M. Ranade, "The Grain Modei 
for Reaction Between a Gas rjid a Porous Solid-
A Refined Approximate Solution to the Equations," 
Chem. Eng. Sci. 35' 1 2 M (1980). 
^5. J. K. Evans, M. H. Abbasi, and A. Sarin, 
"A Monte Carlo Simulation of the Diffusion of 
Gases in Porous Solids," J. Chem. Phys. 72_, 2967 
(.1980). 

IB1. Reports 

1. J. A. Little, M. I. Perez, and J. K. Evans, 
'Transmission Electron Microscopy Studies of Coals," 
LBL-11473. 
2. J. K, Evans, Y. Zundelevich, and D. Sharma, 
"A Mathematical Model for Prediction of Currents, 
Magnetic Fields, Melt Velocities, Melt Topography, 
and Current Efficiency in Hall-Heroult Cells," 
LBL-11675. 

Invited Talks 
s 
1. D. Ziegler, M. Dubrovsky, and J. K. Evans, 
(presented by D. Ziegler), "The Use of Novel 
Anodes in the Electrowinning of Metals of Fluidized 

Bed Cathodes," Annual Meeting of the American 
Institute of Metallurgical Engineers, Las Vegas, NV, 
February 24-28, 1980. 

2. I. Masterson, M. Dubrovsky and J. W. Evans, 
(presented by J. W. Evans), "Fluidized Bed Electro-
winning of Cobalt from Sulfite Solutions," Annual 
Mseting of the American Institute of Metallurgical 
Engineers. Las Vegas, NV, February 24-28, 1980. 

3. J. A. Little, J. W. Evans and K. Westmacott, 
(presented by J. A. Little), "Ex-situ and In-situ 
Studies of the Reduction of Nickel Oxide Single 
Crystals Using Transmission Electron Microscopy," 
Annual Meeting of the American Institute of 
Metallurgical Engineers, Las Vegas, NV, February 
24-28, 1980. 

4. M. Abbasi and J. W. Evans, (presented by 
J. K. Evans), "A Monte Carlo Simulation of the 
Diffusion of Gases in Porous Solids," Annual , 
Meeting of the American Institute of Metallurgical 
Engineers. Las Vegas, NV, February 24-28, 1980. 

* * * 
TPartially supported by NSF. 
"•"Partially supported by Office of Surface Mining, 
Department of Interior. 
^Partially supported by intramural funding. 
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B. Solid-State Physics 

1. Experimental SoKd-State Physics 

a. Far-Infrared Spectroscopy* 

Paul L Richards, Investigator 

Introduction. The objective of our research is 
to use the infrared and near-millimeter wavelength 
range of the electromagnetic spectrun as a probe 
to do experiments which are selected for their 
technical novelty and potential for revealing new 
physics. Our work includes development of new 
measurement techniques, such as new spectrometers, 
detectors, etc . In recent years, considerable 
effort has been devoted to sensitive infrared 
detectors for use in experiments in which the 
background photon level is low. The Ge:Ga photo-
conductors, the uniaxially stressed Ge:Ga photo-
conductors, the composite bolometers, and the 
superconducting diode photon detectors developed 
in this project are now the most sensitive infrared 
and near-millimeter detectors ever produced over 
the wavelength range from SO um to 8 mm. The 
superconducting diode devices are also the most 
sensitive available heterodyne receivers at mm 
wavelengths. 

Experimental projects, which will not be de
scribed in detail in this report, include a recent
ly completed balloon measurement of the spectrum 
of the cosmic (blackbody) background radiation 
comprising 90% of the radiant energy in the 
universe. This experiment was the first to show 
that the spectrun of the microwave background falls 
at frequencies above the peak at 6 cm"l. It also 
snowed deviations from a blackbody spectrin at th? 
confidence level of 3 standard deviations. A new 
experiment is being prepared to check these devia
tions. I t will be different in most respects, to 
reduce the possibility of common systematic errors. 
If the deviations are confirmed by new experiments, 
they will be a matter of highest importance for 
cosmology. 

Other investigations, in progress but not de
scribed in detail here, include: a balloon experi
ment, which had i ts f i rs t flight in the spring of 
1979, to survey the sky at far infrared wavelengths; 
a project to improve the performance of photocon-
ductive infrared detectors and to test fundamental 
noise theory; a project to use adiabatic demagneti
zation to cool bolometric infrared detectors below 
0.3 K; and a project to use modern ion-implantation 
techniques to eliminate the current dependent 
inverse frequency noise that now limits the 
performance of composite boloraetric detectors when 
operated at high background flux levels. These 
studies will be described in future annual reports 
as the investigations are completed. 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
Materials Sciences Division of the U.S. Department 
of Energy under Contract No. W-740S-ENG-48. 

1. INFRARED SPECTRA OF NbSc- IN THE CHARGE DENSITY 
WAVE STATE J 

William A. Challcner, Pierre Monccau, and Paul L. 
Richards 

NbSes is an extremely interesting member of the 
class of quasi-one-dimensional metals. It under
goes two charge density wave (CDW) transitions, at 
59 K and 145 K, which are both accompanied by large 
anomalies in electrical resist ivi ty. The CDW's 
are generally believed to be pinned to the lat t ice 
by impurities, but small electric fields are able 
to free them to conduct electrical current. 

Mean field theory predicts a BCS-type gap 
equation for ^uch materials relating the si?e of 
an energy gap at the Fermi surface at absolute 
zero to the CDW transition temperature. The energy 
gap decreases continuously to zero at the transi
tion temperature in the same manner as the super
conducting energy gap in the BCS theory. 2 The 59 K 
transition in NbSes thus corresponds to an energy 
gap at absolute zero of about 140 cm-*, in the far 
infrared. The ini t ia l motivation for studying the 
infrared properties of NbSOj was to look for 
evidence of this energy gap. 

NbSes crystallizes into long, narrow fibers. 
Typical dimensions are 10 * 0.02 * 0.01 mm5. These 
dimensions create difficult problems for measuring 
optical properties in a frequency region where the 
wavelength of light is ten times larger than the 
smallest dimension of the crystal. To overcome 
this problem, we have made samples by placing 
large numbers of fibers on a Mylar tape substrate 
with a l l orientations approximately parallel to 
each other. An attempt is made to make the layer 
of fibers homogeneous and to have the fiber 
separation small compared to one wavelength. In 
this way, we have been able to measure reflectance 
and transmittance spectra on the same sample from 
10 to 350 cm* . Transmittance measurements have 
been made over a temperature range of 1.5 K to 
90 K, while a l l reflectance measurements were made 
at 1.5 K. The spectra were measured with both 
polarized and unpolarized light. Examples of both 
types of spectra are shown in Fig. 1. 

Our measurements show no evidence of an energy 
gap in this frequency interval. The absence of 
dramatic energy gap effects may be related to the 
fact that the energy gap covers only a part of the 
Fermi surface. Our spectra do, however, reveal 
very dramatic structure when the sample is cooled 
below the 59 K transition temperature. At this 
temperature, the intensity of the structure con
tinuously decreases to zero, demonstrating that 
i t is associated with this transition. Because the 
structure has no temperature-dependent frequency 
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Fig . 1. Transmit tance arid r e f l e c t ance o£ NbSe3 a t 
l .S K us ing unpolarized l i g h t . (XBL 8011-13509) 
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Fig. 2. Complex d i e l e c t r i c funct ion ca lcu la t ed 
from the data in Fig. 1. (XBL 8011-13311) 

s h i f t s , we do not a s s o c i a t e i t wi th an energy gap. 
I n s t ead , we be l i eve t h a t i t i s caused by the 
e x c i t a t i o n of new o p t i c a l phonon modes crea ted by 
fo ld ing of the Br i l l ou in zone a t t he CDW t r a n s i t i o n . 
The s t r u c t u r e i s present in spec t r a measured with 
t h e inc iden t l i g h t po la r i zed p a r a l l e l t o the f i b e r 
a x i s as well as perpendicular t o t he f ibe r a x i s . 
This i s not su rp r i s i ng in t h a t t he k -vec to r of the 
59 K CDW has components along a l l c r y s t a l l a t t i c e 
v e c t o r s . 

Using t h e r e f l e c t ance and t r ansmi t t ance measure
ments shown in Fig. 1 , we have ca l cu l a t ed appro
p r i a t e va lues for t he complex d i e l e c t r i c funct ion 
of NbSe3 in t h e inf rared range . The c a l c u l a t i o n s 
a r e based on a homogeneous shee t model wi th var ious 
es t imates for the e f f e c t i v e th ic la iess . One example 
i s shown i n F ig . 2, 

Although our c a l c u l a t e d curve for t he imaginary 
p a r t o f t he d i e l e c t r i c constant i s much smal le r 
than what i s expected from the low frequency 
measurements o f t he conduc t iv i t y , our r e s u l t s do 
suggest a p o s s i b l e explana t ion for t he unusual 
shape of t h e phonon s t r u c t u r e . The s t r u c t u r e can 
be understood as t he r e s u l t s of " d i e l e c t r i c 
anomal i e s , " i . e . , z e r o - c r o s s i n g s i n t h e r e a l p a r t 
o f t h e d i e l e c t r i c function. In t h i s way r e l a t i v e l y 
weak modes can have dramat ic e f f e c t s on t he t r a n s 
mi t t ance and r e f l e c t a n c e of a sample. 

Peimanent Address: CRTBT, CNRS, F-38042, Grenoble, 
France. 

1. H. Froh l ich , Proc. R. Soc. London Ser . A 223, 
296 (1954). 
2. C. G. Kuper, Proc. R. Soc. London Ser . A 227, 
214 (1955). 
3 . G. Gruner, e t a l . , Phys. Rev. L e t t . 45, 935 
(1980). ~ 

2. ELECTRONS ON THE SURFACE OF LIQUID HELILM+ 

David K. Lambert* and Paul L. Richards 

Elec t rons pressed onto the surface of super f lu id 
l iqu id helium from the gas by an ex te rna l e l e c t r i c 
f i e l d can populate image-potential- induced surface 
s t a t e s . Elec t rons i n such s t a t e s have la rge 
mobi l i ty along the surface and, t o a good approxi
mation, can be descr ibed as a two-dimensional 
e l e c t r o n g a s . We have used a far inf rared molecular 
l a s e r t o s tudy t r a n s i t i o n s from t h e ground s t a t e 
t o var ious exci ted s t a t e s of t h i s gas . The t r a n s i 
t i o n frequencies a re a function of both the appl ied 
e l e c t r i c f i e ld and the surface charge dens i ty . 



141 

The measured va lues o f t h e f i e l d a t resonance 
for lew sur face charge d e n s i t i e s (Fig. 3] a r e in 
e x c e l l e n t agreement wi th curves c a l c u l a t e d from a 
one-dimensional Schrodinger equat ion. The 
Hamiltonian included an inverse square-law image 
f i e l d , an i n f i n i t e abrupt b a r r i e r a t t h e l i q u i d 
sur face and the appl ied e l e c t r i c f i e l d . 

The coverage of sur face e l e c t r o n s was i n d i r e c t l y 
obtained by measuring the capac i tance between 
e l ec t rodes placed above and below the sur face of 
t he helium. A s e l f - c o n s i s t e n t e l e c t r o s t a t i c 
sh ie ld ing c a l c u l a t i o n was used t o i n t e r p r e t these 
measurements and t o ob ta in values for t he sur face 
charge d e n s i t y which were accura te t o I t . A 
dependence of the value of t he appl ied f i e l d r e 
qui red for resonance on the sur face charge dens i ty 
a r i s e s because of the e l e c t r i c d ipo le f i e l d from 
the sur face e l e c t r o n s (and t h e i r image charges) 
surrounding the e l e c t r o n undergoing t h e t r a n s i t i o n . 
Although t h i s sur face charge d e n s i t y e f f ec t i s 
smal l , i t can be measured. I t can a l so be c a l 
cula ted i f a model for the r a d i a l d i s t r i b u t i o n 
function of t he surface e l ec t rons i s a v a i l a b l e . 
In previous work, we showed t h a t the measurements 
are in good agreement wi th published c a l c u l a t i o n s 
of the r a d i a l d i s t r i b u t i o n f u n c t i o n . 1 

We have used the experimental de te rmina t ion of 
t he charge dens i ty dependence of t he resonance 
f i e l d t o e x t r a p o l a t e t h e measurements t o zero 
surface charge density. The resulting values for 
the resonance frequencies shown in Fig, 4 a re 
about 7 GHz above the va lues ca lcu la t ed from the 
model of an abrupt l i qu id -gas i n t e r f a c e . This 
small ( ^ H ) e f f e c t can be in t e rp re t ed as a lowering 
of t he ground s t a t e energy due to t he f i n i t e width 
of t h e l i q u i d gas i n t e r f a c e . F i t s t o c a l c u l a t i o n s 
in t he l i t e r a t u r e ^ give an e f f e c t i v e width for the 
surface of - 3 A. 
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Fig . 4 . The l a s e . frequency for resonance minus 
the frequency ca lcu la ted from the abrupt sur face 
model. (XBL 798-6722) 

TA b r i e f vers ion of LBL-10343. 
^Permanent address : Research Labora to r i e s , General 
Motors Corporat ion, Warren, Michigan 48090. 
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Fig. 3. Plot of the laser frequency versus the 
electric field at which transitions are observed. 

(XBL 798-6725) 

3. INFRARED EMISSION SPECTROSCOPY OF SURFACES 

Sh i r l ey Chiang, Roger G. Tobin and Paul L. Richard* 

We arc developing a technique for measuring the 
infrared emission from v i b r a t i o n a l modes of r>o!e-
cules adsorbed on a c lean , s i n g l e c r y s t a l zietsl 
su r face . We have constructed a high s e n s i t i v i t v . 
cooled in f ra red g ra t ing spectrometer which i* 
coupled t o an u l t r a - h i g h vacuum sample chamber 
equipped for t h e depos i t ion and c h a r a c t e r i z e : i.\~ 
of sub-monolayer layers of var ious ca*e? on cLeen 
su r faces . This apparatus i s showi in Fi£. 5 . 

Thermal emission from the sample .\: vcos rsurer-*-
t u r e i s s u b s t a n t i a l fo r wavelengths Icr.isrv :h.ir. 
3 um and provides t he inf rared si_cr..il fc^ich *.< 
focused onto t he entrance s l i : o : : l v c . ^ -
spectrometer . For improved ivrtVi^-r^-e x' * v r : v r 
wavelengths , i t i s pos s ib l e t o .*C.AZ" : V s****rrur 
for polar izat ion-modulated :r.:r.v.\v. - .vf.oc:. .v-
spectroscopy. 

High inf ra iwi se: is i t - .v. tv 
cool ing the conj\)vt nviYsvw 

h*s Sew; j ^ V - i - w . >*-
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Fig. 5. Horizontal cross section of the cooled infrared spectrometer 
attached to the UHV' surface apparatus. (XBL 8012-13382) 

helium temperature and using an extremely low noise 
photoconductive detector. The detector, developed 
for use in sa te l l i te astronomy, is noise limited by 
random fluctuations in the photon arrival rate, 
even with the very low background provided by the 
cold spectrometer. The - 5 cm"1 resolution of the 
spectrometer is sufficient, not only for the identi
fication of vibrational frequencies corresponding 
to molecules adsorbed at different s i tes on a single 
crystal surface, but also for the study of the 
lineshapes of these modes. Lineshape information 
has been inaccessible to electron energy loss 
spectroscopy with i t s poorer resolution.^ 

The sample is mounted in an ultra-high vacuum 
chamber where i t can be cleaned by ion bombardment, 
annealed by heating, exposed to a calibrated flux 
of gas molecules, and characterized by LEED and 
Auger spectroscopy. The combination of these 
conventional surface analysis tools with infrared 
vibrational spectroscopy, which can provide in
formation regarding the identity, location, and 
bonding characteristics of adsorbed molecules, will 
afford valuable insight into the properties of the 
surface and i t s interactions with adsorbed mole
cules. 

1. F. M. Hoffman and A. M. Bradshaw, Proceedings 
of the Seventh International Vacuum Congress and 
Third International Conference on Solid Surfaces, 
1167 (1977). 

2. H. Ibach, H. Hopster and B. Sexton, Applications 
of Surface Science 1, 1 (1977). 

4. NEW TYPES OF NEAR-MILLIMETER WAVE FILTERST 

Thomas T. Timusk* and Paul L. Richards 

The development of ultrasensitive far infrared 
detectors has placed heavy demands on our ability 
to make band-pass f i l ters to reduce background 
loading on the detector. We have developed new 
types of band-pass f i l ters for broad band photometry 
in the frequency range from 3 to 12 cm - 1 . The 
transmittance bands of these f i l ters are shown in 
Fig. 6. These f i l ters were developed for use in a 
new measurement of the spectrum of the cosmic 
microwave background radiation. The novel tech
niques used in the manufacture of these f i l t e r s , 
however, are applicable to a wide variety of 
experiments. 

The primary band limiting element in these 
f i l te rs is a Fabry-Perot interferometer. The 
interferometer is made by evaporating a square 
array of metallic squares (a capacitive mesh1) on 
each side of a Mylar polyester substrate. The 
transmittance of such an interferometer has a broad 
zero-order peak, a f i r s t order peak of moderate 
width, and narrow higher order response peaks. 
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Fig. 6. Overal l r e s p a n s i v i t y of a system of f i l t e r s 
designed t o measure the cosmic microwave background 
r a d i a t i o n . fXBL 8012-12955) 

There i s a l s o broad-band leakage a t much higher 
f requencies . Two in te r fe rometers in s e r i e s a rc 
used in f i r s t order t o def ine the primary pass -
band of t he f i l t e r . The h igher order peaks and the 
broad band leakage are blocked with black poly
e thylene and soda-lime g lass low-pass f i l t e r s . 
The Beer ' s law e x t i n c t i o n coe f f i c i en t for soda-lime 
g l a s s v a r i e s as frequency cubed, so t he f i l t e r 
onset frequency can be adjusted by varying the 
th ickness of t he g l a s s . 

A new type of inf rared high frequency pass 
f i l t e r was invented t o e l imina te the zero-order 
response. This i s t he th i ck g r i l l f i l t e r shown 
in F ig . 7. I t cons i s t s of a hexagonal close-packed 
array of ho les of diameter d d r i l l e d in a metal 
p l a t e whose th ickness i s about two hole d iameters . 
Since each hole ac t s as a waveguide c u t - o f t f i l t e r , 
t h e r e i s an extremely rapid decrease in transmit -
tance for frequencies below tha t of t he lowest 
frequency propagat ing mode in a c i r c u l a r wave
guide v c = 0.5S6/d. I t i s expected t h a t the 
techniques of o p t i c a l l i thography w i l l permit such 
f i l t e r s t o be made wi th cu t -o f f frequencies any
where in t he in f ra red . 

TA b r i e f ve r s ion of LBL-11931. 
Permanent Address: Department of Phys i c s , McMaster 
Univers i ty , Hamilton, On ta r io , Canada L85 4M1 
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Fig. 7. Transmission of a th i ck g r i l l f i l t e r . This 
high-pass f i l t e r cons i s t s of a p a t t e m of 1.4 mm 
diameter holes on a 1.6 mm spacing in a 3 nun th i ck 
metal p l a t e . (XBL 8012-12954) 

RESEARCH PLANS FOR CALENDAR YEAR 1981 

Surface Spectroscopy. The in f ra red emission 
apparatus descr ibed above for measuring the v ibra
t i o n a l spec t r a of molecules on metal surfaces w i l l 
be completed during the coming year . The f i r s t 
experiment w i l l be t o search for t he inf rared 
absorp t ions caused by metal-molecule v i b r a t i o n s in 
simple systems. I t i s an t i c i pa t ed tha t a newly 
a r r ived pos tdoc to ra l p h y s i c i s t Kill use an e x i s t i n g 
inf rared thermal de t ec t i on technique described in 
previous annual r e p o r t s t o search for low frequency 
sur face modes. 

One-dimensional Conductors. Our in f ra red da t a 
on the one-dimensional conductor NbSes w i l l be ex
tended t o h igher and lower frequency ranges and 
w i l l be subjected t « a more soph i s t i c a t ed a n a l y s i s . 
I t i s a n t i c i p a t e d t ha t we w i l l complete work on 
t h i s p ro jec t during the caning yea r . 
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Experimental Cosmology. The conclusion from our 
previous measurement of the cosmic background 
radiation was that the spectruu was close to that 
of a blackbody, but with significant deviations. 
A new balloon experiment, being developed for 
flight in 1981, will provide an independent tes t 
of these apparent deviations. This new experiment 
i s also well adapted to measure the anisotropy of 
the cosmic microwave background radiation. 

Our one-meter aperture balloon telescope is 
be jig readied for a second flight. This experiment 
is designed to survey the northern sky in seven 
far infrared wavelength bands. The primary 
scientific goal is to measure the temperature, 
density, and distribution of dust in our galaxy. 

Technology Development. A portable adiabatic 
demagnetization system has been constructed to cool 
a new generation of ultra-high sensitive far in
frared bolometric detectors to temperatures in the 
neighborhood of 100 mk. These more sensitive de
tectors will have application in both surface 
spectroscopy and cosmology. The demagnetization 
apparatus hss been successfully operated and will 
be completely characterized in the coming year. 

Current-dependent inverse frequency noise has 
been a long-standing limitation in the application 
of bolometric far infrared detectors to laboratory 
measurements which have significant photon flux 
background. Preliminary measurements have shown 
that ion-implanted contact techniques can eliminate 
this noise in the semiconducting chip used to 
measure the temperature of the bolometer. Our 
careful evaluation of bolometer peiformance has 
recently revealed that the thermal impedance between 
the semiconducting chip and the remainder of a 
composite bolometer seriously limits optical 
response in high backgrounds. Several solutions 
to this problem will be explored during the coming 
year. 

We are continuing to explore the detailed per
formance of photoconductive infrared detectors. 
Our present approach is to use Ge:Ga detectors 
produced with low compensation levels from ultra-
pure germanium starting material. These datectors 
show a dramatic increase in photoconductive gain 
compared with more highly compensated detectors. 
We are exploring the noise and responsivity of both 
low compensation and high compensation detectors 
as a function of background photon flux in order 
to understand deviations from ideal performance 
which reduce the practical u t i l i t y of these 
detectors. Any resulting improvement in detector 
performance will directly impact our surface emis
sion spectroscopy experiments. When detector 
performance i s understood sufficiently, i t should 
be possible to test experimentally some aspects of 
the theory of photon noise from thermal sources 
which were originally proposed by Einstein, but not 
yet tested in deta i l . 

1980 PUBLICATIONS AND REPORTS 
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b. Experimental Solid-Stale Physics and Quantum Electronics* 

Y. Ron Shen, Investigator 

1. SURFACE ENHANCED SECOND HARMONIC GENERATION' 

Chenson K. Chen, A. Rubens B. de Castro, and 
y. Ron Shen 

Surface enhanced Raman scattering (SERS) lias 
recently caused a great deal of excitement.1 It 
was found experimentally that the effective Raman 
cross-sections of some molecules on a roughened 
silver surface can be 10 s to 106 times larger than 
those of the same molecules in solution.2 Various 
mechanisms have been suggested to explain the en
hancement. Some involve molecular interaction be
tween the molecules and the metal (known as the 
chemical effect).1 Others rely on the electromag
netic interaction between molecules and metal (the 
electromagnetic effect).1 The chemical effect is 
often the main issue of discussion on SERS, evi
denced by the observation that only selective mole
cules on metal surfaces exhibit Raman enhancement.2 

However, there is difficulty in understanding how 
an allowed Raman transition of the molecules can 
have its strength increased by 10 6 through metal-
molecule interaction but have its corresponding 
Raman shift nearly unchanged. The electromagnetic 
effect, on the other hand, can lead to an enhance
ment of - 1114, with controlled surface preparation 
under ultrahigh vacuum. The local field created 
by local surface plasmon excitation on the rough 
surface structure is presumably responsible for the 
enhancement. Most likely, however, it is the com
bined force of the chemical effect and the electro
magnetic effect that gives rise to the total enhance
ment of ~ 10°. 

One would like to separate the chemical effect 
from the electromagnetic effect. This is, unfor
tunately, not easy with the molecules adsorbed on 
the metal surface, h'e realize, however, that if 
the local field enhancement picture is correct, the 
surface enhanced phenomenon should also be present 
for all nonlinear optical processes. If the metal 
surface alone has a detectable nonlinearity, the en
hancement on the nonlinear optical effect should be 
observable on a metal-air interface. Here, our 
recent measurements on second harmonic (SH) reflec
tion (2w at 0.53 nm) from smooth and rough surfaces 
of evaporated films and bulk samples of silver, 
copper, and gold are presented. Large enhancements 
due to surface roughness were actually observed. 

With the 1.06 urn TM input, the second harmonic 
signal from the smooth film was a well collimated 
beam in the direction of specular reflection and 
was polarized in the TM mode. The signal from an 
electrolytically roughened surface, however, was 

highly diffuse, nearly isotropic in angular distri
bution, and independent of both input and output 
polarizations. In both cases, the SH was gener
ated at a metal-air interface, with the input laser 
at a 45° angle of incidence. 

The spectra of the output signals are shown 
in Fig. 1 for silver. The second harmonic gener
ation was evidenced by the sharp peak at 0.55 vm. 
In addition, a broad spectral background, highly 
diffuse and extending from - 3500 A to the infrared 
(limited to - 6000 A by our detection system), 
also appeared. For the smooth film, the background 
was weak; but, for the rough surface, it was excep
tionally strong. 

The second harmonic signal from the electro
lytically roughened surface of bulk silver (total 
charge transfer - 65 mCoul/cm2), integrated over the 
2u emission solid angle, was found to be 1 x 10 4 

times larger than the collimated SH from the smooth 
film. Note that a similarly prepared surface pro
duced a surface Raman enhancement of - 10b for py
ridine. With less electrolytic cycling, both the 
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Fig. i. Spectral distribution of the nonlinear 
signal from a rough bulk silver sample. 
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second harmonic and the background output became 
weaker, indicating that roughness was essential for 
the observed background and signal enhancement. 

The laser power dependency of the second har
monic signals from the smooth and rough surfaces 
were also measured. In all cases, the SH signal 
was quadratic in laser power, as shown in Fig. 2. 
For the electrolytically cycled bulk silver samples, 
the power dependency of the broadband background 
was found to be - I(ui)3 on the anti-Stokes side and 
between ](w)2 and I(w) 3 on the Stokes side, and the 
pulse shape closely resembled the pump laser pulse. 
However, for the electrolytically cycled silver 
films (charge transportation < 25 mC/cm2), the 
power dependency of the broadband background was 
found to be - I(i»i)D on the anti-Stokes side and 
~ I(u) 3 on the Stokes side. 

Similar results were obtained for gold, al
though both the second harmonic signal and the lum
inescence background from the rough surface was 
much weaker. The observed enhancement for second 
harmonic generation at the electrolytically cycled 
surface was - 10 3. For copper, the broadband lum
inescence from the rough surface was several times 
stronger than in silver, and masked off the narrow
band second harmonic signal. Consequently, we were 

only able to say that the surface enhancement for 
SH on copper, if any, was less than 5 x 10 3. 

Using the theory of local field correction due 
to plasmon resonance on rough structure, we esti
mated from our experimental result a local field 
enhancement factor of - 20. This value of local 
field correction is very reasonable considering that 
on a smooth silver-air interface, the field enhance
ment due to surface plasmon excitation can already 
be as high as - 20. Copper and gold are expected 
to have smaller L(io) because of the larger values 
in their Im(e(u>)), Measurement o£ the frequency 
dependence of enhanced second harmonic generation 
on Tough surfaces is currently in progress. 

Brief version of LBL-11596. 
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Fig.- 2. Power dependencies, of the nonlinear signal 
on silver. The upper and lower solid curves show 
the quadratic dependency of the diffuse SH signal 
from the rough bulk sample and of the collimated SH 
signal from the smooth film, respectively; the 
dashed curve shows the cubic dependency of the 
diffuse anti-Stokes signal from the rough bulk 
sample. (XBL-809-S841) 

2. LOCAL REFiiACTIVE INDEX MEASUREMENT OX A 
CHOLESTERIC LIQUID CRYSTAL USING THE SURFACE 
PLASMON TECHNIQUE* 

Nan-Ming Chao,? Kung-Chao Chu, and Y. Ron Shen 
Reports on refractive index and optical bi

refringence measurements of liquid crystals have 
appeared frequently in recent literature,! but few 
deal with materials in the cholestcric phase. This 
is presumably because of the difficulty in ex
tracting the "local" refractive indices from the 
measured quantities, owing to the helical structure 
of the cholesterics. The information of the local 
refractive indices in a plane perpendicular to the 
helical axis is nevertheless very important, since 
the corresponding linear birefringence reflects the 
orientational ordering of molecules in that plane. 

Several methods are commonly used to determine 
refractive indices (or birefringence) of cholesteric 
liquid crystals, including the Abbe refractometer 
method, the optical rotatory dispersion (ORD) meth
od, and the circular dichroism (CD) method. These 
methods, however, are rather inaccurate. We pro
pose a surface plasmon technique which allows us 
to determine the local refractive indices of a cho
lesteric to an accuracy of < 10-4, clearly better 
than the other techniques. 

A surface plasmon is a transverse magnetic 
electromagnetic wave traveling along the interface 
between a metal and a dielectric. It decays expo
nentially in directions normal to the interface 
with decay lengths of the order of X/u, where \ is 
the wavelength in the boundary media, so that its 
propagation characteristics are quite sensitive to 
the property of the dielectric mediim. In our ex
periment, we used Kretschmann's scheme2 to excite 
the surface plasmon on an interface between the 
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metal and the cholesteric, as shown in Fig, 3. The 
reflected TM wave was monitored as a function of 
the incident angle. The resulting reflectivity 
curve was then fit by the theory of linear reflec
tion using the refractive indices as adjustable 
parameters, and the refractive indices were de
duced. 

The sample, arbitrarily chosen, was a 
1.75:1.00 mixture of cholesteryl chloride and cho-
lesteryl myristate. This was inserted in a two-
stage temperature controlled oven that was in turn 
mounted on a rotating stage driven by a stepping 
motor. The temperature stability could be better 
than 1 mK. 

Typical reflectivity curves at T<T C and T>T(-, 
obtained with a CW He-Ne laser, are shown in Fig. 4, 
where T c is the isotropic-cholesteric transition 
temperature. The theoretical fit is shown as solid 
lines in the figure. The local refractive indices 
n,- n, in the quasi-nematic layer of the cholesteric 
liquid crystal deduced are shown in Fig. 5. The 
accuracy of these n values, -. 10"^, was limited by 
the angular resolution of our apparatus (0.01°). 

The orientational order parameter is one of 
the most important quantities of a liquid crystal. 
It is commonly believed that the cholesteric struc
ture can be regarded as a twisted nematic or that a 
nematic is a special case of cholesterics with an 
infinite pitch. Thus, the molecular orientational 
ordering of a cholesteric in the planes perpendicu
lar to the helical axis should resemble that of a 
nematic in the bulk, and the theory of molecular order
ing for a nematic should apply equally well to the mo
lecular ordering in the quasi-nematic layers of a choles
teric. The local birefringence An = iv- n, can be 
used as the orientational order parameter Tor mole
cules in the quasi-nematic layers. We can therefore 
compare the experimental values of An with the theo
retical models for nematic ordering, as shown in 
Fig. 6. Here, the solid curve was obtained from 
the Maier-Saupe mean field theory^ and the dashed 
curve from the improved theory of Humphries, James 
and Luckhurst (HJL).4 The latter is in excellent 
agreement with our results. As a comparison between 
cholesterics and nematics, we have also plotted in 
Fig. 6 the order parameter results of anisaldazine 
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Fig. 4. Reflectivity curves versus the angle of 
incidence 6i at T < T c and T > T c. The solid curves 
are theoretical curves obtained by nonlinear least 
square fitting. (XBL 804-5004} 

from the optical anisotropy measurements and MBBA 
from the Raman scattering measurements. The good 
agreement of these different sets of data with the 
theoretical curve of HJL indicate first, that the 
HJL theory is a valid description of the nematic 
ordering, and second, that the molecular ordering 
in the planes perpendicular to the helical axis of 
a cholesteric is indeed neraatic. 

Brief version of a paper of the same title sub
mitted to Mol. Cryst. Liq. Cryst. This work was 
supported by the National Science Foundation under 
Grant No. DMR78-18826. 
On leave from Tsinghua University, Beijing, 
People's Republic of China. 

Fig. 3. Schematic of the sample assembly. 
* (XBL 804-5003) 
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Fig. 5. Refractive indices of the mixture of 1.75 
cholesteryl chloride and 1 cholesteryl myristate 
versus .temperature. (XBL 804-5006) 
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Fig. 6. Theoretical and experimental order param
eters <?2> versus temperature: the solid line is 
obtained from the Maier-Saupe theory and the dashed 
line from the Humphries-James-Luckhurst theory with 
parameters A = - 0.5S and y = 10. Squares are 
values deduced from measurements of optical aniso-
tropy of anisaldazine in the nematic phase. Circles 
are results from Raman scattering in MBBA. Tri
angles are normalized /in values for the cholesteric 
mixture. (XBL 804-5008) 
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3. SURFACE NONLINEAR OPTICS' 

Chenson K. Chen, A. Rubens B. de Castro, and 
Y. Ron Shen 

Surface plasmons (SP) are electromagnetic waves 
propagating along a metal-dielectric interface with 
field amplitudes confined to the interface. Al
though their existence was predicted as early as 
1909, it was not until the attenuated total reflec
tion (ATR) technique1 was developed in 1968 by Otto 
and improved in 1971 by Kretschmann (see Fig. 7) 
that surface plasmons have become a useful surface 
probe. In recent years, surface plasmons have had 
interesting applications in the study of over-
layers and molecular adsorption on surfaces, in the 
probing of phase transitions, and in the measure
ment of refractive indices. In our laboratory, we 

Fig. 7. Kretschmann geometry for exciting surface 
plasmons. The fields incident on the prism excite 
surface plasmons at the metal-dielectric inter
face. (XBL 8011-6281) 

have been interested in the nonlinear interaction 
of surface plasmons for two reasons: first, although 
nonlinear optics in the bulk is a well-developed 
field, surface nonlinear optics has been relatively 
unexplored; and second, we would like to study the 
possibility of using surface nonlinear optics for 
material studies. 

The theory of nonlinear interaction of sur
face plasmons is governed by the nonlinear Maxwell 
equations, 

V* (V xE(co)) - 4 EM =^flM 

v • (B + 417? L) = 0 

with the nonlinear driving term 

1^(») r N L : i ( W l ) . . . i„( U .) 

(1) 

(2) 

where J^tu^) . . . ^(^n) are the input surface 
plasmon fields. Equation (1) can then be solved in 
a straightforward manner using appropriate bound
ary conditions. 

Harmonic Generation by Surface Plasmons. The 
simplest nonlinear optical process is optical sec
ond harmonic generation. Second harmonic genera
tion by SP i s , in fact, readily observable even at 
an air-metal interface, as f i r s t demonstrated by 
Simon and coworkers.2 In this case, metal is the 
nonlinear medium. However, i t s second-order non-
linearity is small because of the existence of in
version symmetry. The induced second-order non
linear polarization arises from electric-quadrupole 
and magnetic-dipole contribution and can be written 
in the form 
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P f 2 J(2aO = a(£ • V)t + B(v • £)£ + y£ x g. (3) 

Prom the wavevector matching condition, i t is 
easily seen that two counter-propagating fundamen
tal SP should generate a bulk second harmonic output 
propagating along the surface normal.3 However, 
the corresponding nonlinear jjolarization obtained 
from \U\. (3) has a vanishing component parallel to 
the surface. Consequently, no second harmonic gen
eration along the surface normal should be observed. 
He have verified experimentally that this ii- indeed 
the case, liy varying the angle between the two 
fundamental SP, we should be able to determine the 
coefficients o, B, and y in £q. (3) separately. Such 
work is s t i l l in progress. Harmonic generation by 
SP is actually a viable method for studying optical 
nonlincarity of metals. 

The second harmonic generation can be greatly 
i-nhanced if, in tiie above case, a i r is replaced by 
a nonlinear dielectric medium, for example, quartz 
or KDI\ The process is now dominated by the non-
linearity of the nonlinear dielectric. Symmetry 
of the medium generally allows the existence of a 
nonlinear polarization component parallel to the 
surface, even for counter-propagating SP. Thus, 
second harmonic generation_along the surface normal 
becomes easily observable. J The one-to-one corre
spondence between the propagation direction of the 
second harmonic beam in the three-dimensional space 
and the interaction geometry of the two SP in the 
two-dimensional plane may find applications in in
formation processing. 

We have also observed third harmonic generation 
by surface plasmons at a metal-methanol interface. 
The nonlinearity was dominated by the liquid as the 
signal was reduced beyond detectibili ty when the 
methanol was replaced by a i r . The experimental set
up is shown in Fig. 8, with the fundamental surface 
plasmon at 1,06 urn excited in the Kretschmann 
configuration, and with the third harmonic sig
nal detected on the prism side. The results are 
shown in Fig. 9. As expected, the third harmonic 
signal is maximum when the surface plasmon i s 
optimally excited, and in addition, was monochro
matic at 0.35 Mm and TM polarized with - 1 mrad 
beam divergence. From the observed signal and using 
the solution of the nonlinear Maxwell equations, we 
estimated that for methanol xfj}7(3u -w + w + oi) 
- 3 x 10-14 e s u . l l i l 

Surface CARS. Coherent anti-Stokes Raman spec-
troscopy CCARSJ has recently become a useful non
linear spectroscopic technique. Recently, we dem-
monstrated the feasibility of surface CARS at a 
silver-benzene interface, using the setup shown in 
Fig. 10 . 4 Physically, two input surface plasmons 
at frequencies oil and 0J2 beat with one another in 
the benzene, creating a nonlinear polarization at 
2(ui - ii>2* T ^ i s i n t u r n excites a surface plasmon 
at the anti-Stokes frequency. The surface CARS 
signal is maximized when the input surface plasmons 
are optimally e zited, the frequency difference 
mi - ii)2 is adjusted to a Raman resonance of the 
benzene, and the phase matching condition is sat
isfied. Here, additional surface CARS results in 
pyridine and absorbing media are presented. For 
surface CPnS at a silver-pyridine interface, the ex
perimental resonant spectrum of the anti-Stokes output 

s'" J 

(**» ROTARY TABLE 
PHOTOWODE 

(b) 

Fig. 8. (a) The sample assembly, (b) Schematic of 
the experimental setup. (XBL 8011-6283) 

was obtained by scanning LUJ - tu2 as shown in Figs, 11-12, 
in good agreement with the theoretical prediction. 
For an input of 2.8 mJ/cm^ at mi and 32 mJ/cm^ at 
W2 with a pulsewidth of 30 ns and a beam cross sec
tion of 0.25 cm2, the measured signal at the res
onance 991 cm"1 peak is 1,5 * 10^ photons/pulse, 
while the theoretical prediction is 3.3 * 10^ pho
tons/pulse. Other characteristic features of the 
observed anti-Stokes output also agree well with 
the surface CARS prediction. 

Surface plasmons actually have rather short 
attenuation lengths H because of the large loss 
in the metal. Typically, 1= 1/K" ~ 10 urn on silver 
in the visible. .Tiis means that the interaction 
length in surface CARS is only of the order of 
10 \M. Even if the dielectric medium is strongly 
absorbing, the anti-Stokes is not expected to be 
appreciably reduced by the absorption. We have 
tested this expectation with a 1:2 acetone-benzene 
mixture on silver. When 1.1 mM of oxazine 725 is 
dissolved in the solution so that i t has an absorp
tion coefficient of a - 400 on" 1 at the anti-Stokes 
frequency, the anti-Stokes output remains essenti
ally unchanged. 

In summary, surface CARS has the characteris
tics of large induced nonlinear polarization, small 
field penetration depth into the medium at the sur
face, short nonlinear interaction length, a highly 
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Fig. 11. Surface GARS signal versus wi - u? near 
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Fig. 9. (a) Reflect!vity of the incident laser 
beam versus 6; e is defined in Fig. 8(a). (b) Third 
harmonic intensity versus 0. (XBL 8011-6284) 
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Fig. 10. (a) Prism-metal-liquid assembly for the 
surface CARS measurement. Beam 1 is in the x-z 
plane, but beam 2 and the output are not. (b) Wave 
vectors in the glass prism, with components in the 
x-y plane phase matched, (c) Diagram of the appara
tus: IF is an interference f i l te r and L is a lens, 
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directional coherent output, and the possibility 
of an effective reduction of luminescence back
ground. Surface CARS can therefore be used to study 
materials with strong absorption and luminescence, 
thin films, molecular overlayers, and adsorbed mole
cules, and other surface specific problems. Sur
face CARS output increases with the input laser 
intensities as I 2 (OJI)I(OJ2). Ulti."na£e sensitivity 
is limited by optical damage on the surface. Since 
the damage usually has a fluence threshold rather 
than an intensity threshold, the ultimate sensitiv
ity of surface G\RS can be greatly improved by using 
picosecond pump pulses. From our experimental re
sults with Q-switched pulses, we can estimate an 
output of - 10^ photons/pulse for benzene on silver 
from an input of 10 tJ/pulse with a pulse width of 
10 ps and a focal spot of 0.15 mm2. The signal 
will reduce by a factor of 104 to 10$ if there is 
only a monolayer of benzene molecules on si lver. 
Thus, with picosecond pulses, surface CARS should 
be sensitive enough to detect a submonolayer of 
adsorbed molecules. 
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1. A. O t t o , Z. Phys. 216, 398 (1968); E . Kretsch-
mann, Z. Phys. 241_, 313~tT971). 
2. H. J . Simon, D. E. Mi t che l l , and J . G. Watson, 
Phys. Rev. Le t t . 33, 1531 (1974]. 
3. C. K. Chen, A. R. B, de Cas t ro , and Y. R. Shen, 
Opt. Le t t . 4, 593 (1979). 
4. C. K. Chen, et a l . Phys. Rev. Lett. 43, 946 
(1979). ~~ 

wave? IVhich phonon relaxation time would the time-
delayed CARS measure? If the existence of two-pho-
non bound states and the simultaneous creation of 
two coherent phonon waves are not l ikely, does the 
correspondence between spontaneous Raman scattering 
and CARS break down in the rwo-phonon or multipho-
non cases? Would the two-phonon CARS then be ob
servable? Although CARS has been well developed in 
recent years, no experimental observation of two-
phonon CARS has ever been reported. 

By treating phonons as waves and coherent Raman 
scattering as the result of photon-phctnon wave 
coupling, we can show that two-phonon CARS should 
yield a third-order nonlinear susceptibility that 
is proportional to the two-phonon Raman cross-sec
tion, i f the phonon occupation number is nearly 
zero. This is usually the case since high-frequency 
phonons are always highly damped. However, i f the 
incoming pimp fields at ul and u>2 are very strong, 
the two phonon waves can be generated by a para
metric amplification process with a resultant expo
nential growth. Then the two-phonon CARS will yield 
a spectrin! very different from a normal CARS spec-
trim, although the resonance s t i l l occurs a t the 
frequency wi-w? =2'iTjhpnon* N o two-phonon bound 
s t a t e i s needed for t he observat ion of two-phonon 
CARS. Two^phonon Raman l i n e s can be as sharp and 
s t rong as one-phonon Raman l i n e s , and should t h e r e -
to re be observable . Our d e r i v a t i o n here a l s o shows 
t h a t the t ime-delayed CARS s i g n a l should decay ex
ponen t i a l l y with a time cons tant given by t he i n 
verse of the sum of the damping constants of the 
two phonons. 

TWO-PHONON COHERENT ANTI-STOKES RAMAN 
SCATTEUING+ 

Brief vers ion of LBL-10715. 

Y. Ron Shen 

Laser Raman spectroscopy has been most va lu
ab le for study of two-phonon Raman s c a t t e r i n g . The 
high sensitivity of the technique allows the probing 
of details in the two-phonon spectra. Recently, 
coherent anti-Stokes Raman scattering (CARS) (or 
coherent Raman spectroscopy in general) has been 
developed. It has been suggested that the la t ter 
technique can yield as much or more information 
than the conventional Raman scattering technique. 
This expectation follows from the general conviction 
that the third-order nonlinear susceptibility govern
ing CARS should be proportional to the product of 
two Raman matrix elements (or in the off-resonance 
case, proportional or nearly proportional to the 
Raman cross section). The classical description of 
one-phonon CARS is as follows: The incoming laser 
waves at toi and w2 heat in the crystal to create a 
coherent phonon wave at MI - W2 — ^honon* w n i c n *n 
turn coherently s c a t t e r s the laser beam a t wj t o 
generate an anti-Stokes wave a t wa = 2u>i - n>2. 
Questions now a r i s e a i how the two-phonon CARS 
should be described. Does the beating of the pump 
waves a t wi and u2 c rea te simultaneously two coher
ent phonon waves, these two waves then in te rac t ing 
simulr-jieously with the wave a t an. to generate the 
ant i -Stokes output? Or i s the phonon wave gener
ated ac tua l ly a coherent two-phonon bound-state 

S. NONLINEAR SPECTROSCOPY BY MULTIRESONANT FOUR-
WAVE M I X I N G + 

Jean-Louis Oudar* and Y. R. Shen 

Four-wave mixing is a well-known nonlinear 
optical effect. It describes a mixing process in 
which three propagating light waves interact non-
linearly in a medium and generate a fourth wave. 
The third-order nonlinear susceptibility that 
governs the process should exhibit resonances char
acterist ic of the medium. They can be probed 
through the resonant enhancement of the four-wave 
mixing output. Thus, the process can be used as a 
tool for spectroscopic studies. With the recent 
advances of tunable lasers, i t is being rapidly de
veloped into an important practical spectroscopic 
technique for many applications, including chemical 
analysis, combustion research, studies of material 
properties, etc. The most important advantages of 
this technique are i t s capability for high-resolu
tion spectroscopic study, elimination of strong 
fluorescence background, and time-resolving mea
surements of ultrafast dynamic properties. 

In most four-wave mixing experiments reported 
in the l i terature, single resonances of the third-
order nonlinear susceptibility are usually probed 
and studied. Singly resonant four-wave mixing has 
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the merit that the experimental arrangement is re l 
atively simple and interpretation of the results is 
often straightforward. I t generally yields the 
kind of spectroscopic information one would obtain 
from one-photon or two-photon transition measure
ments. In comparison to ordinary Raman scattering, 
four-wave mixing with double or t r iple resonances, 
like resonant Raman scattering, should be able to 
yield more selective spectroscopic information. In 
addition to the resonant frequencies, the dipole 
matrix elements between selective states can, in 
principle, be deduced. Extremely strong resonant 
enhancement is of course also expected in doubly or 
triply resonant four-wave mixing, as has been dem
onstrated in recent experiments. Druet et a l . 1 

have recently shown that i t is also possible to 
obtain Doppler-free spectra with doubly and triply 
resonant four-wave mixing. 

We give here a thorough discussion on the vari
ous problems involved in doubly and tr iply resonant 
four-wave mixing processes. We have derived ex
pressions for third-order nonlinear susceptibil
i t ies under different resonant conditions. Both 
one-photon and two-photon resonances are explicitly 
displayed, including a predicted two-photon res
onance between two excited states. Since real ab
sorption occurs in resonant four-wave mixing, the 
nonlinear susceptibilities may consist of a part 
involving only transverse relaxation and a part 
involving also longitudinal relaxation. The la t ter 
often dominates if the longitudinal relaxation time 
is much longer than the transverse relaxation time. 

The resonant spectrum of a singly resonant 
third-order susceptibility is usually dominated 
by inhomogeneous broadening. This is not the case 
with double and tr iple resonances. Whenever there 
is a product of two resonant denominators with 
damping constants of opposite signs, the inhomo
geneous broadening of the corresponding resonant 
line of the nonlinear susceptibility can be greatly 
reduced. This can be considered as a generaliza
tion of the saturation spectroscopy. We show theo
retically how the Doppler-free spectrum can be ob
tained by doubly or triply resonant four-wave mix
ing, and extend the consideration to ions or mole
cules in solids. 

The output of four-wave mixing in doubly and 
triply resonant cases is often complicated by absorp
tion at the pump frequencies and/or the output fre
quency. Absorption reduces the active length of 
interaction, limits the pump intensity, and broadens 
the phase-matching peak. Moreover, the dispersion 
of absorption near resonance distorts the resonant 
structure of four-wave mixing and makes the four-wave 
spectrum difficult to interpret. We have studied 
how the output depends on resonances, absorptions, 
and polarizations of the four waves, and show that 
i t is possible to eliminate the dispersion effect of 
absorption by polarization measurements. 

Resonant four-wave mixing can provide detailed 
spectroscopic information about various transitions. 
We have considered a number of physical problems 
in which the application of resonant four-wave mix
ing spectroscopy is most attractive. From the res
onant four-wave mixing spectra, both the transition 
frequencies and the transition matrix elements can 

be deduced. In some cases, spectra with reduced 
inhomogeneous broadening can be obtained. This is 
most interesting for studies of Raman transitions 
between excited states because they cannot be 
studied by other techniques. Doubly or triply res
onant mixing with an induced population change also 
leads to a measurement of the longitudinal relaxa
tion times for various s ta tes . Then, by observing 
the difference between different but related res
onant four-wave mixing spectra, one should be able 
to distinguish resonant Raman scattering and res
onant flourescence, which has been a controversy 
in recent years. 

Finally, we give some consideration to the 
practical experimental problems. The incoherent 
scattering and luminescence background can be min
imized by spatial and frequency filtering, and in 
some cases, by time discrimination. The nonres-
onant background of the resonant mixing spectrum 
i s most effectively suppressed by induced gain or 
loss spectroscopy or by polarization arrangement. 
The signal-to-noise ratio of four-wave mixing is 
studied. In most cases with pulsed laser sources, 
the noise arises mainly from laser intensity fluc
tuations. With the polarization-sensitive four-
wave mixing, however, this type of noise is prac
tically eliminated. 

* * * 

'Br ief vers ion of IBL-10ZOQ. 
^Permanent address : CNET, Department RPM, 196 
rue de P a r i s , 92220 Bagneux, France. 
1. S. A. J . Druet , J - P . E. Taran, and Ch. J . 
BordS, J . de Physique 4£, 841 (1979). 

6. EXPERIMENT ON NIULTI-RESOXANT FOUR-WAVE 
MIXING* 

Robert W. Smith and Y. R. Shen 

The theory of mul t i - resonan t four-wave mixing 
i nd i ca t e s severa l i n t e r e s t i n g fea tures to be ex
amined exper imenta l ly . Most no tab le among these 
a re the l ineshapes of the processes which should 
show the narrowing wel l below the inhomogeneous 
width i f t he homogeneous width i s much smal le r . 
Also, i t should be poss ib le t o determine d ipole 
matr ix elements and Raman p o l a r i z a b i l i t i e s between 
var ious l e v e l s of t he ma te r i a l system using these 
non l inea r techniques . Because ions in condensed 
mat te r can provide sharp e l e c t r o n i c t r a n s i t i o n s 
t h a t show inhomogeneous s t r a i n broadening, they 
a r e nea r ly idea l t o demonstrate t he fea tures of t he 
mul t i - resonant s u s c e p t i b i l i t i e s . Furthermore, the 
four-wave mixing techniques can be used to study 
the phys ica l parameters of the i o n s , which to da te 
have been s tud ied mostly by absorpt ion and f luo
rescence techniques . 

We used in our experiment a sample of LaF3:l t 
F T , and s tud ied t he t r i p l y resonant RIKE (Raman i n 
duced Kerr e f fec t ) process involving resonant t r a n s 
i t i o n s 3H,J •* 3PQ -*. 3HJJ , From the l i n e a r absorp t ion 
and l a s e r emission threshold measurements of t he 
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sample, we could derive the oscillator strengths 
for the JH4-»• 3pQ + 3Hs transitions from which we 
estimated tlie third-order nonlinear susceptibility 
for the triply resonant RIKE process to be 

fx C 3 ) ) U R Jmax . 2 xio esu. 

Ihis indicated that the RIKE signal could be easily 
detected, and indeed even with flash-pumped dye 
lasers, we could measure the RIKE spectrum as shown 
in Fig. 13 and found 

txJ R' max = 4.8 <10 

with an estimated error of about ± 30S due to the 
errors in measuring the intensity at u>i and tlie only 

approximate plane wave beam profiles. From this 
value of Kx^maxl. we obtained a more accurate 
value for the electric dipole matrix element 
<3p IMI^HB* = 9 - 7 10' 21 

Of interest also in this t r ip le resonance case 
is the predicted lineshape of the susceptibility--
both as a function of ui and w2- According to the 
theory, the resonant RIKE spectrum as a function of 
w2 should show a line narrowing from the inhomo-
geneous broadening (the expected narrow linewidth 
in tlie absence of accidental degeneracy is the sum 
of the homogeneous linewidths of the two transi
tions) , while the spectrum as a function of wi 
should resemble the linear absorption spectrum. 
We found that this is indeed the case as shown in 
Figs. 13 and 14. 

16705 16704 16703 
(cm - 1) 

16702 

Fig. 13. RIKE spectrum with ui exactly on res
onance. Plot of output signal through crossed 
polarizer as u>2 is scanned. (LBL-807-5549) 
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Fig. 14, Pealc RIKE s u s c e p t i b i l i t y as u, i s scanned across the one-photon resonance, 
(a) Gaussian f i t t o d a t a ; fb) Lorentzian f i t to same da ta . (XW. 8(17-5550) 

'Br ie f ve r s ion of LBL-11518. 

7. LASER INTERACTION WITH MOLECUIJXR BEAMS 

V. Ron Shcn, in co l l abora t ion with Yuan T. Lee 's 
group. 

See Sec t ion on Molecular Beam Laser Isotope 
Separat ion. 

RESEAftGl PLANS FOR CALENDAR YEAR 1981 

Second harmonic genera t ion from an i n t e r f a c e 
between media with invers ion symmetry should be 
s e n s i t i v e enough to de tec t a s i n g l e monolayer of 
adsorbed molecules a t the i n t e r f a c e . Experiments 
w i l l be performed to t e s t the idea . Different ad
sorbed molecules on d i f f e r e n t surfaces w i l l be 
t r i e d . In p a r t i c u l a r , molecules adsorbed on metal 
and semiconductor surfaces i n an e l e c t r o l y t i c 
process w i l l be s tud ied i n more d e t a i l . Experiments 
on molecular monolayers on surfaces i n high vacuun 
w i l l a l so be considered. The r e s u l t s may find im
por t an t app l i ca t ions in the study of l i q u i d - s o l i d 
and gas - so l id i n t e r f a c e s . 

Sum-frequency generat ion of adsorbed molecules 
should a l s o be observable , With a tunable l a s e r , 
i t i s then poss ib le to record the spectrum of the 
adsorbed molecules. This experiment w i l l be per
formed with a Nd:YAG l a s e r toge ther with an op t i ca l 
parametr ic o s c i l l a t o r . The r e s o l u t i o n i s expected 

to be l e s s than 1 cm"l, far b e t t e r t h a . for e l e c 
t ron loss spectroscopy. The technique , i f success
fu l , i s unique for study oi adsorbed .olecules a t 
l i q u i d - s o l i d i n t e r f a c e s . 

A rough s i l v e r surface can c-nh ice a nonl inear 
o p t i c a l process a t the surface by r.Jiy orders of 
magnitude. I t i s the re fore expected tha t coherent 
an t i -S tokes Raman s c a t t e r i n g (.CARS) from adsorbed 
molecules on the rough surface v: be observable . 
The experiment w i l l be c a r r i e d .t on CX or p y r i 
dine adsorbed on e l e c t r o l y t i c ; ! ' .- roughened s i l v e r 
sur face . The CARS spectrum o: _S or pyr id ine w i l l 
be measured. 

Surface-enhanced Raman m a t t e r i n g (SERS) w i l l 
be s tud ied by sur face plasmon e x c i t a t i o n in an 
e f f o r t t o determine the r e l a t i v e con t r ibu t ion of 
the sur face f i e l d t o the enhancement. Weakly 
cycled s i l v e r fi lm in e l e c t r o l y t i c s o l u t i o n with 
adsorbed pyr id ine w i l l be used in the experiment. 
.Aside from the macroscop J sur face plasmon enhance
ment, fur ther enhancemei t from l o c a l f i e l d e f f ec t s 
due t o sur face roughne^• and molecule-metal i n t e r 
ac t ion is expected. 

Opt ical n o n l i n e a r i t i e s of metals have r a r e l y 
been s t u d i e d . This : s because metals a re opaque 
t o l i g h t . I t i s , hr.vever, poss ib le t o s tudy the 
n o n l i n e a r i t i e s by surface plasmon e x c i t a t i o n or by 
nonl inear r e f l e c t i o n . Second harmonic genera t ion 
and third-harmonic generat ion irom metal surfaces 
w i l l be performed. The r e l a t i v e magnitudes of 
e l e c t r i c - q u a d r u p l e and magnet ic-dipole cont r ibu
t i o n may be deduced from the angular d i s t r i b u t i o n 
of the ou tput . 

In seconu harmonic generat ion from . „*tal su r 
faces , a broad luminescence background has been 
simultaneously observed. Tne phys ica l mechanism 
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giv ing r i s e to t h i s luminescence background i s not 
y e t understood. Measurements of the spectrum as 
a funct ion of l a s e r i n t e n s i t y , angular p o s i t i o n , 
t empera ture , e t c . , may he lp in unravel ing the mys
t e r y . Multiphoton e x c i t a t i o n and phonon-assis ted 
emission may be respons ib le for the luminescence. 

A mode-locked picosecond l a s e r system w i l l be 
in i t s f i n a l cons t ruc t ion s t a g e . I t w i l l be used 
t o pump an o p t i c a l parametr ic o s c i l l a t o r t o y i e l d 
a tunab le in f ra red source . The system w i l l be 
t r i e d out on a sur face nonl inear op t i c s pr Mem. 
The high peak i n t e n s i t y with l imi ted energy per 
pu l se w i l l g r e a t l y improve the s igna l - co -no i se 
r a t i o of the output without reaching the surface 
damage th resho ld . 

Resonant four-wave mixing as a spectroscopy 
technique w i l l be t e s t e d on magnons in magnetic 
c r y s t a l s . The inhomogeneous broadening of the twa-
magnon l i n e s may be suppressed by the wave mixing 
technique . Transient resonant fou: *-ave mixing 
with picosecond pulses w i l l a l so be considered. 
Emphasis w i l l be on measurements of l i f e t imes and 
energy t r a n s f e r . 

A t h e o r e t i c a l study w i l l be made on the r e l a 
t i o n between anharmonicity and phonon l o c a l i z a t i o n . 
Nei ther loca l modes nor extended phonons can cor
r e c t l y desc r ibe the e x c i t a t i o n of anharmonic s o l i d s . 
T r a n s i t i o n from the loca l o s c i l l a t o r p i c t u r e t o t he 
extended phonon p i c t u r e should occur i f one could 
cont inuously increase the phonon d i s p e r s i o n . This 
appears as a phonon analog t o the m e t a l - i n s u l a t o r 
t r a n s i t i o n . 
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c. Excited Quantum Fluids in Solids* 

Carson D. Jeffries, Investigator 

Introduction. When light strikes a cold semi
conductor, Ge or Si for example, the excited 
electrons and holes quickly combine to form free 
mobile excitons (FE) and even multiexciton com
plexes, such as the free biexciton in Si. Pokrov-
skii discovered that the exciton gas makes a 
first-order condensation into a Fermi liquid, 
electron-hole droplets (HID) which are metallic 
and mobile. This transition has many of the 
classical aspects of the water vapor-fog droplet 
condensation. However, the BID constitute a 
novel state of matter. In pure Ge, i t is a cold, 
dense, multicomponsnt, anisotropic, compensated 
plasma of constant density (2 x 1017 electrons 
and holes per cm5). This liquid is a collective 
excited state of the crystal lat t ice with a l ife-
tiste of 10"4 sec and is the f irs t example of a 
Fersi liquid in a periodic la t t i ce . We have 
studied in detail many of i t s properties, in
cluding the nucleation process; motion and dif
fusion of droplets; confinement of sizeable 
volumes of the liquid in potential wells of crys
tal strain; magneto-oscillatory phenomena; un
usual magnetic properties; Alfve*n wave dimension?•" 
resonances; lifetimes, decay mechanisms and phonun 
interactions in stressed and unstressed crystals; 
optical hysteresis and memory; droplet surface 
tension, and compressibility of the liquid. We 
are also studying novel properties of free excitons 
in Fe in a strain well, where long lifetimes and 
novel decay mechanisms have been found. Crystals 
of Ge are being used as self-resonators in an ul-
trjL-high sensitivity study of spin resonance, and 
a novel emissive magnetic dipole transition has 
been discovered which is probably due to defect 
s ta tes . 

1. FREE EXCITONS IN Ge; A NEW OUTLOOK 

James C. Culbertson, John E. Furneaux, and 
Carson D. Jeffries 

The decay of free excitons (FE) in Ge at 
liquid helium teiaperatures has been poorly un
derstood. In unstressed Ge, the FE radiative 
lifetime (TTX) i s estimated (see Article 2) to 
be about 600 us. Actual measurements of the FE 
lifetime (jx) v a r V f r o m 1 to 30 us. • The large 
nonradiative recombination rate [(lAnrx)] i s not 
yet understood. Impurities, dislocations, and 
surfaces may a l l act as recombination s i tes . Since 
i t is est.unated trx»Tx* the *E lifetime is pre
dominantly due to nonradiative mechanisms 
T x * Tnrx- I n stressed Ge where the conduction 
and valence band degeneracies are removed, the 

This work was supported by the Director, Office 
of Energy Research, Office of Basic Energy 
Sciences, Materials Sciences Division of the 
U. S. Department of Energy under Contract No. 
W-7405-ENG-4B. 

FE radiative lifetime i s estimated (Article 2) to 
be 2.8 ms. By confining free excitons in a strain 
induced potential well, we have measured FE decay 
curves as a function of temperature and s t ress . 
These experiments have lead' to the following new 
results: the FE lifetime is enhanced by a factor 
of SO to at least 1.6 ms, a novel temperature-
dependent decay mechanism is observed, and a char
acterization of nonradiative and radiative decay 
rates is obtained. 

A stress along a [1,1,1] crystal direction 
reduces crystal symmetry, which also reduces the 
band structure symmetry. The indirect band gap 
along the [1,1,1] direction applied stress is 
lowered relative to the other three [1,1,1] di
rections; and the valence band degeneracy is re
moved ?uch that, for stresses a a 5 kgfAm2, w e 

can model excitons at T = 4 K as a thermal distribu
tion of bound states of electrons in the lowered 
conduction valley and holes in the upper valence 
band. Once this high stress limit is reached, 
increasing the stress does not affect the FE 
binding energy because the electron and hole mass 
are insensitive to further changes in stress. When 
this stress is applied inhomogeneously by means 
of a rounded plunger,*• a shear strain maximum is 
created inside the crystal. Locally the indirect 
gap shifts in accordance with the local shear 
strain. Where strain is maximum, the indirect gap 
is smallest, and we have a strain induced potential 
energy well for electrons, excitons, and EHD. 

The density distribution of FE at teniperture T 
in the parabolic strain well i s found by requiring 
the chemical potential for this classical gas to 
be independent of position. The resultant distribu
tion is a Gaussian: 

n(r) = no exp (-ar 2AT) 

where ar^ is the strain potential energy as a func
tion of radial distance r from the potential min
imum. We have verified this density distribution 
experimentally by studying the spatial extent of 
the confined excitons.2 

The basic experimental setup is shown in Fig.l. 
Scanning position, wavelength, time, and excitation 
power are automated by allowing a microcomputer to 
control the output lens position, the spectrometer 
wavelength drive, the transient recorder, and the 
light source feedback control. The transient re
corder reduces the time required to record a decay 
curve from 100 minutes to 1 minute. 

Typical luminescence decays (Fig. 2) clearly 
show nonexponential character. Care is taken to 
keep excitation power below the threshold for EHD 
formation. Ihc decay rate becomes faster as the 
FE density decreases, contrary to the predictions 
of an exciton-exciton decay mechanism. Lifetimes 
corresponding to the initial decay rate have been 
measured to be up to 1.6 ms. The basic trends ob
served in the FE decay data are: 
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Fig. 1. Schematic of microcomputer-controlled ex
perimental setup. (XBL 813-551) 

• as FE density' decreases, decay rate in
creases ; 

• as temperature increases, decay rate in
creases ; 

• as stress decreases, decay rate incr-ases. 

In an effort to put restrictions on possible 
FE decay models, the data are fitted to: 

dN _ 
at " 

aN4 

where N - number of FE in well. If a = 0, this 
is exponential decay with lifetime T X- The sec
ond term with 0 < £ < 1 allows for the nonexponen-
tial nature of the decay. Unfortunately, even 
though we have data over more than three orders 
of magnitude in N, values of £ from 0.3 to 0.7 
fit almost equally well. This difficulty moti
vates a study of the differential equation direc
tly, using steady state excitation measurements 
of total FE luminescence intensity from the well 
versus excitation power (G): 

= 0 = N - ON' < • , 

This i s done by mechanically chopping the lumin
escence and using lock-in detection. Preliminary 
results indicate £ is in the range 0-5 < £ < 0.7. 

Several decay mechanisms may be inportant. 
Vie consider the following models, keeping in mind 
the basic trends in the observed data: 

(1) Entropy ionization of FE to free car
riers would show the general features of FE decay 
and would agree numerically with our data, pro
vided (NC/T C > NxAx) uhere ,VC and Xx are the 
number of excitons and electrons and T C is the 
lifetime of electrons. In this model the law of 
irjss action leads to Nx « Nc^-

The above equation combined with the loss 
equation: 

N N 
NJ - - ^ - =£ dt l i"x 

T ( m s ) 

satisfies a l l the basic trends tlie decay data show 
except the dependence on stress , unless T X or t c 

are stress dependent. 
(2) Free excitons or carriers may be therm

ally excited out of the well to recombine at a 
crystal surface or may reach a region of low stress 
where they have a short lifetime. The temperature 
and stress dependences of this mechanism are quali
tatively correct, but the exponential decay i t 
leads to for exciton loss is not. 

(3) Saturation of recombination sites by FE 
would show a decay rate increase with decreasing 
exciton density. The stress and temperature de
pendences cf this mechanism would depend on the 
details of the model. 

To date, the qualitative features of the decay 
of a strain-confined FE gas have been investigated', 
and a quantitative understanding i s on the horizon. 
Experimentally, we Jaiow the radiative FE lifetime 
is at least 1.6 ms as compared to the theoretically 
estimated 2.8 ms lifetime. 

Fig. 2, Decay curves for a strain-confined free 
exciton (FE) gas. The FE decay faster as their 
numbers decrease. Temperature and well-depth 
measurements for the curves are: (a) 3.2 K, 
9.5 meV; (b) 3.2 K, 7 meV; and (c) 4.7K, 7 meV. 

(XBL 813-552) 

1. R. S. Miriciewicz, J . P. Wolfe, C- D- Jeffries, 
Phys. Rev. B 15, 1988 (1977). 
2. J . P. Wolfe, R. S. Markiewicz, S. M. Kelso, 
J . E. Fumeaux, and C. D. Jeffries, Phys. Rev. 
B 18, 1479 C1978). 
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2 . ENHANCEMENT FACTOR FOR THE STRATH-CONFINED 
ELECTRON HOLE LIQUID 

James C. Culber tson, John E. Furneaux, and Carson 
D. Jeffries 

By suitably stressing a dislocation-free Ge 
crystal as discussed in the previous section, one 
can create a strain-induced potential energy mini
mum inside the crystal for photo-excited species 
such as free excitons (FE), electron hole liquids 
(EHL), and free carriers (ionized excitons). This 
fact pemits the study of well-defined distribu
tions of these excited species. Measurements of 
the steady state FE and EHL luminescence intensity 
versus the number of exciting photons show the 
EHL radiative efficiency (£ r j) is 1.6 times the 
exciton radiative efficiency [!,„). By measuring 
the FE and EHL lifetimes ( t x and t j j i t the same 
stress (9 kgf/mmz) and temperature (2.8 K), and 
nakinp an additional spectroscopic measurement to 
determine the EHL density (N 0), the EHL enhance
ment factor (g e n (o)] is found. The enhancement 
factor is a measure of the enhancement of the proba
bi l i ty of finding an electron hole correlation in 
the EHL. Since g e j . is a direct measure of corre
lations, i t is a valuable test for the predictions 
of many-body theory calculations. 

From equivalent expressions for the rat io of 
tlie radiative decay rates for FE and EHL, i t can 
be shown that: 

s e h(°) 
:r*\M/ln°)l2x\ 

The Eh "v is measured spectroscopically. 
The FE lifet*. ; •*•>. lifetime are measured in a 
pulsed experiment. the previous section. 
The ratio of the racuo. .ve efficiencies of FE and 
EHL is measured by putting large s l i t s in the spec
trometer, replacing the grating with a mirror, and 
measuring total luminescence from the well both 
above and below the EHL formation threshold as 
shown in Fig. 3. The ratio of the slopes above 
and below threshold, corrected for the different 
collection efficiencies for FE and EHL, is the rat io 
of the radiative efficiencies for FE and EHL. Using 
the values found in this work, shown in Table 1, 
gives ĝ T-fo) = 4 for a strain-confined EHL at 
•y. 9 kgf/mV. 

The radiative lifetime for the strain-con
fined FE gas at temperature T = 2.8 K and stress 
0 = 9 kgf/mra2 can be found from the measurements 
made in this work and elsewhere in two different 
ways, and the results can be compared to check the 
consistency of the parameters describing the 
stressed and unstressed FE and EHL. To clarify 
which quantities are for stressed and which for 
unstressed GE, a superscript asterisk ( > will de
note unstressed while a superscript dagger (+J wil l 
denote stressed. Using the measured T X T , the ratio 
of radiative efficiencies for FE and EHL and a 
previous measurement of Cr£*» w e ^nd f ° r ^ ^ 
stressed Ge 

^rZ 

'lum T- - 1 - | - 1 y 
(lab. units) 

6 >° — 

O
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/FE + 
/ EHL -
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Fig. 3. Luminescence intensity from the strain 
well plotted as a function of absorbed excitation 
power, allowing a measurement of the relative 
radiative efficiencies of strain-confined FE and 
EHL at 2.8 K and 9 kgf/mmz stress. The FE curve 
shows only FE luminescence intensity. The EHL curve 
shows predominantly the EHL luminescence inten
sity. The FE+EHL curve shows the total FE and EHL 
luminescence intensity. The break in slope for 
all three curves occurs at the same excitation 
power, the power threshold for EHL formation. 

(XBL 811-7641) 

The second way to find Tj,+ s tar ts by using x^*, 
5 rn and-rjv Ar2* from Table 1 to give x^ =607 
To get TjxT from th i s , one uses the relation 

iTfr? 
]M°) 
I Ho) 

t = . ; 3.3 ms. 

When solved for t-nf, this yields a radiative FE 
lifetime T r x

+ = 2.8 ms for the stress on o = 9 
kgf/mm2. Therefore, the parameters describing 
the stressed and unstressed FE and EHL appear 
internally consistent. This also shows that the 
marked increase in the strain-confined exciton 
lifetime i s due not to sane anomaly in radiative 
recombination but to a suppression of the non-
radiative mechanism. 
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Table 1. Measured and derived FE and EHL parameters m 
ft) (*) 

stressed ' and unstressed^ ' germanium. 
Unstressed'*) StressedC+) 

EHL 
N 0 2 .3 x i o 1 7 a n ' 3 ^ 3.6 * 1 0 1 6 o n " 3 ' " ) 

» M 930 ysM 

0 . 7 5 ^ ' ^ 

FE 

1280 MS 

See equation for g„i,(o) , below 

0.25 ( m -

T r t 160 ps 

%hW 4 . 3 7 ^ 

| K o ) | * i S i * - 2.649 x i o 1 7 a ^ t . 4 ) 

= 607 us 

0.05 0.47 

1 
3 

= 5.7 x 1 0 1 6 an •3(t) 

o 

1.5€ , p s « 

* 
* 

T r x 
l *C°) | 2

x 

l*Co)|2/ 
.8 ras 

FE and EHL 

Trx 3 .8® 
Trt 

5.06 

2 \ + 
= 4.1 

'""'Values from previous measurements. 
'"'Values measured in this work. 
'^Theoretical values. 
a<) » Bohr radius. 
1. r. Betzler e t a l . , Sol. State Conm. 17, 577 (1975). 
2. S. M. Kelso, J . E. Furneaux, Solid State Electron. 21, 1377 (1978). 
3. R. M. Westervelt, Proc. of 13th Int . Conf. of Semiconductors, 902 (1976). 
4. M. Al tare l l i , N. O. Lipari, Hiys. Rev. Lett. 36, 619 (1976). 
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3. STUDIES OF DEFECTS IN Ge BY ULTRA-SENSITIVE 
SPIN RESONANCE TECHNIQUES 

Elga J. Pakulis and Carson D. Jeffries 

A high sensitivity superheterodyne EPR spec
trometer, coupled with a large microwave resonant 
fie crystal, has revealed the existence of photo-
induced emissive spin resonance in Ge. The ob
served lines were centered at g = 1.6, when the 
magnetic field was along the [1,0,0] crystal di
rection, and exhibited a large anisotropy in g. 
The samples were large n-type Ge crystals, with 
nut donor concentrations l(A2-lul^ cm"**, which 
serve as their own microwave cavity having a qual
ity factor Q » 10 5 . This provides an incredibly 
sensitive probe for paramagnetic centers. 

The resonances (Fig. 4) were observed only 
when the sample was pumped with sub-band gap radi
ation. A sot of interference f i l ters was used to 
narrow the wavelengths most effective for inducing 
the resonances. Preliminary results showed that 
maximum enhancement was for wavelcigths in the 
range 1.87 £ \ <. 2.OS microns. 

Where do these emissive spin resonances orig
inate? The challenge is to track down the impurity 
or defect center responsible. The overall symmetry 
and g anisotropy of the lines fFig. S) bear some 
resemblance to EPR absorption observed in Sb-doped 
Ge.1,2 

The emissive spin resonances also resemble „ 
JiPR absorption by the lithium oxygen donor in Ce. J 

The crystals are_known to contain hydrogen in ex
cess of 1012 enf 3.4 in fact, both donor (oxygen-
hydrogen)5 and acceptor (Si-hydrogen, C-hydrogen)° 
complexes involving hydrogen have been studied and 
may be candidates for EPR behavior with the same 
symmetry as the LiO complex. As a check for this 
possibility, one sample was cut from a crystal 
grown from a melt contained in graphite (rather than 

Fig. 4. Derivative curves of photo-induced emissive 
spin resonance in arsenic-doped Ge(N0-N^ ~ 1014 
cm" 3). Note reversal of lines as compared to 
arsenic hyperfine structure (As). Magnetic field 
is approximately along the 11,0,0] direction. 
T = 2 K. Frequency = 25.16 GHz. 0&L 813-549) 

Magnetic field direction 

Fig. 5. Angular dependence of g-factor of resonances, 
for a sample of phosphorous-doped Ge (ND-NA=-1012 
cm-3)y as the magnetic field i s rotated in a plane 
somewhat t i l ted from the [1,1,0] plane. No data 
were taken for g < 1, corresponding to 19 kG, the 
limit of the magnet used. Insert shows continuation 
of the lines for low values of g. Frequency 
= 26.06 GHz. (XBL 813-550) 

quartz). Here one expects a high concentration of 
C impurity, low concentration of Si and oxygen, 
The resonances in this crystal were the same as 
for quartz-grown samples. Hydrogen may also form 
complexes with the shallow donor (P, As, e tc . ) ; 
however, no difference was measured between phos
phorous and arsenic doped crystals. 

Besides impurity complexes, paramagnetic de
fects and/or defect-impurity complexes can also 
have highly anisotropic g values. Two obvious 
types of defects to consider are vacancies and dis
locations. Because a l l the samples studied had 
been cut from dislocated crystals, a dislocation-
free crystal was tried next. No trace of the 
emissive spin resonances was seen. Evidently, dis
locations may harbor centers that become paramag
netic when the crystal is pumped optically. On 
the other hand, dislocation-free crystals grown 
in a hydrogen atmosphere have a high density of 
hydrogen precipitates,4 and these may be respon
sible for the absence of the l ines. Two additional 
pieces of information favor the f i r s t interpreta
tion. First , the range of wavelengths found to be 
most effective for inducing the resonances is also 
sufficient to induce dislocation band to impurity 
conduction band transitions. Second, comparison 
of the dislocation densities for nine crystals 
revealed at least a qualitative correlation between 
the number of dislocations and the size of the 
emissive resonance signals. 

Some interesting characteristics of the lines 
can be seen in Fig. 5. The syoietry axis of the 
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center is actually about a degree off the [1,1,1] 
crystal axis. (If the center was located at a 
dislocation, some distortion would be expected.) 
Each of the [1,1,1] axes contributes six l ines, 
but the lines are paired for two of the axes, and 
the two lines in each pair are too close to show 
individually in the figure. The average position 
of the lines is well described by a g tensor with 
gx = 1.89 and g|| = 0.73. In addition to these 
24 lines, each about IS gauss peak to peak, there 
are four very asymmetric l ines , each about 50 gauss 
peak to peak. The position of one pair of the 
broad lines is indicated in the lower left-hand 
comer of the figure. Data from a different sample 
yielded g = 1.94 and g., = 0.34 for the broad liner. 

Even without a microscopic model for the para
magnetic center, one can picture what may be hap
pening. When dislocations are formed within a crys
t a l , centers are created which act as acceptors. 
In an n-type crystal, these centers will be com
pletely f i l led with electrons, leaving some number 
of shallow donors ionized. An even number of elec
trons per center is indicated because the ground 
state i s not paramagnetic. When the crystal i s 
pumped optically, however, an acceptor-donor transi
tion can occur, leaving the center with an odd 
electron. The fact that the shallow donor hyper-
fine structure is substantially enhanced by opti
cal pumping supports this view. The ionized donors 
which have been neutralized in the process provide 
a long-lived haven for the excited electrons. 
While there, the electrons acquire a net polarisa
tion from the applied magnetic field. If they "chen 
undergo a Ams = +. 1 transition in recombining the 
odd electron at an acceptor center and i f recom
bination occurs preferentially for two electrons 
of opposite spin, a population inversion will re
sult for the remaining paramagnetic acceptor 
centers. Such an inversion would give an emissive 
spin resonance signal. 

* * * 
1. R. E. Pontinen and T. M. Sanders, J r . , Phvs. 
Rev. 152, 850 (1966). 
"2. ET~B. Hale, J. R. Dennis, and Shih-Hua Pan, 
Phys. Rev. B 12, 2553 (1975). 
3. E. E. Haller and L. M. Falicov, Phys. Rev, 
Letters 41, 1192 (1978). 
4. E. E. Haller, W. L. Hansen, and F. S. 
Goulding, Advances in Physics, in press. 
5. B. Jo6s, E. E. Haller, and L. M. Falicov, 
Phys. Rev. B 22, 832 (1980). 
6. E. E. Haller, B. Joe's, and L. M. Falicov, 
Phys. Rev. B 21, 4729 (1980). 

4. DEVELOPMENT OF AN ULTRASENSITIVE IR DETECTOR 

Jose Perez and Carson D. Jeffries 

Considerable progress has been made in our 
development of a new ultrasensitive IR detector. 
fife have been able to achieve a noise equivalent 
power (NEI>) of 1 * 10" 1 4 W/«JIz" at 1.75 ym with a 
4.2 K Ge photoresistor which is comparable to the 
NEP for the photodiodes cooled to - 100 K we cur
rently use. The photoresistor is made sensitive 

to the 1.75 m 709 meV light, which is less ener
getic than the normal Ge indirect gap at 4.2 K, 
by stressing the crystal with 90 kgf/mm2. This 
stress lowers the indirect gap from 744 meV to 
655 meV. Since noise reduction is currently 
limited by the preamplifier, we are developing a 
cooled preamplifier which should allow us to 
achieve an NEP of 2 * 10~ 1 6 W/4Iz, or 50 times as 
good as our present detector. 

RESEARCH PUNS FOR CALENDAR YEAR 1981 

Stress dependence of the EjlL enhancement 
factor. Conflicting many-body "theories predict u 
markedly different enhancement factor for the fif ff. 
as a function of s tress. By making careful mcii-
surements of the enhancement factor for tlic strain-
confined EHL, we will be able to make a defini
tive test of these theories. 

Stud)' of recombination centers. Because the 
lifetime of the strain-confined exeitons is very 
long, i t is possible to study the recombination 
rates various centers sensitively. We propose 
to study various Ge samples doped with shallow and 
deep impurities in order to determine the impurity 
recombination rates. This information could be 
invaluable in designing possible future state-
of-the-art detectors and other devices such ;i.s 
solar cells . 

Ultrasensitive microwave paramagnetic Resonance 
studies" in Ge and' S:H The fruJtTul ultrusensTtivc 
microwave paramagnetic resonance studies of defects 
and impurities in Ge will be continued and ex
tended. Vie plan to look at a greater variety of 
samples and extend our technique to time-resolved 
studies in Ge. Further, since the.se techniques 
have proven so useful in Ge, they will be extended 
to Si. This work promises to give veiy detailed 
information about defects in these send conductors 
and, therefore, will be important in the design of 
devices such as -y-ray detectors and solar cel ls . 

Ultrasensitive luminescence spectroscopy in Ge. 
The new ultrasensitive IR detector will he used to 
search for phenomena previously unobseivable due 
to their extremely weak luminescence. Prime candi
dates for this search in Ge are: biexcitons; multi-
exciton complexes; band to band recombination; 
and the onset of nucleation of individual small 
EHD in unstressed Ge. These experiments will test 
the validity of nucleation theory and provide more 
detailed information about excited states of the 
iioportant semiconductor Ge. 
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d. Suptrconducttvtty, SuptrconducUng Dtvlc«s, and 1/1 Noise* 

John Clarke, Investigator 

1. QUANTUM NOISE IN JOSEPHSCN JUNCTIONS AND DC 
SQUIDS: THEORY* 

Roger H. Koch, Dale J . Van Ilarlingen, and 
John Clarke 

The theory of thermal noise in Josephson 
junctions and SQUIDs is well understood and is i r 
good accord with experimental data. However, un
t i l recently, there has been l i t t l e work on noise 
in junctions in the limit where quantum corrections 
are important. Such effects are not only of con
siderable intrinsic interest , but also set the 
ultimate sensitivity of devices such as SQUIDs 
and mixers. We briefly present results on cal
culations of quantum noise in both single junc
tions and SQUIDs. 

Single junctions. We consider a Josephson 
tunnel junction with cr i t ica l current I Q and 
capacitance C, shunted with resistance R. We 
assume that the only significant source of noise 
i s the equilibrium current noise in the shunt 
resistor, l^Ct) t which has a spectral density, 
including zero point fluctuations, 

STCw) = (WTTR) coth(W21cBT) (1) 

at angular frequency w. The phase difference 
across the junction, <5, evolves according to the 
Langevin equation 

^2 

: I0" \ZTTR / °lZnR 

(2) 
where 6 - 2TIQRC/4>., and„I is the bias current. 
In the limit in which the & term is very small, 
we have solved Eq. (2) analytically to find the 
spectral density of the voltage noise across the 
junction at a frequency much less than the Joseph 
son frequency: 

nR V» ' V nR coth (3) 

where Rn is the dynamic resistance. The f i r s t 
term is the noise generated at the measurement 
frequency; the second is the noise mixed down 
from frequencies near the Josephson frequency. 
To observe quantum effects, we require eV »lqjT 
and eV»l!BT(I/I[)) 2; these limits necessarily imply 
K - elnR/ltBT » 1 . Figure 1 shows SVC0)/*BTR VS. 
i * I / I Q for five values of K. For K= 0 . 1 , the 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
Materials Sciences Division of the U. S. Department 
of Energy under Contract No. W-7405-ENG-48. 
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Fig. 1. Low frequency spectral density Sy(0) of 
the voltage noise vs. current for 5 values of 
< = eloRABT with B c

 K< 1- r nset shows Sv(0) vs. 
T for Io = 1 mA, I - 1.41 mA, and R * 0.86 P. 
(cliosen to give V = InK and K = 10 at 1 K). 
Dashed line shows the classical result. 

(XBJ. 804-5062A) 

noise is essentially in the classical limit. As K 
is increased, for example, by lowering the temper
ature, the noise at intermediate bias currents in
creases above the classical value. In the limits 
V -*• 0 and V -*• °°, the noise tends asymptotically 
to the classical limit. The insert of Fig. 1 
shows the voltage spectral density vs. temperature 
for a junction with In = 1 mA, I = 1.41 mA, and 
R = 0.86 fi; the dashed line shows the classical 
results . The flattening out of the noise as T is 
reduced is clearly evident. 

We have extended our calculations over tb? 
range $c <1 using a ccwputer, and find qualita
tively similar results to the case 0 < g g <;< 1. 
Thus, our theory predicts that the limiting voltage 
noise in a Josephson junction with 6 C 5 1 is set 
by zero point fluctuations in the shunt resistor. 

dc SQUID. Vie have extended out theory to the 
dc SQUID, which consists of two identical shunted 
junctions on a superconducting ring of inductance 
L. The SQUID is described by the equations 

J / I 0 = C«x " 6 2 * 2 **/*(P / 7 T B » W 

V= < 0 l + 5 2 ) * 0 / 4 T I , (5) 

file:///ZttR
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id 
ĈJ 

(7) 

where J is the current iji the SQUID loop, 4- is the 
applied flax, f; = ZUQ/^Q, and the subscripts 1 and 
2 refer to the two junctions. We have solved 
i-jqs. (4)-(7) numerically for T = 0, where the 
spectral densities of the current noise reduce to 
2h-j/\i (y is the frequency;. Figure 2(a) shows the 
time-averaged voltage V, the transfer function 
'itV/bi, tlie voltage noises spectral density Sy» and 
c/UI* vs. $ for three values of B c . Here, 
t/1112 = S7,/2L, where S,p = S v/(3V/3«0 2. The mini
ma in L/1IIZ are all close to !•, which thus repre
sents the ultimate sensitivity of the SQUID. 

'Hie calculations have also been extended to 
the experimentally real is t ic case T > 0. We find 
that an optimized SQUID at 4.2 K should have 
i711Iz L 3li, while i f this SQUID is cooled to 0.9 K, 
i-/1 llz ~ 1.1 h. Thus, i t appears feasible to op
erate a SQUID in the liquid He4 temperature range 
with a performance approaching the limit set by 
zero point fluctuations in the shunt resistors. 

Fig. 2. Computed values of V, 3V/3*, Sy, and 
E/IHZ vs. C>/*o for a dc SQUID at T = 0 with 
R s 40fi, 2Llo - *n, I * 1.63In, and for 6 C • 0.25, 
0.5, and 1. (XBL 8D1D-6149A) 

We conclude by noting that the essential con
dition that must be satisfied to observe quantum 
effects is < = eI0R/kBT = (e/kfiT) * (3 c*0j]/2Trc)l/2 
» 1, where j j is the cri t ical current density, 
and c is the capacitance per unit area of the tun
nel junction. Thus, one requires a low tempera
ture and/or a high current density. In practice, 
one may have to take account of both heating 
effects and flicker (1/f) noise, which have been 
neglected in our calculations. 

Brief version of UL-11414 and LBL-U729. 

2. QUANTUM NOISE IN JGSiiPHSON JUNCTIONS AND DC 
SQUIDS: iiXPI:KIMENT+ 

Dale J . Van flarlingen, Roger li. Koch, and John 
Clarke 

Single junction experiments. We have measured 
the current-voltage' (l-V)~ characteristics and the 
voltage noise spectral density Sy(v) of Josephson 
tunnel junctions designed to exhibit significant 
quantum corrections. To remove intr insic hystere
s i s , the junctions are externally shunted with re
sistance R such that B c r 2irInR2c/*o < 1, where In 
is the cr i t ical current and C is the capacitance. 

The design of the junctions is shown in 
Fig. 3(a). The resistive shunt, 10 wi wide by 
40-100 run thick, is composed of Cu or a CuAl alloy 
(typically 3% Al) deposited through an aperture 
mask onto a glass substrate. The lower electrode 
is a 250 nm thick Pbln alloy (201 In) film pat
terned into a 10 pm wide cross-strip using a photo
lithographic liftoff procedure. The alloy is 

(a) Pbln low«r mectrode 

Pb.counterelectrod* 

Fig. 3. (a) Layout of the resistively-shunted 
Josephson tunnel junctions fabricated by thin film 
photolithography; (t>) Noise measurement system: 
voltage fluctuations near the tank circuit resonant 
frequency vg are amplified, demodulated to low 
frequencies, and fast Fourier transformed to ob
tain noise power spectra. (XBL 813-545) 
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evaporated to completion from a single boat; the 
Ir evaporates at a lower rate than the Pb to give 
an indium-rich surface. The junction is defined 
by opening a 2.5 mn diam window in a SiO insulator 
layer by liftoff; a second window sets the shunt 
length at 5 urn. After patterning the photoresist 
for the upper electrode, the surfaces of the lower 
electrode and shunt films inside the windows are 
cleaned by rf sputter-etching in argon. The oxide 
barrier, In203, is grown by thermal oxidation for 
10 minutes at room temperature in an oxygen pres
sure of 100 to 2000 umHg, depending on the cr i t ical 
current desired. Without breaking vacuum, the 
counterelectrode, 400 nm of pure lead, is deposited 
to form the junction and contact the shunt. This 
upper electrode also forms a groundplane for the 
resistive shunt, reducing i t s inductance. The 
range of cr i t ical currents is 0.1 to IS mA, corre
sponding to a current density of 2 * 10 3 to 3 " 105 

A an'2. The junction capacitance is estimated to 
be 0.5 pF. The junctions have been found to re
cycle well and are electrically durable, although 
we do find a decrease of the cr i t ical current i f 
the junctions are allowed to remain at room temper
ature for more than a few hours. 

We measure the noise by connecting the junc
tion to a tank circuit , as shown in Fig. 3(b). 
The tank circuit with Q * 40-200 amplifies the 
voltage fluctuations at the resonant frequency, 
maching the low resistance junction (typically 
0.03-1.0 Q) to a low-noise pre-amplifier. The 
amplified signal is demodulated at the resonant 
frequency, and the resulting low frequency fluctua
tions are fast Fourier transformed by a PDP-11 
computer to yield the voltage spectral density at 
the tank circuit frequency to an accuracy of +. 5%. 
In most cases, we similtaneously measure the noise 
at 100 kHz and 30 kHz using two tank circuits so 
that we can estimate and subtract any 1/f noise. 

In Fig. 4, we show the voltage spectral Jen-
sit)' at 100 kHz vs. the bias current for a junction 

in the classical limit K « 1, with IQ = 0.3 mA 
and R = 0.08 Si, yielding < = 0.07 at 4.2 K. The 
dai hed line represents the prediction of the therm
al i i , u t , Sv = (4kBTRn

2/R) (1 + 1/2 ( I n / D 2 ) . The 
increase in Sy as I -*• In reflects the increase of 
Rn; for J < In, noise-rounding reduces Rn and rol ls 
off the noise. The agreement is excellent. 

As we increase the cr i t ica l current density 
and hence tc, the measurements are complicated by 
heating in the shunt resistors, structure in the 
I-V characteristic, and increased 1/f noise, 
causing deviations from the simple model. For ex* 
ample, Fig. 5 shows the spectral density of the 
noise for a junction with In = 1.5 mA, R = 0.09 fl, 
and »c = 1.1 at 1.4 K. The measured noise is every-
where substantially greater than our prediction 
[Ii|. (3) in art icle 1] and exhibits oscillatory 
structure. We attribute the peaks in the noise to 
LC resonances involving the junction capacitance 
and shunt inductance. The strong nonlinearities 
in the I-V characteristic near the resonances 
result in noise mixing dowi from higher harmonics 
of the Josephson frequency than are included in 
the simple model. However, preliminary computer 
computations of the mixing coefficients have 
verified the dominance of zero-point fluctuations 
in the mixed down noise. Thus, we believe this 
noise represents a direct observation of zero 
point fluctuations. 

dc .SQUID experiments. We have also fabricated 
and tested dc SQUIDs with high K junctions. To 
optimize the performance of a SQUID, i t is neces
sary to select the cri t ical current of each junc
tion such that S = ZIQL/S-O * 1> where L is the 
SQUID loop inductance. Our SQUID design is shown 
in Fig. 6(a) and is schematically depicted in 
Fig. 6(b). The fabrication follows closely that 
of the single junction except that we make two 
shunted junctions, each 2.5 pm diam and separated 
by 30 ym. The SQUID loop, formed by the parallel 
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Fig. 4. Voltage noise spectra density of an RSJ 
with K - 0.07 plotted vs. the bias current I . 
The dashed line i s the theoretical prediction of 
likharev and Semenov for thermal noise. (XB1 813-547) 
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Fig. 5. Measured (-) and computed (—) values of 
spectra density of voltage noise in resistively 
shunted junctions vs. voltage. (XBL 813-546) 
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(a) Pb In lower electrode 

CuAi shunt 

0"*\Junct i o n s ^ O 

Pb counterelectrode 

(b) 

11 ' LI 

Fig. 6. (a) Layout of the dc SQUID designed to 
exhibit quantum noise; (b) Schematic representa
tion of the SQUID, depicting junction capacitance 
C and shunt resistance R. (XBL 813-548) 

Pbln and Pb films separated by the SiO layer, has 
a self-inductance of = 1.8 pll. The flux in the 
SQUID may be modulated by passing current along 
one side of the loop. 

Ke characterize the performance of the SQUID 
by E/UJZ = S 4/2L, where S$ = S ^ / O v M ) 2 . The voltage 
noise across the SQUID, S v , is measured as de
scribed above, while the transfer function (3V/34) 
is measured by modulating the flux in the SQUID and 
detecting the voltage with a lock-in amplifier. For 
example, for a SQUID with In = 1.5 mA and R = 4.0 SI, 
for which K = 2.7, B c - 0.4, and K = 1.7 at 4.2 K, 
we have obtained a maximum 3V/3* of S.O mV/*o« At 
100 kHz, the noise energy obtained is 1.2 h while 
at 30 kHz we measure 2.0 h. From this we determine 
the white noise level to be 0.8 h = S h and at t r ib
ute the rest to 1/f noise. This yields a 1/f 
crossover frequency of ~ 70 kn-. The values ob
tained are in excellent agreement with computer cal
culations of the noise for the parameters used. 
At lower temperatures, the noise decreases, reaching 
a minimun total noise energy of S.5 fc at 2.8 K for 
a transfer function of 7.3 mV/*o- I f the 1/f 
noise contribution is assumed to be the same as 
at 4.2 K, this yields a white noise level of 
- 3 ». Decreasing the temperature further in
creases the c r i t ica l current so that the SQUID 
becomes hysteretic. Further work i s underway 
to optimize the parameters in an attempt to ap
proach the predicted quantum limit of h. 

Brief version of LBL-12134. 

3. MEASUREMENT OF 1HE CHARGE-IMBALANCE RELAXA
TION RATE IN 1HE PRESENCE OF A PAIR-BREAKING SUPER-
CURRENT IN DIRTY, SUPERCONDUCTING Al FILMSf 

Thomas R. Lemberger and John Clarke 

The ra te a t which the charge imbalance, Q*, in 
a superconductor relaxes can y ie ld valuable infor
mation on electron sca t te r ing processes. As an 
example, i n the 1979 Annual Report , ! we described 
measurements of the charge-imbalance relaxation 
r a t e , 1/F*TQ*, in AlEr fi lms, in which the Er is 
a pair-breaking magnetic impurity. These measure
ments were made for 0.1 < A/ksTc < 1.4 and for 
3 < TE/TS ~ 2 S 0 * w n e r e A *-s the superconducting 
order parameter, T c is the transition temperature, 
T|fl is a characteristic electron-phonon scattering 
rate, and 15"! is the pair-breaking rate associ
ated with magnetic impurities, the exchange scat
tering rate . The experimental results were com
pared with a numerical calculation based on the 
Boltzmann equation. Large discrepancies between 
the data and the numerical results were found. 
Specifically, we found experimentally that 

1/F\q* « (1 + 2 T E A S ) 1 / 2 CD 
for any fixed temperature. This result was f i rs t 
obtained theoretically by Schmid and Schon (SS), 
but only for A/kRTc « 1. The numerical calcula
tion reproduces this result for i/kRTc « 1, but 
deviates significantly for a l l other values of 
VkBTc. 

To determine whether the disagreement con
cerned the effect of magnetic impurities in 
particular or pair-breaking in general, we mea
sured 1/F*TQ* in dirty Al films in which the pair-
breaking was caused by an applied supercurrent. 
The experimental techniques were essentially the 
same as for the AlEr experiment; Fig. 7 shows the 
sample. A current, I i , flowing through the tunnel 
barrier between the Al base electrode and the 
second Al film injects charge into the la t ter . 
The induced shift in the condensate chemical po
tential is detected by a Cu film making a tun
neling contact to the Al film. The measurement of 
Va is made with a null-balancing SQUID voltmeter 
and enables one to deduce 1/F*TQ*. At a given 
temperature and for fixed injection current I j , 
we measured this voltage as a function of the super-
current, I s , in the second Al film. Typical experi
mental curves are shown in Fig. 8. 

Predictions for the shape of these curves can 
be made based on the experimental and numerical 
results for AlEr in the following way. Bulyzhenkov 
and Ivlev have shown that the Boltzmann equation 
for charge relaxation in the presence of a super-
current is the same as for magnetic impurities, 
provided one replaces the pair-breaking rate for 
magnetic impurities with the appropirate rate 
for a supercurrent, 



Fig. 7. Sanple configuration. (XBL 813-8364) 

vK*) 
Here, D is the electron diffiision constant and p s 

is the momentum of a Cooper pair, since F*Tn* <*\'d, 
by combining Eqs. (1) ana (2J and using Che tamiliar 
relations: p s = 2IPVS, j s = n s ev s , n s = mc2/4TTX2e2, 
and x2(0) = * 2

L ( 0 K 0 A , we find 

V,,CIJ = V.«rj/(1 + b " l ") 
1/2 

(3) 

. ss / 8 n e \ 2 TEVF'0 
b -W) ~1K 

~> 4 J 

"VCQ3 >. n/T c) 

(4 ) 

v s is the superfluid velocity, n s is the super-
electron density, X(T/TcJ/A(0) is the electro
magnetic penetration depth normalized to i t s value 
at zero temperature, *L(0) * S tk e zero-temperature 
value of the London penetration depth, 
iO = *>VJ:/ITA(0) is the zero-temperature coherence 
length, I is the electron mean free path, and d 
and w are the thickness and width of the sample 
film. Similarly, an examination of the dependence 
of the numerically calculated values of 1/F*TQ* on 
TEAS yields the same functional form as Eq. C3), 
with b s s replaced by bnum. 

As il lustrated in Fig. 8 ; the experimental 
value of b is determined by f i t t ing a. function, 
of the form of Eq. (3) to the data. For each 
temperature and value of V"i of interest , four 
values of b are determined, corresponding to +I S 

Fig. 8. Solid line represents measured values of 
Vd vs. I s . Points are calculated from 
Vd(Is) = VdCOVU + b l | )V2 , with b chosen to f i t 
the data for each combination of iVd and + l s . 

(XBL B08-5669) 

and iV^. These average values of b are plotted 
in Fig. 9, with error bars indicating the spread 
in the four values. The solid and dashed curves 
represent bs s and b n u m , respectively, normalized 
to f i t the data at T/Tc * 0.9. Clearly, b s s pro
vides an excellent f i t to the data over the en
t i re temperature range studied for both samples, 
whereas b n u m is a very poor f i t . Quantitatively, 
the measured magnitude of b was 2.4 ± 0.4 times 
larger than the value of b s s expected from Eq, (4). 
However, given the uncertainties in the values of 
Co> ^LC°)» V F » a n d *•* this is well within experi
mental uncertainty. Therefore, the measurements 
of 1/F TQ*, with pair-breaking caused by magnetic 
impurities and by an applied supercurrent, are in 
agreement with each other, but not with the re
sults of the numerical calculation. 

From these resul ts , we conclude that either 
the currently accepted formulation of the Boltzmann 
equation for charge relaxation is incorrect, or 
the Boltzmann equation i s inadequate to describe 
charge relaxation. 

Brief version of LBL-11406. 
1. f*JRD Annual Report 1979, LBL-10000, pg. 199. 



170 

but this regional strike may be obscured in mea
surements of Z at a single site because of a com
plex local geology. Che therefore requires a 
method for combining the impedance estimates from 
a number of sites to produce an estimate of the 
regional strike direction. 

We have devised and tested two simple schemes 
for determining regional strikes. In the first, 
we find the angle, 0, between the original co
ordinate system and the rotated coordinate system 
that minimizes 'Zxxl2 + iZyyj2 in a least squares 
sense. Our procedure is to define a quantity 

B(u) ?« Z*/ \Z \2)\1. 
1 yy i (i) 

where the summation is over al l frequencies and al l 
magnetotelluric sites in the region of interest . 
The frequency-dependent function Wj weights the 
relative significance of each term. We then find 
the angle 6 such that 3B/36 = 0: 

i-'ig. y. Plot oi tlie measured values of b (points 
with error t a r s ) , bss (solid l ine), and b""1" 
(dashed linu) vs. T/Tc tor two samples. 

(XBI. 808-5666) 

4. A NEW METHOD FOR DETERMINING REGIONAL STRIKE 
IN MGNETOTELLURICSt 

Wolfgang M. Goubau, Thomas D. Gamble, Robert F. 
Miracky, and John Clarke 

Magnetotellurics is a powerful tool in the 
search for geothermal and mineral sources, and is 
of growing importance in surveying for oil re
serves. The introduction of the remote reference 
technique* has greatly improved the accuracy with 
which the impedance tensor of the ground can be 
determined. The next major goal in the develop
ment of the magnetotelluric technique is to find 
a simple method of deducing the conductivity of 
the ground as a function of position from the 
ijnpedance tensor. 

A magnetotelluric survey determines the spati
al and^frequency dependence of the impedance ten
sor Z(r,iu) that relates the horizontal components 
of the naturally occurring fluctuating electric 
and magnetic fields E(r,w) and H(r,u>)^a.t the sur
face of the earth via the relation E(r,t«0 = 
Z(r,w) H(r,uj). The determination of the conduc
t ivi ty of the ground as a function of position 
from Z is a formidable problem that requires 
lengtny computer calculations. The interpretation 
is greatly simplified i f there exists a direction 
in which the conductivity is trans lationally in
variant; such a direction is called the strike. 
If a str ike exis ts , the coordinate axes with re
spect to which Z was originally measured can be 
rotated so that*in the new frame Zxx = Zyy = 0. 
The components of the electr ic field are then de
coupled with E x = ZxyR, and Ey = Zyx H*. Often, 
there exists a long range regional strike direc
tion defined by a mountain range or a fault l ine , 

2]TReal(Z . + Z .HZ* . - Z* -)W. ^ v xyi j o a J V yyi xxi ' I 

^xyi y x i ' yyi 
*)W. 

U) 

^ The second method involves the tipper 
T(r,[j) = [Tx(to), TyCu)] that relates^the vertical 
component of the magnetic field, H 2 ( r ,u) , to the 
horizontal field via the relation 

H z ( r f W ) = f ( r > ) -H(r,w). (5) 

T x is zero when the x-axis is parallel to the 
strike. We define the quantity 

A(e) = E WT.jT ( e ) | Z , (4) 
i J. xi 

where the summation is again over a l l frequencies 
and magnetotelluric s i t es , and Ŵ  is a weighting 
function. We then find the angle 6 such that 
9A/96 = 0: 

tealCT*iVwi 
E ( I T , I 2 

yi ' > i 
(S) 

To test the method, we analyzed data obtained 
at the geothermal field at Cerro Prieto, Mexico. 
Figure 10 shows the location of the magnetotelluric 
sites surveyed in 1978 and 1979. In Table 1, we 
we list the angles with respect to magnetic north 
obtained along the line DD' using weighting func
tions t0, tl/z, t, and tVZ, where t is the period. 
We see that the angles are essentially independent 
of the form of the W^. In Table 2, we list the di
rections obtained on the lines W, EE', and FF' 
with the weighting function t. We see that the 
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Fig. 10. Configuration of MT stations at Cerro 
Pricto, Mexico. (XBL 7911-12866) 

angles obtained from the two methods .-gree well on 
DD' and on FF', but differ significantly on EE'. 
On the other hand, the directions obtained from 
the impedance tensor are in reasonably good agree
ment for a l l three lines. These results confirm 
our impression that there is a relatively well-de
fined regional s tr ike, but also show that a two-
dimensional model is definitely inapplicable for 
the line EE'. 

It i s our strong feeling that techniques such 
as these should be used to define a single co
ordinate system appropirate for the region sur
veyed and that the results for a l l sites and all 
frequencies should be referred to this frame. If 
the coordinate system rotates from station to 
station and from frequency to frequency, i t is 
very difficult to interpret the data in a useful 
way. 

Brief version of LBL-10846. 
1. MMRD Annual Report 1978, LBL-85SO, pgs. 165-
168; 1979, LBL-10000, pgs. 191-193. 

Table 1. Regional strike on line DD' estimated with 
different weighting functions 

Function 
of Period 

Strike 
from Z 

Strike 
from T 

t° -32.3° -30.6° 
t l / 2 -30.0° -30.1° 

t -28.4° -29.8° 
tV2 -27.8° -30.2' 

Z strike T str ike 

-28.4° -29.8° 

-27.9° -17.3° 

-25.5° -22.3° 

Table 2. Regional strj_K.es on different lines with 
weighting function t 

DD1 

EE' 

RLSFARUI PLANS FOR 0 \ i fftllAR YEAR 1981 

Superconducting devices. It is hoped that the 
experiments to attain the quantum noise limit of 
dc SQVlDs hill be cojflpleted. \rew electronic cir
cuitry will be developed to enable these devices 
to be used in a flux-locked loop and also as small 
signal amplifiers. The use of these de.ices as 
amplifiers at frequencies of 100 MHz and above will 
be invpftii'ated. A project will be init iated to 
study the lnw-frequency (1/f) noise in SQUIDs. The 
noise current circulati around a SQUID is to be 
measured, and compared „±th our theoretical calcu
lations. Finally, we hope to fabricate and test a 
new planar SQUID with a very fast slewing rate for 
use in geophysical measurements. 

.Von-equilibrium superconductivity. Experi -
nients to stud)- the enhancement of the supercon-
ducting energy gap by means of photon or phonon 
irradiation should be completed during the coming 
year. In each of the two experiments, i t is hoped 
to measure the enhancement of the energy gap and 
the enhancement of the cr i t ica l current simultane
ously. Present theories suggest that in the non-
equilibrium state the cr i t ica l current will ex
ceed the value predicted from the energy gap by 
equilibrium BCS theory. An experiment will be 
initiated to investigate the relaxation rate of 
charge imbalance unr'er pulsed conditions rather 
than in the steady state situation that has a l 
ways been studied previously. I t is expected that 
near T c the relaxation rate under pulsed condi
tions will be considerably faster than in the 
steady s ta te . An experiment to measure the charge 
imbalance generated near the boundary of a super
conductor in the presen; <~.f a thermal gradient 
is being assembled. It is hoped that this measure
ment will shed some light on the magnitude of the 
supercurrent established by the thermal gradient. 
This magnitude is believed to be well understood 
theoretically, but present experimental results 
are in considerable conflict with each other and 
with the theory. 

Geophysics. We plan to perform several ex
periments to investigate the earth's magnetic field 
gradient fluctuations. We propose to set up three 
3-axis SQUID magnetometers, with one as a remote 
reference. The separation between the remaining 
two magnetometers will be varied. This technique 
will enable us to make accurate measurements of 

http://strj_K.es
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the difference in the magnetic field fluctua
tions a t spatially separated s i t e s . At the same 
time, these measurements are likely to yield valu
able information on the magnetic noise observed in 
our magnetotelluric measurements, thereby providing 
a means for choosing the optimum separation between 
the magnetotelluric s i t e and the remote reference. 

1980 PUBLICATIONS AND REPORTS 

Referred Journals 

1. John Chi and John Clarke, "Addendum to 'Quasi-
particle Branch Mixing Rates in Superconducting 
Aluminum'," Fhys. Rev. Bl, 21, 333 (I960), 
'.BL-9695. ~ 

2. Thomas Y. Hsiang and John Clarke, "Boundary 
Resistance of the Superconducting-Normal Interface," 
Phys. Rev. Bl, 21_, 945 (.1980), LBL-9S77. 

3. John Clarke and Michael Tinkham, "Theory of 
Quasiparticle Charge Imbalance Induced in a Super
conductor by a Supercurrent in the Presence of a 
Thermal Gradient," Biys. Rev. Lett. 44, 106 (1980), 
LBL-9559. 

4. John Clarke, "Advances in SQUID Magnetometers," 
IEEE Trans. Electron Devices, Vol. ED-27 10, 1896 
(1980) LBL-10845. 

5. Richard F. Voss, Robert Laibowitz, Stanley 
Raider, and J . Clarke, "All-Nb Low Noise dc SQUID 
with 1 urn Tunnel Junctions," J . Appl. Phys. SI, 
2306 (1980), LBL-9893. — 

6. Roger H Koch, Dale J . Van Harlingen, and 
John Clarke, "Quantum Noise Theory for the Re-
sist ively Shunted Josephson Junction," Phys. Rev. 
Let t . , 45, 2132 (1980), LBL-11414. 

Other Publications 

1. Richard Dalven, Introduction to Applied Solid 
State Physics, Plenum Press, New York (1980). 

2. John Clarke, Superconductive Devices in 
Encyclopedia of Physics, R. G. Lemer and G. L. 
Trigg (eds.) , Addison-Wesley, Massachusetts (1980). 

LBL Reports 

1. Thomas D. Ganfcle, Wolfgang M. Goubau, Robert 
Miracky and John Clarke, "Magnetotelluric Regional 
Str ike," submitted to Geophysics, LBL-10B46. 

2. Thomas R. Lenberger and John Clarke, 
imbalance Relaxation in the Presence of a Pair-
breaking Supercurrent in Dirty, Superconducting Al 
Films," submitted to Phys. Rev. B. , LBL-11406. 

3. Thomas R. La*erger and John Clarke, "Charge-
utialance Relaxation in the Presence of a Pair-
breaking Interaction in Superconducting AlEr Films,' 
submitted to Phys. Rev. B. , LBL-11201. 

4. Roger H. Koch, Dale J . Van Harlingen, and 
John Clarke, "Quantum Noise Theory for the dc 
SQUID," submitted to Appl. Phys. Let t . , LBL-11729. 

Invited Talks 

1. John Clarke, "Present Status and Future De
velopment of SQUIDs," Workshop on Research in 
Magnetotellurics: Implications of Electrical In
vestigation for Geothermal Exploration, Christian 
Brothers Retreat House, Napa Valley, California, 
20-22 February 1980. 

2. Thomas D. Gai*le, "Field Analysis of MT Data," 
Workshop on Research in Magnetotellurics: Implica
tions of Electrical Investigation for Geothermal 
Exploration, Christian Brothers Retreat House, 
Napa Valley, California, 20-22 February 1980. 

3. Wolfgang M. Goubau, "Remote Reference Magneto-
te l l ' i r ics ," Workshop on Research in Magnetotellurics: 
Implications of Electrical Investigation for Geo-
thermal Exploration, Christian Brothers Retreat 
House, Napa Valley, California, 20-22 February 1980. 

4. John Clarke, "SQUIDs and Geophysics," col
loquium at the University of Vancouver, Vancouver, 
B. C., 28 February 1980. 

5. Roger H. Koch, Dale J. Van Harlingen, John 
Clarke, and Claudia Tesche, "Quantum Limited 
Josephson Junction Noise," American Physical Society 
March meeting, New York, 24 March 1980. 

6. John Clarke, "Fluctuations Analysis," Second 
International Conference on SQUTDs, Berli.i, 
Germany, 5-9 May 1980. 

7. John Clarke, "Summary and Conclusions," 
Second International Conference on SQUIDs, Berlin, 
Germany, 5-9 May 1980. 

8. Wolfgang M. Goubau, "Geophysical Applications 
of SQUIDs," Second International Conference on 
SQUIDs, Berlin, Germany, 5-9 May 1980. 

9. John Clarke, "Remote Reference Magnetotellurics 
with SQUIDs," SQUID-Geophysics Workshop, Los 
Alamos, New Mexico, 2-4 June 1980. 

10. Thomas R. Lenierger, "Pair-breaking and Branch 
Imbalance in Non-equilibrium Superconductors," 
Solid State Physics Seminar, University of 
California, Berkeley, California, May 1980. 

11. John Clarke, "Charge Iiibalance," NATO Ad
vanced Insti tute on Non-equilibrium Superconduc
t iv i ty , Fhonons and Kapitza Boundaries, Acqufredda 
di Maratea, I taly, 25 August - 5 September 1980. 
(4 lectures). 

12. Wolfgang M. Goubau, "Remote Reference Magneto
tel lurics with SQUIDs," Workshop on Magnetotellurics, 
University of Utah 
September 1980. 

Salt Lake City, Utah, 12 

13. Thomas R. Lenfcerger, "Charge-imbalance Relaxa
tion in Superconductors Containing Paramagnetic 
Inpurities," Solid State Physics Seminar, Insti tut 
fur Theorie der Xbndensierten Materie, Oniversitat 
Karlsruhe, West Germany, September 1980. 

14. Roger H. Koch, Dale J . Van Harlingen, and 
John Clarke, "Quantum Noise in the dc SQUID," 
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Applied Superconductivity Conference, Santa Fe, 
New Mexico, 30 September 1980. 

15. Thomas R. Lemberger and Dale J . Van Harlingen, 
"Superconductivity, Phonons, and Kapitza Bound
ar ies ," Solid State Hiysics Seminar, University of 
California, Berkeley, California, October 1980. 

16. Thomas R. Lemberger, "Charge-imbalance in 
Superconductors," Solid State Physics Seminar, 
Xerox Corp., Palo Alto, California, November 1980. 

17. John Clarke, "Progress in the Physics of 
Josephson Junctions," Second International Con
ference on Superconducting Tunnel Junctions, 
Chengdu, China, 3 November 1980. 

18. John Clarke, "Junctions and Circuit Fabrica
tion-Computers," Second International Conference 
on Superconducting Tunnel Junctions, Chengdu, 
China, 4 November 1980. 

IS. John Clarke, "SQUIDs and Their Noise Limita
t ions ," Second International Conference on Super
conducting Tunnel Junctions, Chengdu, China, 
4 November 1980. 
20. John Clarke, "Charge-imbalance in Supercon
ductors," Second International Conference on 
Superconducting Tunnel Junctions, Chengdu, China, 
5 November 1980. 
21. John Clarke, "SQUIDs in Measure m t and Com
puters," Seminar at the Bureau of Me" :>logy, 
Shanghai, China, 7 November 1980. 
22. John Clarke, "Superconducting Electronics," 
New Horizons in Science, the 18th Annua* Briefing 
of the Council for the Advancement of Science 
Writers, Durham, North Carolina, 1 December 1980. 
23. John Clarke, "Charge-imbalance in Supercon
ductors," Bariloche 80, Centro Atomico Bariloche, 
Bariloche, Argentina, 15 December 1980. 
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2. Theoretical Solid-State Physics* 

a. Theoretical Studies ot the Electronic Properties of SoHd Surfaces* 
Leo Faticov, Investigator 

This program is concerned mostly with the study 
of the electronic structure of solid surfaces and 
interfaces as well as its consequences for struc
tural, magnetic and chemical properties. The 
general modus operandi of the principal investiga
tor and his collaborators in the projects is the 
formulation of theories and models and the per
formance of calculations which are either proto
types of important real situations or "realistic" 
calculations of specific properties. In all parts 
of this program, there is a constant and fruitful 
interaction with experimental groups at LBL, both 
within MMRD (Profs. Scmorjai and Shirley) and in 
other Divisions (Prof. E. E. Haller, Engineering 
and Technical Services Division) as well as in 
other laboratories (e.g., Prof. Y. Pe"troff, at 
L.U.R.E., Orsay, France). These experimental-
theoretical collaborations result, in some cases, 
in publications of mixed character in which a given 
problem is presented both as an experimental result 
and as an exposition of its underlying theory. 

1. ELECmONIC PROPERTIES OF COMPLEX IMPURITIES IN 
ULTRAPURE GERMANIUM 

L. M. Falicov, Bela Jods and Eugen E. Haller 

In the extremely pure germanium samples obtained 
at LBL by Prof. E. E. Haller, it is possible to 
identify by optical and resonance means complex 
impurity centers which, under normal conditions f 

would remain undetected. In particular, by means 
of photothermal ionization spectroscopy (PTIS) > 
and with the help of exhaustive theoretical 
analysis, we have been able to identify two types 
of new and very interesting complex impurity 
centers: 

(1) Acceptors A (H,Si) and A (H,C), which con
sist of a group IV (Si or C) isoelectronic substitu
tional impurity and an attached hydrogen; 

(2) a donor D (H,0) formed by an oxygen atom, 
probably also substitutional, which also has an 
attached hydrogen. 

These impurities, because of the presence of 
the very light hydrogen atom, present a dynanic 
"nucleus" in which the light atom tunnels among 
four equilibrium positions about the heavier 

substitutional atom. They are shown schematically 
in Figs. 1 and 2. A germanium conduction-band 
electron (for the donor) or a valence-band hole 
(for the acceptor) orbit in the impurity Is level 
about the complex dynamic "nucleus." 

The electronic-complex-nucleus system is thus 
essentially a three-body problem, with a Coulomb 
interaction between the "nucleus" and the band 
carrier, and a slow tunneling interaction between 
the hydrogen and the heavier atom. The diamond-
type structure of Ge and its well known but complex 
conduction and valence electronic band structures 
play a very important role. 

This three-body problem has been solved on a 
restricted basis, which involves the diagonaliza-
tion in each case of a 16*16 matrix for the total 
energy of the impurity center. The matrix elements 
are energy parameters which, in most cases, can 
be determined by an analysis of the experimental 
spectroscopic data as a function of photon fre
quency, temperature, and direction and strength 
of applied uniaxial stresses. An overall consistent 
picture of the electronic properties, in agreement 
with the chemical history of each particular 
sample, has been obtained.*»2 

1. E. E. Haller, B. Joos and L. M. Falicov, Phys. 
Rev. B 21, 4729 (1980). 
2. B. JfoOs, E. E. Haller and L. M. Falicov, Phys. 
Rev. B 22. 832 (1980). 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
Materials Sciences Division of the U.S. Department 
of Energy under Contract No. W-7405-ENG-48. 

Fig. 1. A schematic representation of the acceptor 
A (H,Si) impurity in germanium, with the Si atom 
in a substitutional position. (XBL 798-11028) 
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Fig . 2 . A schematic r e p r e s e n t a t i o n of the donor 
D (H,0) . (XBL 802-7970) 

2 . THEORETICAL STUDY OF LITHIUM INTERCALATION IN 
TRANSITION-METAL DICHALCOGENIDES 

L. M. Fal icov and Roberto Osorio 

T r a n s i t i o n metal dichalcogenides a r e layered 
compounds of formula MX2 (TiS2 i s a t y p i c a l example) 
i n which s t rong ly bound X-H-X sandwiches a r e only 
weakly (van de r Waals) bound t o each o the r in 
varying l a y e r s t a c k s . I n t e r c a l a t i o n of L i + be
tween the l ayers has r e su l t ed i n a useful cathode 
for commercially v i a b l e b a t t e r i e s . I " 7 E l e c t r o 
chemical measurements on Li x TiS2 c e l l s have permi t 
ted a d e t a i l e d study of t he thermodynamics of t he 
Li i n t e r c a l a t i o n , and the determinat ion of t he 
characteristics of what i s in practice a strongly 
interacting two-dimensional la t t ice gas: the Li*" 
ions distribute themselves on s i tes between the 
layers; these sites form a two-dimensional t r i 
angular la t t ice . We have examined this situation 
in several model calculations: 

• A relatively simple three-sublattice Bragg-
Williajns calculation 8 i l lustrates the meaning 
of the features in the incremental capacity 
versus concentration curves: (a) minima are 
associated with ordered structures, 
(b) sharp maxima (divergences) are caused by 
the coexistence of ordered and disordered 
phases over concentration intervals, and 
(c) smooth maxima can be found at concentra
tions of no direct relevance to ordering. 

• A more sophisticated three-sublattice triangle 
approximation^ with nearest-neighbor repulsion 
and three-particle attractions was also 
examined. Order-disorder phase diagrams and 
thermodynamic functions were computed. Peaks 
in the incremental capacity as function of 
concentration reproduce the experimental data 
of Thompson,1-2 in particular the maxima and 
minima. 

We have thus confirmed the validi ty of the 
la t t ice gas model as a f i r s t approximation for the 
problem of ordering of Li + ions in systems like 
LixTiS2. Better results could almost certainly be 
achieved by introducing longer-range interactions. 
The improvements, however, are limited mainly by 
the inaccurate description of the guest-host inter
action and the electronic contributions due to the 
f i l l ing of the TiS, conduction band. 

* * * 
1. A. H. Thompson, Phys. Rev. L e t t e r s 40, 1511 
(1978). 
2 . A. H. Thompson, J . Electrochem. Soc. 126, 608 
(1979). 
3 . D. W. Murphy and R. A. Tnmbore , J . C rys t a l 
Growth 39, 185 (1977). 
4. M. ST Whittingham, Science 192, 1126 (1976). 
5 . M. S. Whittingham, J . Electrochem. Soc. 123, 
315 (1976). 
6. B. G. S i lbe rnage l and M. S. Whittingham, J . 
Chem. Phys. 64, 3670 (1976). 
7. B. G, SiTEernagel, Mat. S c i . and Eng. 3 1 , 281 
(1977). 
8. R. Osdrio and L. M. Fa l icov , submitted t o Phys 
Rev. B . , LBL-11474. 
9. R. Osdrio and L. M. Falicov, submitted to Phys 
Rev. B, LBL-11475. 

3. PH3T0EMISSI0N PROPERTIES AT THE SURFACE OF 
TRANSITION METALS 

L. M. Falicov and Jerry Tersoff 

X-ray photoemission spectroscopy has become an 
invaluable tool for the study of electron-electron 
interactions in transition metals. The spectra 
show rich structures, which differ considerably 
from the naive picture to be expected from simple 
one-electron theory. Nickel has been the subject 
of several experimental 1 - 5 and theoret ical 1 " 4 

studies: these studies have been correlated with 
others involving Auger electron spectroscopy. 5" 6 

The general characteristic of the experimental 
data is the existence of sa te l l i te l ines, attached 
to the main core and conduction band peaks, which 
in general are located approximately 3-6 eV below 
the corresponding main featui-e. These sa te l l i tes 
have been unequivocally assigned to a localized 
many-electron excitation of the transition metal. 

We have developed a theory of the sa te l l i te 
structure of the core-level photoemission spectrum 
of transition metals. I t was applied to the 2P3/2 
level of metallic nickel. The calculation was 
carried out for both the paramagnetic and ferro
magnetic states and was based on two scattering 
parameters, one intraband and one interband. Agree
ment with experiment is very good. 

1. C. Guillot, Y. Ballu, J . Taigne, J . Lecante, 
K. P. Jain, P. Thiry, R. Pinchaux, Y. Pgtroff, 
and L. M. Falicov, Phys. Rev. Lett. 39, 1632 (1977). 
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2. G. G. Tibbets and W. F. Egelhoff, J r . , Phys. 
Rev. Lett. 41, 188 (1978). 
3. S. P. Kowalczyk, Ph.D. thesis, University of 
California, Berkeley, 1676. 
4. D. R, Penn, Phys. Rev. Lett. _42_, 921 (1979). 
5. A. M. Bard, M. Salmerdn and J . M. Rofo, J . 
Phys. F S_, 826 (1979). 
6. G. A. Sawatsky, Phys. Rev. Lett. 39, 504 (1977). 
7. E. Antonides and G. A. Sawatsky iiTTransition 
Metals 1977, M. J . G. Lee, J . M. Parz and~E: 
Fawcett, eds. , Institute of Physics, Bristol and 
London, 1978, p . 134. 
8. J . Tersoff, L. M. Falicov and D. R, Penn, Solid 
State Commun. 32, 1045 (1979). 

RESEARCH PLANS FOR CALENDAR YEAR 1981 

Work nearing completion will analyze the con
tributions of the various atomic configurations 
and the interconfiguration fluctuations to both 
the photoeniission spectra and the chemical activity 
of (a) clean, smooth surfaces of Xi, (b) clean, 
smooth surfaces of Cu (c) stepped surfaces of both 
Ni and Cu, (d) smooth overlayers of Cu on Ni and 
Ni on Cu, (e) irregular, stepped overlayers of 
Cu on Ni and Ni on Cu, and (f) isolated attached 
impurities (kinks) of both N'i and Cu on either 
Ni or Cu metal. 

The following projects will be also conducted 
during 1981: 

1. Study of the spectral properties of hydrogen 
in ultrapure germanium and in germanium with 
substitutional impurities. 

2. Analysis of the electronic and chemical 
properties of transition and noble metal surfaces; 
the surfaces will be ideal, stepped or with other 
defects. 

3. Analysis of the many-electron effects in 
the surface photoemission of transition metals. 

1980 PUBLICATIONS AND REPORTS 

Refereed Journals 

1. L. M. Falicov and M. E. Foglio, "Theory of 
Intermediate Valence. 111. Electronic Specific 
Heat," Phys. Rev. B 21, 41S4 (1980). 

'2. L. M. Falicov and J . L. MoraYi-Lopez, "Spin 
Waves a t the Surface of Ferromagnetic Alloys: A 
Cluster-Be the-Lattice Approach," J . of Magnetism 
and Magnetic Materials 1S-18, 1077 (1980). 

3. L. M. Falicov, E. E. Haller and B. Jods, 
Acceptor Complexes in Geimanium: Systems with 
Tunneling Hydrogen/' Phys. Rev. B 21, 4729 (1980). 

4, L. M. Falicov, B. Joos and E. E. Haller, "Donor 
Complex with Tunneling Hydrogen in Pure Gernianiim," 
Phys. Rev. B 22, 832 (1980), LBL-10499. 

5. L. M. Falicov and T. H. Lin, "Diatomic-Molecule 
Model for a Mixed-Valence System," Phys. Rev. B 22, 
857 (1980). 

T 6 . L. M. Falicov and C. A. Balseiro, "Phonon 
Hainan Scattering in Superconductors," Phys. Rev. 
Letters 45, 662 (1980). 

7. L. M. Falicov and P. Thalmeier, "Broken-
Symmetry States in Solids with Multiple Bands," 
Phys. Rev. B. 22., 2456 (1980). 

8. L. M. Falicov and R. E. McMurray, J r . , "Theory 
of Electric Breakdown in Solids with General Two-
b.-.id Crossings," Phys. F.ev. B 22_, 4047 (1980). 

Other Publication.. 

1. L. M. Falicov and R. C. Kittler, "Band Theory 
for Order-Disorder Phase-Transformation: CuAu, 
Q13AU and CUAU3," in Theory of Alloy Phase Forma
tion, edited by L. H. Bennett, The Metallurgical 
Soceity of AIME, New York (1980). 

2. L. M. Falicov and C. A. Balseiro, "Super
conductivity and Charge-Density Waves," in 
Superconductivity in d- and f-Band Metals, edited 
by H. Suhi and M. B. Maple, Academic Press, Inc., 
New York (1980). 

LBL Reports 

1. L. M. Falicov and R. Osdrio, "Three-Sublattice 
ttoi*l for a Triangular Lattice Gas," LBL-10685. 

2. L. M. Falicov and R. Osorio, "Cluster-Variation 
Method for the Triangular Lattice Gas I . Three-
Sublattice Point Approximation," LBL-11474. 

3. L. M. Falicov and R. Osorio, "Cluster-Variation 
Method for the Triangular Lattice Gas I I . Triangle 
Approximation," LBL-11475. 

Invited Talks 

1. L. M. Falicov, "Propiedades de las Superficies 
de Aleaciones Binarias," Symposiun on the Physics 
of Condensed Matter, in celebration of the 10th 
anniversary of the foundation of University Simon 
Bolivar, Caracas, Venezuela, 20 February 1980. 

2. L. M. Falicov, "The Theory of Electron Photo-
emission," Symposiun on Trends in Studies of 
Electronic Properties of Metals by Photoemission, 
Centre de Physique des Houches, Ecole de Physique 
Theorique, France, 3-14 March 1980. 

3. L. M. Falicov, Annual Conference of the 
Condensed Matter Division of the European Physical 
Society, Antwerp, Belgium, 9-11 April 1980. 
(Invitation declined) 

4. L. M. Falicov, "Electron Correlation Effects 
in Photoemission," Meeting on Major Problems in the 
Theory of Surfaces, Institute for Theoretical 
Physics, University of California, Sants Barbara, 
11-12 August 1980. 

5. L. M. Falicov, "B;tnd Theory for Order-Dison'er 
Phase-Transformations," 28th Midwest Solid State 
Physics Conference, Michigan State University, 
24-25 October 1980. 
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6. L. M. Falicov, "Intraatomic Correlation in 
Canonical d-Bands," 1980 March meeting of the 
American Physical Society, New York, NY, March 
24-28, 19.80 (presented by P. Thalmeier) . 

7. L. M. Falicov, "Surface Spin Density Wave in 
the Cr-Re Alloys,"1980 Hard; meeting of the 
American Physical Society, New York, NY, March 
24-28, 1980 (presented by G. J . Mata). 

8. L. M. Falicov, "Acceptor Complexes in Ger
manium with Tunneling Hydrogen," 1980 March meeting 
of the American Physical Society, New York, NY 
March 24-28,1980 (presented by B. Jo6s). 

9. L. M. Falicov, "Surface Properties of Binary 
Alloys," James Franck Inst i tu te , University of 
Chicago, IL, October 23, 1979. 

10. L. M. Falicov, "Surface Properties of Binary 
Alloys," Oregon State University, Corvallis, 
Oregon, January 28, 1980. 

11. L. M. Falicov, "Electronic Hamiltonians," 
Insti tute for Theoretical Physics, University of 
California, Santa Barbara, July 14, 1980. 

12. L. M. Falicov, "Electronic Hamiltonians," 
Insti tute for Theoretical Physics, University of 
California, Santa Barbara, July 17, 1980. 

13. L. M. Falicov, "Surface Properties of Binary 
Alloys," National Bureau of Standards, Washington, 
D.C., September 15, 1980. 

14. L. M. Falicov, "Intermediate Valence Solids: 
An Overview," National Science Foundation, 
Washington, D.C., September 16, 1980. 

15. L. M. Falicov, "Theory of Intermediate Valence 
for Systems (a) with One and (b) with Two Magnetic 
Configurations," Insti tute for Theoretical Physics, 
University of California, Santa Barbara, October 
6, 1980. 

Supported by NSF Grant DMP.78-03408. 



b. Theoretical SolW-Stale Physics* 

Marvin L. Cohen, Investigator 

1. PSEUDOPOTENTIAL TECHNIQUES 

The relative ease in doing calculations assoc
iated with pseudopotentials is usually attributed 
to the fact that core electrons are not examined. 
Only valence electron energy levels and wave-
functions are computed. These calculations are 
normally done in a momentum or k-space renrescnta-
tion, and Fourier components of the charge density 
of the electrons and the form factors for the po
tentials are the usual outputs. Most formalisms 
for total energy calculations are based on a real 
space representation, and these approaches are 
often too cumbersome to implement. We have, 
therefore, developed a momentum-space formalism1 

to deal with total energv calculations. This 
approach allows accurate total energy computa
tions using Che ordinary outputs from electronic 
energy band calculations. The ease and flexi
bi l i ty of this new method have enabled us to do 
accurate calculations having important conse
quences. These are discussed in art icle 4 below. 

The first-principles pseudopotential approach, 
which we developed previously, was used to compute 
properties of so l ids . 2 The scheme enables a deter
mination of a pseudopotential starting with only 
atomic properties. The potentials have been used 
in a number of applications on atoms, molecules, 
and solids. They are usually generated in numeri
cal form, but we have recently devised a simple 
analytical form3 to model the main physical prop
erties of die potentials. Fitting parameters for 
the f i rs t three ions of the periodic table have 
been found, and these reflect the chemical trends 
of the elements. We found that a minimum of three 
parameters is required to reproduce the regular
i t ies of Jie periodic table. 

1. J. Ilim, A. Zunger, and M. L. Cohen, J . Phys. 
C12, 4409 (1979). 
2. A. Zunger and M. L. Cohen, Phys. Rev. B2p_, 
4082 (1979). 
5. P. K. Lam, M. L. Cohen, and A. Zunger, Phys. 
Rev. B22_, 1693 (1980). 

2. SOLID SURFACES AND INTERFACES 

We continued our studies of solid surfaces. 
These included: calculations of the electronic 

structure of Mo(001) with a hydrogen monolayer, 1,2 
the clean (110) surface of GaASM and GaAs(HO) 
with an Al overlayer,5 and the Si(001) 2 x i sur
face. 6 The la t te r calculation tested dimer moaels 
for the two dangling bonds on the Si(001) surface. 
Most surface structure models assume that the 
dangling bond, form symmetric aimers, that i s , 
both bonds reconstruct in the same way. Chadi 
recently proposed an asymmetric dimer structure 
using the tight-binding method. Our calculation 
supports Chadi's model. The energetics of the 
asymmetric dimer are favorable, and the electronic 
properties are in better agreement with experi
ment than the results for the symmetric dimer 
model. 

Interface work concentrated on metal-semi
conductor interfaces (Schottky bar r ie rs ) 5 * 7 " 1 ^ 
and semiconductor-semiconductor interfaces 
(heterojunctions).8,10,11,12-14 0n e recent 
study!3,14 concentrated on the question of sym
metry-induced localization. In previous calcu
lations, we demonstrated that an interface be
tween two semiconductors could localize electrons 
if the semiconductors had different ionici t ies. 
Examples are Ge-GaAs and GaAs-ZnSe interfaces. 
In these cases, the symmetry remains the same on 
both sides of the interface, but the ionicity 
does not. For systems like GaAs-AlAs, both che 
symmetry and the ionicity are approximately un
changed, and no localized interface states are 
found. 

The question remained as to whether a sym
metry change alone could localize interface s ta tes . 
To test this case, a zincblende-wurtzite interface 
between these two crystalline modifications for 
ZnS and for ZnSe were assumed in the model calcu
lations. At the interface, the bonds do not 
change, that i s , no change in ionicity occursj 
but the symmetry changes over a distance corre
sponding to three nearest neighbors. The calcula-
tional results reveal that electronic states or 
resonances are localized near the interface. The 
region of localization is approximately three 
nearest neighbor lengths. This corresponds to 
the distance that an electron state "knows" that 
there i s a symmetry change. 

A similar calculation was done for a rotation 
twin stacking fault in B-ZnS.14 this calculation 
also revealed localization caused by the symmetry 
change associated with the stacking fault. 
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3. ELECTRONIC STRUCTURE 

The pseudopotential approach was used to 
explore the electronic structure of an 0? mole
cule,1 H in Ge, 2 semiconductors^ and an"A15 
metal . ' 1 ' 5 I t was also used to explore the valence 
charge distribution and electric field gradients 
in GaAs-AlAs mixed crystals 6 and the mechanisms 
causing the tenperature dependence of semiconduc
tor energy gaps, 7 

The calculation for the A15 metal concentrated 
on V3SI.4.5 The electronic charge density had 
been determined using x-ray measurements. One 
of the main purposes of the electronic calculation 
was to compare the computed electron charge den
sity with the measured results and to explore the 
bondijig nature of this high temperature super
conductor. To investigate the V-V, Si-Si, and 
V-Si interaction!, charge density calculations 
were done for V3 (chain only) and Si (bec) model 
structures. By comparing the results for these 
model calculations, i t was possible to conclude 
that the bonding between V atoms i s covalent-like 
along the chains, and i t i s metallic in nature be
tween the V and Si atoms. The agreement between 
experiment and theory was good for the tota l 
charge density and for that part of the electronic 
band structure which had been measured using 
photoemission. 
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4. TOTAL ENERGY CALCULATICWS 

Using the total energy approach in momentum 
space discussed i r article 1 above a number of 
new calculations have become possible.I>2,3,4,5,6,7 
These calculations require very accurate pseudo-
potentials which give reliable energy levels and 
wavefunctions for both atomic and solid state 
limits. Several approaches have yielded pseudo-
potentials of the desired accuracy (Starkloff and 
Joannopoulos; Zunger and Cohen; Hamann, SchlUter, 
and Chiang; and Kerker). In our calculations, 
we have used the potentials of Hamann, Schlliter, 
and Giiang. 

The method has been applied to Si and Ge. We 
will focus on Si here, but comparable results are 
obtained for Ge. Minimization of the total energy 
gives the Si la t t ice constant, 5.451 A (5.429, 
0.4V); cohesive energy, 4.67 eV/atom (4.63, 0.941; 
and bulk modulus, 0.98 x 1012 erg/cm3 (0.99 y lOlZ, 
-1.0$). The experimental values and deviations 
are given in parenthesis, lat t ice vibrational 
frequencies are also calculated by distorting the 
crystal according to phonon displacements (frozen 
phonon model) and computing force constants. The 
calculated (measured, deviation) frequencies for 
the r , X, and L points of the Brillouin zone, 
1 0 1 2 Hz, are: LTO(r), IS.16 (15.53, -2.48); TA(X), 
4.45 (4.49, - 0.95); TO(X), 13.48 (13.90, -3.0S); 
LOA(X), 12.16 (12.32, - 1.38); LA(L), 10.81 (11.35, 
- 4 . 8 ^ ; L0(L), 12.58 (12.60, -0.2%): TA(L), 3.35 
(3.43, -2.31), TO(L), 14.06 (14.68, -4.2%). The 
agreement i s remarkable considering that only the 
atomic number and crystal structure are used for 
input. In addition, this i s the f i r s t truly ab 
ini t io phonon calculation. 

Another calculation which has previously been 
difficult to do accurately is structural s tabi l i ty . 
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The case considered for Si was a comparison of the 
dianond, hexagonal diamond, B-tin, hep, bcc, and 
fee structures. Using calculations of the total 
energies, minimm voliraes, and minimum energies, 
the differences in the minimum energy for each 
of the above crystal structures and of the dia
mond structure can be evaluated. These are (in 
eV): hexagonal diamond (0.016); 6-tin (0.27); 
hep (0.S5); bcc (0.53); and fee (0.57). These 
results are shown in Fig. 1. The cubic diamond 
structure is clearly lowest in energy at atmo
spheric pressure. 

Using similar techniques, the pressure-in
duced diamond-B-tin phase transition can be com
puted. The microscopic explanation of a solid-
solid phase transition is at least a 60 year old 
problem in materials science. The results arc 
shown in Fig. 1. The fee, bcc, and hep struc
tures are high in energy cewpared to the £-tin, 
hexagonal, and cubic diamond structures for the 
volumes of interest. With increasing hydrostatic 
pressure, the system follows the path l-*2-*-S*4 
il lustrated in Fig. 1. The phase transition 
occurs along 2->3 which is the common tangent of 

- 7 . 9 2 1 i ' » ' ' I • I 
0.6 0.7 0.8 0.9 1.0 1.1 

Volume 
Fig. 1. The diamond, hexagonal diamond, B-tin, 
hep, bcc, and fee structural energies (in units 
of Ry/atom) as a function of the atonic volume 
(normalized to the measured free volume) for Si. 
The dashed line is the cannon tangent of the en
ergy curves for the diamond and the (3-tin struc
tures. (XBL 814-9170) 

the energy versus volume curves. This region 
represents the mixed states of the diamond and 
fl-tin phases. The tangent points determine the 
transition volumes for the diamond, Vt°» and 
B-tin, Vt̂ » phases, and the slope of the tangent 
gives the transition pressure, Pt» which is less 
precisely determined theoretically. The calcu
lated (measured, deviation) values are: Vt d , 
0.928 (0.918, l . l i ) ; V t6, 0.718 (0.710, 1.11), 
VtB/Vtd, 0.774 (0.773, 'O.l i) ; and P t > 99 (125, 
204). The volumes are normalized to the measured 
zero-pressure volume, and the pressure is given 
in kbar. The only input to this calculation is 
the atomic number and the consideration of P. 
limited nmiber or structural typ D S -

The excellent results for s ta t i c , vibrational, 
and structural properties represent a breakthrough 
in solid state physics calculations. These re
sults give support to the theoretical constructs, 
which are primarily the pseudopotential and den
sity-functional approaches. 
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5. DEM3NS AND SUreRCOffiUCTrVTTY 

Various electronic mechanisms have been pro
posed for superconductivity, but there is no 
compelling experimental evidence to support the 
view that existing superconductors owe their loss 
of resistance to any mechanism other than conven
tional electron-phonon interactions. However, the 
appeal of electronic mechanisms remains because 
of the potential high transition temperatures 
possible using electron-electron Coulomb inter
actions. We have investigated some of these sug
gestions 1 " 2 with emphasis on the demon mechanism. 

In a two component plasma in a gas or solid, 
the lighter mass component can screen interactions 
between the heavier mass particles, and an 
acoustic plasma mode can result . For a solid, 
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i t is the screening of the ion-ion interactions 
hy the lighter electrons which gives r ise to 
acoustic phonon modes. For transition metals, 
the heavier d-electron interactions can be 
screened by the l ights-electrons, and an acoustic 
plasmon results . This acoustic plasmon or demon 
mode has not be observed experimentally, but i t 
is a natural consequence of the theory of solid 
state plasmas. 

One suggestion for electronic-interaction-
induced superconductivity i s based on s-electrons 
exchanging demons much like conventional super
conductors involve electrons, electrons exchanging 
phonons. The demon problem has previously been 
formulated primarily in this way; however, this 
approach is not reliable for accurate estimates 
of the pairing interactions. 

We have, therefore, used a total dielectric 
functional approach based on model band structures. 
The results show that the demon mechanism gener
ally reduces the repulsive Coulomb interaction 
between electrons. Under suitable conditions, 
the model calculations indicate that the electron-
electron interaction via demons can be at tractive, 
but the results also suggest that this mechanism 
is probably not dominant in transition metals and 
transition metal compounds, An attractive inter-
band contribution is also found, and i t is pro
posed that this effect may lead to electron 
pairing in suitable systems. 
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RESEARCH PLANS FOR CALENDAR YEAR 1981 

The successes with the tota l energy calcu
lations described in ar t ic le 4 above have moti
vated us to concentrate in this area. Further 
calculations on phonons, phase transitions, and 
s ta t ic properties of bulk crystals wil l be done. 
In addition, an attempt to determine surface re
construction will be made using total energy 
calculations. 

A promising method for calculating electronic 
structure has been developed by our collegue, 
Professor Steven Louie. This approach involves 
localized orbitals and i s much simpler and cheaper 
than computer time, but not as accurate to use 
as the self-consistent pseudopotential approach. 
We hope to apply these results to more complex 
crystal types and defects. One calculation in 
progress is on the electronic properties of a 
line defect. We also hope to explore the proper
t ies of H in Si using this method. 
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C. Materials Chenrstry 

1. Chemicai Structure 

a. Low-Temperature Properties of Materials4 

Norman E. Phillips, investigator 

1. CAIORIMETRIC INVESTIGATION OF SPIN-GLASS 
ORDERING IN Cu Mn 

V.'illiam E. Fogle, James D. Boyer, Norman E. 
Phillips, and John Van Curen 

There is currently a high level of interest in 
the properties of disordered systems and the nature 
of the phase transitions that they cm display. 
Metallic spir, glasses, of which Cu tt\ is a proto
typical example, constitute an important class of 
disordered systems, and the discover)' of a sharp 
cusp in the low-field ac susceptibil i ty 1 prosipted 
serious consideration of the possibility of a 
thermodynamic phase transition at a characteristic 
temperature T Sg. Edwards and Anderson2 proposed a 
model for a spin glass in which the long-range RKKi 
interaction between randomly distribut?d spins was 
replaced b;_ a Gaussian distribution of bond 
strengths coupling spins on a regular la t t ice . 
Mean field solutions for this model and for ex
tensions of i t do produce a cusp in the suscepti
b i l i ty , y., but tliey also predict a cusp in the 
magnetic specific heat, C. Although a broad 
anomaly in C extending from (presumably) T = 0 to 
well above T s g was well known, no sharp feature 
of the type predicted had been reported. More-
recent measurements of C specifically directed to 
finding such a feature and with a precision of the 
order of 1$ have generally produced negative re
sul ts , but in one caseS a "knee," or discontinuity 
in slope of C/T vs. T, was reported. By making 
several refinements in our measuring techniques we 
have obtained a precision of approximately 0.021 
in C for a 2790 at. ppm sample of Cu Mn near TSg, 
which is approximately 3.9 K. New zero-field data 
have been ootained, and C has also been measured 
as a function of magnetic field. The results show 
clearly, for the first tijne, the nature of the 
thermal effects associated with spin-glass ordering. 
There are no discontinuities in C or i t s tempera
ture derivative to within the precision cf the data. 
A broad anomaly in the temperature derivative does 
exist and extends over several K, from well below 
to well above TSP but with no sharp structr-c 
associated with . S g . A relatively sharp dip ir, the 
low-field field derivative of C is centered at T s g 

and i s the only feature that is clearly correlated 
with T Sg. The most striking feature of the field 
derivative, however, is that i t is thermcdynamical-
ly inconsistent with x data. The apparent explana

tion is that even though x and C measurements show 
no observable relaxation effects when made following 
cooling in constant field, they do not give true 
equilibrium properties. There are obvious and 
serious implications for the comparison of theory 
with experiment. 

Figure 1 shows the derivative of C/T with respect 
to 'f as obtained by taking point-to-point dif
ferences of the raw capacity data. The smocth 
curve represents an interpolation between_ higher-
and lower-temperature data for which the differ
ences vary smoothly. A distinct s-shaped wiggle 
in the differences is readily apparent, independent
ly of the somewhat arbitrary position of the 
interpolated reference curve. Figure ?. shows 
typical low-field data on th? field dependence of̂  
C and least-squares f i ts of the form C/T = A + BII-. 
Figure 3 shows the temperature dependence of B in 
the vicinity of TSg. The field dependence of C 
and the temperature dependence of X are thermo-
dynamically related by (a2x/3T-)H = ^'1\^\.C/T')/'MH]J. 
In Fig. 4 the temperature dependence of 'i obtained 
by double integration of this relation is compared 
with 5 Hz > a c data on the same sample and with >;jc 

estimated for Cu Mn of this composition from lata 
on other samples. The constants of integration 
were obtained from the 5 Hz data near 4.5 K. It 
is well known that below T Sg, x<3c ^ d >ac differ 
and that dc measurements made by application of a 
field after cooling in zero field exhibit time 
dependence. However, x^c data obtained by coolinj 
in constant field do not show a time dependence 
and have been taken as representing the infinite-
time limit of data obtained by changing the field. 
One would therefore have expected the x j c data to 
correspond to thermodynamic equilibrium and to be 
related to the C data, which were obtained under 
the sai. ; conditions, by the standard thermodynamic 
relations. Figure 4 shows that this is not the 
case. The discrepancy suggests that , even though 
no time effects are observed when samples are 
cooled in constant field, the full rang,? of 
microscopic states that contribute to the the rmo-
dynamic properties are not being sampled by the 
system. 

This work was supported by the Director, Office 
of Energy Research, Office of Basic Energy 
Sciences, Materials Sciences Division of the 
U. S. Department of Energy under Contract No. 
W-7405-ENG-48. 

Fig. 1. Derivative of C/T with respect to T. 
(XBL 8012-13567) 
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Fig. 2. The low-field field dependence of C/T just 
above (4.152 K) and well above (5.578 K) T s g . The 
error bars indicate the effect of ±0.01% errors in 
total measured heat capacity. (XBL 813-8399) 

In suimary, the upper limit to possible discon
t inuit ies in C and i t s temperature derivative has 
been lowered by almost 2 orders of magnitude. 
Evidence for a more subtle heat capacity anomaly 
associated with spin glass ordering has been 
obtained. Perhaps most important, however, i s the 
implication that meaningful comparison of theory 
and experiment below T s g may have to be based on 
consideration of dynamics rather than equilibrium 
properties alone. 
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Fig. 3. Effect of temperature on the coefficient 
B (see text) . (XM- 8012-13573) 
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Fig. 4. The temperature dependence of x as obtained 
from various sources. The points represent experi
mental S Hz x a c data. The solid curve (b) repre
sents X thermodynamically derived from C as 
described in the text. The slow departure from 
x a c above 5 K is associated with eddy current 
effects. The dashed curve (a) represents an 
estimate of x<jc based on data on other samples. 

(XBL 8012-13569) 

1. V. Cannella and J. A. Mydosh, Phys. Rev. B 6, 
4220 (1972); V. Cannella, Amorphous Magnetism, 
H. 0. Hooper and A. M. de Graaf, eds., Plenum Press, 
New York, 1973, p. 195. 
2. S. F. Edwards and P. W. Anderson, J. Phys. F 5, 
965 (1975). 
3. D. I. Martin, Phys. Rev. B 20, 368 (1979); 21, 
1902 (1980). ~~ ~ 
4. C. N. Guy, J. Phys. F 5_, L242 (1975); S. Nagata, 
P. H. Keesom, H. R. Harrison, Phys. Rev. B 19, 1633 
(1979). — 

2. HEAT CAPACITY OF Cu Mn SPIN GLASSES IN HIGH 
;«GNETIC FIELDS 

William E. Fogle, Konrad Matho and Norman E. 
Phillips 

Although there has been little theoretical work 
on the properties of spin glasses in magnetic 
fields to date, it has been frequently recognized 
that measurements in magnetic fields would provide 
an additional opportunity to test qualitative 
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models of spin glasses and, as the theory is 
developed, quantitative calculations. Motivated 
by these general considerations, the almost total 
lack of in-field heat capacity data, and an exten
sion of pair approximation calculations to a point 
at which comparison with experiment is of interest , 
we have undertaken a collaboration Involving both 
theory and experiment to investigate the magnetic 
heat capacity, - , of spin glasses in magnetic 
fields. 

We have made extensive measurements of C for a 
2790 at. ppm sample of Cu Mn between 0.25 and 25 K 
and in fields to 75 kOe. These data are shown in 
Fig. 5. Less complete measurements have also been 
made on several more dilute Cu >h samples, am1 a 
comparison of data for a 235 at . ppm sample in 
several fields with a pair approximation calcula
tion is shown in Figs. 6 and 7. There are no 
adjustable parameters in the calculation—both the 
spin and the strength of the RKKV interaction are 
determined by other measurements--but the agreement 
in the vicinity of the maximum in C is remarkably 
good. Similar agreement is obtained for a 94 at . 
ppm sample (not shown) but not for the 279D at . ppm 
sample. This and the trend in the maximum values 
of C with H for the la t ter sample (see Fig. 5), 
which is also in disagreement with theory, may 
constitute evidence for the importance of clusters 
in more concentrated samples. For al l samples, the 
low-temperature C is substantially greater than 
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Fig. 6. Comparison of C Kith theory for 235 a t . ppm 
CuMn. Z = giiBH/KT. (XBL 8012-13446) 

20.0 

20.0 

Fig. S. Magnetic heat capacity as a function of H 
and T for 2790 at . ppm Cu Mn. (XBL 8012-13448) 

calculated, as il lustrated in Figs. 6 and 7, for 
235 at . ppm [but the values of H and T involved for 
the 2790 sample are outside the ranges for which 
the approximation is valid). In this respect, the 
in-field pair approximation calculation is reminis
cent of a mmber of other zero-field calculations 
in that i t underestimates the number of low-energy 
excited states. I t is thus more apparent than ever 
that there are important low-energy modes that have 
not yet been recognized or taken into account in 
theoretical calculations. 

On leave from the Centre de Recherches sur les 
Tfes Basses Temperatures, Centre National de la 
Recherche Scientifique, Grenoble, France. 

1. Konrad Matho, J . Low Temp. Phys. 35, 165 
(1979); M. D. Nunez-Regueiro ard Konra3 Matho, to 
be published. 
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7. Low-temperature detail from Fig. 2. 
(XBL 8102-13447) 

RESEARCH PLANS FOR CALENDAR YEAR 1981 

Apparatus for the intercomparison of a number of 
' very low temperature thermometers (diluted CMN, 

nuclear orientation, nuclear susceptibility, and 
an NBS "fixed point" device) and a preliminary 
version ot apparatus for heat capacity measurements 
on Ĥe is nearly ccmplete. The f i rs t experimental 
results with i t should be obtained early in 1981. 

Measurements on the heat capacity of cerium under 
pressure have been further delayed by problems with 
pressure-transmitting media, but these have now 
been resolved and the measurements on cerium will 
be made. 

New apparatus, for heat capacity measurements in 
the 30 mK to 25 K region, using a dilution refrig
erator, is also nearing completion. I t will be 
used for studies on several systems, including 
intercalated graphites, spin-glasses, and possibly 
potassium. 
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b. Electrochemical Processes* 

Charles W. Tobias, Investigator 

Introduction. The purpose of this program is 
to advance scientific methods for the analysis of 
scale-dependent cell processes and to provide means 
by which the design and operation of such processes 
may be optimized with respect to energy efficiency 
and capital cost. Physical description and quanti
tative characterization of transport of charged and 
uncharged specie to and from electrode surfaces 
by connective diffusion represent a core interest 
in this program. The analysis of high rate pro
cesses , such as electromacninmg and electroforming, 
is undertaken to point the way to new applications 
in electrometallurgy. A smaller part of this pro
gram is devoted to the exploration of novel electro
chemical processes. Emphasis is placed on lnvesti-
gations in aprotic solvent systems which may be 
of potential use in galvanic cel ls , or in electro-
winning or refining of reactive metals. 

1. GAS-ELECTRODE-ELECTROLYTE INTERFACES; RESISTANCE 
OF BUBBLE LAYERS 

Paul J . Sides and Charles W. Tobias 

The analytical evaluation of the current dis
tribution around a single bubble on an electrode 
surface 1 and the increase in resistance caused by 
i t s presence cannot be extended to dense arrays 
of spheres. The minimum resistance of such an 
array can be obtained by considering the constric
tion of flux between two closely spaced spheres. 
To assess the usefulness of various theoretical 
approximations for the representation of the 
resistance of an ordered array of bubbles, audio
frequency resistance measurements were carried 
out on precisely defined, large scale models. 

A lucite tube 40 cm long with a hexagonal cross 
section limited at both ends by planar gold-plated 
copper electrodes, was built to serve as a model 
of a unit cell of a hexagonal array of bubbles on 
an electrode. The cell accommodates a 10.16 cm 
diameter sphere, at the maximum, which represents 
close packing. The spheres rest on the bottom 
electrode while the upper electrode is attached to 
a piston so that the distance between the two 
electrodes can be changed. The cel l , containing 
the largest sphere and surrounded by others 9.65, 
9.14, 8.64, 7,11, and 5.84 cm in diameter, appears 
in Fig. 1. The different-sized spheres, simulating 
a range of void fractions in the bubble layer, were 
placed in the cell one at a t ine and the resistance 
between the hexagonal electrodes. 1M KC1 served 
as electrolyte. 

In some experiments the 120° wedges, appearing 
in the foreground and in the cell in Fig. 2, were 

Fig. 1. Hexagonal cell with lucite spheres and 
wedges in the foreground. Note assembly with large 
sphere in cell and wedges placed in the corners. 

(CBB 801-242) 

0 . 8 Tangent Sphe e Model 

Nj ^^- / Cons trie t i o Calculation 

0 . 6 
Maxwell 

0 . 4 

0 . 2 * 

This work was supported by the Director, Office 
of Energy Research, Office of Basic Energy Sciences, 
Materials Sciences Division of the U. S. Department 
of Energy under Contract No. W-7405-ENG-48. 

0.0 0.2 0.4 a.e 
VOID FRACTION 

Fig. 2. Data of hexagonal cell for single spheres 
compared to calculated values. (XBL 8011-7574) 
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placed in the cell corners. Cut from spheres of 
various diameters, the wedges served to model a 
second layer of bubbles underneath the larger ones. 

Assuming that the gas is confined to a layer of 
thickness xL close to the electrode, where x is 
the fraction of the interelectrode gas, L, occupied 
by a bubble layer, we used the following form to 
describe the total electrode resistance, Ry, for 
n parallel plate configuration: 

"r - a - *> & + ir (i) 

in which tc is the electrolyte conductivity, S is 
the electrode area, and K̂ , is the ratio of the 
conductivity with gas present to that with gas 
absent. Knowing the cell and sphere dimensions 
and the electrolyte conductivity, and measuring 
the resistance, R-r, we calculated Kn> All theore
tical and experimental results were expressed as 
the function K™ for convenient comparison of data 
with various theoretical models. 

The results of the hexagonal cell experiments 
on uniform spheres, the tangent sphere prediction, 
the constriction calculation, and Maxwell's equa
tion for Ref. 2 appear in Fig. 2. As predicted 
by the tangent sphere calculation,* the experimen
tal resistance values are greater than those pre
dicted by the Maxwell relation at small void 
fractions; the electrode plane on one side of the 
bubble terminates the electrical activity and hence 
limits the resistance presented by a tangent sphere 
to 90% of that of a similar sphere in the bulk 
electrolyte. At close packing, the conductivity 
of the bubble layer is reduced by a factor of near
ly 5. This means that a close-packed bubble layer 
occupying 5% of the interelectrode gap causes a 
201 increase of the overall cell resistance ex
pressed in Eq. (1). 

The tangent sphere calculation grossly over
estimates the conductivity except at the low bubble 
layer occupancies for which it was derived. The 
opposite is true of the constriction calculation. 
It does not agree with the data at dilute bubble 
occupancies because the curved surfaces of the 
sphere force the current to take longer paths 
through the electrolyte to get around them and 
hence offers higher resistance to the current than 
the constriction calculation permits. However, 
at void fractions near close packing the calcula
tion provides a rather satisfactory representation 
of measured resistances. 

The results of the two-layer experiments, in 
which the wedges shown in Fig. 1 were inserted in 
the cell comers, appear in Fig. 3. At the lowest 
void fractions, the new conductivities are lower 
than the single sphere line alone would predict, 
while at the high bubble occupancies the new con
ductivities are higher than the single sphere data 
alone would predict. The transition from one 
tendency to the other occurs near a bubble coverage 
of 0.4. This trend indicates that, as the small 
spheres are added, the system behaves more like a 
three-dimensional homogeneous dispersion rather 
than a two-dimensional array. 

+ single sphere data 
o with 2.54 cm wedges 
* with 3.175 cm wedges 
x with 3.81 cm wedges 

Meredith's Equation 

Distribution Model 

a.e a.2 a. 4 0.6 
VOID FRACTION 

Fig. 5. The hexagonal cell results caupared to the 
Distribution Model and Meredith's equation. 

[XBL 8011-7585) 

When spheres of two different diameters (e.g. , 
5:1 diameter ratio) are added, the Distribution 
Model3 best predicts the conductivity of the layer. 
In Fig. 3, plots of the Distribution Model, and 
Meredith's equation, 4 which were derived for dis
ordered and ordered three dimensional dispersions 
of spheres in the bulk electrolyte, respectively, 
are compared to the hexagonal cell data. At low 
void fractions, the experiment confirms the 
theoretical prediction that the conductivity of 
the bubble layer exceeds that predicted by these 
equations. At high void fractions, where the 
constriction between bubbles dominates whether in 
bulk solution or on che electrode surface, the data 
and equations are in close agreement. 

1. P. Sides and C. W. Tobias, Mtftt) Annual Report 
for 1979, LBL-10000, p . 211. 
2. J . C. Maxwell, A Treatise on Electricity ana 
Magnetism, 2nd ed. V. 1, Clarendon Press, p. 435, 
B8TT 
3. R. E. Meredith and C. W. Tobias, J . 
Electrochan. Soc. 108, 286, 1961, 
4. R. E. Meredith and C. W. Tobias, J . Appl. 
Phys. 31, 1270, 1960. 

2. HIGH RATE ELECTROLYSIS PROCESSES - THE EFFECT 
OF SUSPENDED INERT PARTICLES ON LIMITING CURRENTS 
TO A ROTATING DISK 

David Roha, Rolf H. Muller, and Charles W. Tobias 

Although high surface area electrodes, such as 
those in packed and fluidized beds, have high mass 
transfer coefficients, there are situations, such 
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as in electroplating, where these techniques cannot 
be applied. In such cases, a method for increasing 
the rate of mass transfer to more or less flat 
surfaces is needed. Simply pimping the solution 
faster over the electrode surface to reduce the 
boundary layer thickness is limited by the sharply 
increasing pumping power requirement. 

Introducing small inert solid particles in the 
ri'v. -ream has been reported to be very effective 

x-ui.cing the boundary layer thickness. Our 
:̂  -'L;: igation was undertaken with the purpose of 
establishing quantitative criteria for the use of 
suspended inert solids in electrochemical practice. 
For our experimental vehicle, we have chosen a 
rotating disk electrode at which ferricyanide ion 
was reduced, (Fe(CN)l" + e" » Fe(CN)r), in the 
presence of large excesses of NaOH. A large surface 
area foil around the periphery of the cell served 
as anode, where the ferrocyanide ion was oxidized 
to ferricyanide. Weighed amounts of glass beads 
were added to the electrolyte; the limiting cur
rents were determined by plotting cathodic over-
voltage versus current. 

From a data base of 1152 valid limiting current 
measurements involving two disks with active 
electrode areas of 1 cm2 and 6.26 cm2, eight 
rotation speeds from 387 to 2870 rpm and six parti
cle sizes from 4 to 75 microns, the following con
clusions were obtained: 

a. Little or no increase in limiting current 
occurs until the volume of glass beads is above 
5-10% (cf. Fig. 4). 

b. Beyond 5 to 10 vol% the limiting current 
increases sharply and reaches a maximum at about 
35%. 

c. At the higher rotation speeds, the 8.4 micron 
glass beads gave the highest increases in limiting 
current; at lower speeds, the maximum shifted 
towards the larger particle sizes. 

d. In the presence of inert solids, the larger 
diameter disk electrode always yielded much higher 
limiting current densities than the smaller one. 

e. The relative percentage increase in lijniting 
current in the presence of beads was highest at 
the greatest rotation speeds, up to more than 3 
times higher than that without particles. 

f. The limiting current versus disk rotation 
speed curve changes, with increasing particle 
concentration, from a parabolic nVZ dependence 
(where n is rotation speed) to an almost linear 
dependence on n (Fig. 5)• 

In an attempt to explain the behavior of this 
system, a mathematical model based on surface 
renewal theory was developed. This model envisions 
the particles as traveling across the disk electrode 
surface and replacing the depleted solution of the 
boundary layer with fresh solution from the bulk 
liquid. Points in the wake of a moving particle 
experience a sharp jump in limiting current which 
then decays to the steady state value as concentra
tion profiles reestablish themselves. This model 
best fiis the data when a particle is considered 

0 10 20 30 40 S3 
X VOIUBC 

13.7 Micron Beads 

Fig. 4. Limiting current versus volS of 13.7 
micron diameter glass beads. Active part of the 
rotating disk cathode had a radius of 1.41 cm. 
Curves for the eight different disk rotation speeds 
are shown. QCBL 8011-7530) 

to approach the surface to within 1/45 d of the 
particle diameter. This finding points to the 
possible existence of a thin fluid layer which the 
spherical glass beaJ carries as i t rotates in the 
v^lccity gra-_»cnt near the surtace, biingirig fresh 
reactant to the electrode purface. 

The measure for any type of agitation used to 
increase the rate of mass transfer is the increase 
one gets for each unit of energy dissipated in the 
agitation process. Figure 6 compares the calculated 
power consumption for increasing the limiting 
current of a rotating disk electrode by rotating 
i t faster to the power consumption for adding glass 
beads to the solution. Increased viscosity of the 
suspension due to particle loading is taken into 
consideration. In Fig. 7, the rat io of power 
consumption to limiting current (a theoretical 
measure of energy loss due to agitation which might 
then be compared to IR drop, surface overvoltage, 
etc.) is plotted against the volune fraction of 
glass beads. The specific energy consumption 
actually decreases at the higher rotation speeds 
while the limiting current goes up. I t is hoped 
this energy savings realized for the rotating disk 
might also apply to industrial cells of different 
design when suspended particulates are introduced. 

1. D. Roha, R. H. Muller, C. IV. Tobias, LBL-10000. 
p. 212. 
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1,413 en radius Cathode 

12.4 Micron Beads 

Fig. 5. Limiting current versus disk rotation 
speed. Each line represents a different particle 
volune fraction. Bead diameter: 12.4 micron. The 
di^k radius is 1.41 cm. (XBL 8D11-7S34) 
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RESEARCH PLANS K)R CALENDAR YEAR 1981 

Gas-Electrode-Electrolyte Interfaces. High 
speed motion picture sequences will be taken of 
nucleation distribution and bubble coalescence, 
both in light reflected from metal electrodes and 
using transparent antimony doped t in oxide elec
trodes. Attempts will be made to detect surface 
charge on bubbles and to evaluate what effect such 
a charge may have on bubble behavior. 

High Rate Electrolysis Processes.* The dependence 
of valence of dissolution (cutting efficiency) and 
of surface finish of refractory carbides on the 
various metal binders used in their manufacture, 
will be evaluated using our electrochemical 
machining apparatus. 

Fig. 6; Power required for increasing limiting 
current by spinning the disk faster, or by adding 
increasing volume fractions of 8.4 micron diameter 
glass beads to the electrolyte. Base case: 300 
radians per sec, 0 volS beads. For a 200% increase 
of limiting current the rpm has to be raised to 
2700 radians/sec. Instead, addition of 27 vol* of 
glass beads achieves the same improvement in mass 
transfer. (XBL 8012-12936) 



191 

The influence of mass transport conditions in 
the electropolishing of low-alloy carbon steels 
will be evaluated usinr* a rotating disk electrode. 

To enhance the usefulness of the method of 
boundary layer thinning in electrolysis by suspended 
inert solids, the roles of particle-shape, -size, 
and -volume fraction and the type of electrode 
and/or electrolyte movement will be characterized. 

Anodic Processes in Propylene Carbonate. The 
use of bromine discharge as an anodic reaction will 
be reevaluated, with emphasis on resolving conflic-
ing claims on solvent stability. The need for 
identifying half reactions suitable for positive 
electrodes is obvious; this is one of the main 
roadblocks to future application of organic solvents 
in extractive metallurgical processes. 

Jointly directed with Rolf H. Muller. 

1980 PUBLICATIONS AND REPORTS 

Refereed Journals 

1. Paul J. Sides and Charles W. Tobias, "Primary 
Potential and Current Distribution Around a Bubble 
on an Electrode," J. Electrochem. Soc. 127, Z88-
291 (1979). (LBL-874S) 

2. John F. Cooper, Rolf H. Muller, and Charles W. 
Tobias, "Periodic Phenomena during Anodic Dissolu
tion of Cooper at High Current Densities," J. 
Electrochem. Soc. 127, 1733-1744 (1980). (LBL-9404) 

Other Publications 

See listing of Extended Abstracts under category 
IV, (items 1, 2, 4, 5, 6, 7, 8, 10). 

LBL Reports 
+ 1 . Wing Cheong Hui with Charles W. Tobias, 
"Electrolytic Gas Evolution in Forced Flow," M.S. 
thesis, University o California, Berkeley* 1980. 
(LBL-11945) 

(See also items 7, 8, and 10 under Invited 
Talks.) 

Invited Talks 

1. Karrie J. Hanson, Rolf H. Muller, and Charles 
W. Tobias, "Mass Transfer Enhancement by Turbulence 
Promoters," Extended Abstracts, vol. 80-1, no- 388, 
pp. 963-965 (based on LBL-9038), paper presented 
at 157th Meeting of the Electrochemical Society, 
St. Louis, M0, May 11-16, 1980. 
2. Paul J. Sides and Charles W. Tobias, "Resistance 
of a Planar Array of Bubbles at an Electrode," 
paper presented at the 157th Meeting of the 
Electrochemical Society, St. Louis, MO, May 11-16, 
1980. Extended Abstracts, vol. 80-1, no. 386, 
pp. 958-960. 

3. Charles W. Tobias, 'The Coming of Age of 
Electrochemical Engineering," opening address at 
the Symposium en Energy Savings in the Electrolytic 
Industries," 89th National Meeting of the American 
Institute of Chemical Engineers, Portland, OR, 
August 17-20, 1980. 

4. Milan M. Jaksic, and Charles W. Tobias, 
"Hydrodynamic Flow Visualization by the Electro
chemical Method," paper presented at the Interna
tional Symposium on Flow Visualization, Ruhr-
University Bochun, Germany, September 9-12, 1980. 

5. Radoslav T. Atanasoski, Henry H. Law, and 
Charles W. Tobias, "Electrochemical Reduction of 
Potassium from Potassium Chloride in Propylene 
Carbonate with Aluminum Anodes," paper presented 
at the 31st meeting of the International Society of 
Electrochemistry, Vonice, Italy, September 22-26, 
1980. Extended Abstracts, vol. 12, Fl, pp. 729-731. 

* 6* Peter C. Poller, and Cha.les IV. Tobias, "The 
Generation of Ozone by the Anodic Oxidation of 
Water," paper presented at the 158th meeting of 
the Electrochemical Societv, Hollywood, FL, October 
5-10, 1980. Extended Abstracts, vol. 8G-2, no. 628, 
p. 1567-68, 1980. 

T 7 . Henry H. Law, and Charles K. Tobias, "The 
Kinetic Stability of Potassium in Propylene 
Carbonate Electrolytes," paper presented at the 
158th meeting of The Electrochemical Society 
Hollywood, FL, October 5-10, 1980. Extended 
Abstracts, vol. 80-2, no. 39, pp. 106-108, 1980. 
Based on LBL-11487. 

T8. Henry H. Law, and Charles W. Tobias, "The 
Morphology of Potassium Deposited from Propylene 
Carbonate Electrolyte," paper presented at the 
158th meeting of The Electrochemical Society, 
Hollywood, FL, October 5-10, 1980. Extended 
Abstracts, vol. 2, no. 392, p, 991-92. Based on 
LBL-11253. 

9. Charles U*. Tobias, "Prospects and Problems in 
Electrochemical Engineering," invited address 
delivered in the frame of the International 
Symposiun on Electrochemistry in Industry - New 
Directions, celebrating the centennial of Case 
Institute of Technology, Cleveland, OH, October 
20-22, 1980. 

10. Geoffrey A. Prentice, and Charles W. Tobias. 
"Finite Difference Calculations of Current Dis
tributions at Polarized Electrodes," paper presented 
at the 73rd Annual Meeting of the American 
Institute of Chemical Engineers, Chicago, IL, 
November 16-20, 1980. Based on LBL-11058. 

Supported by the Division of Electrochemical 
Systans Research, Office of Conservation and Solar 
Energy, U.S. Department of Energy. 
^Supported entirely from University funds. 
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2. High Temperature and Surface Chemistry 

a. High-Temperature Thermodynamics* 

Leo Brewer, investigator 

1. IJXUSUAL HIGH-TEMPERATURE PROPERTIES OF TRANSI
TION METALS 

John CUbson 

The Engcl theory has been very productive in 
providing thermodynamic data and equilibrium phase 
boundaries for transition metal systems. The pre
dictions of the effect of pressure or solute addi
tion upon the relative stabil i ty of the bcc, hep, 
ami ccp phases have been confinned with an accuracy 
of almost 3005. Thus, i t is of interest to extend 
the theory to a wider range of properties. The 
consequences of the partial derealization of the 
inner shell valence electrons have been considered 
for properties such as high temperature heat 
-. apacity, entropy of fusion, coefficient of expan
sion, compressibility, and the related bulJi modulus, 

The basis of the prediction is the distinction 
between the bonding behavior of the outer shell s 
and p electrons which range far beyond the core 
of closed shells of an atom and can be considered 
as an electron gas in metals and the somewhat 
localized distribution in real space of the inner 
shell d and f electrons. Thus, the bonding due to 
these inner shell electrons will be mainly to 
nearest neighbors. Since good overlap in real 
space of the bonding orbitals is required for 
effective bonding, the bonding due to d electrons, 
for example, will be caused predominately by over
lap with d orbitals of neighboring atoms. The 
repulsion of the closed shell cores prevents a 
good overlap, and bonding due to inner shell d 
electrons is not as effective as that due to outer 
shell s and p electrons. At the far left side of 
the periodic table where the d orbitals are first 
occupied, they have not contracted much. Thus 
their bonding is almost as effective as that of 
the outer shell electrons and the distinctions 
between the d and s,p electrons is not a large 
factor. However, as the nuclear charge increases 
upon moving to the right in the periodic table, 
the inner shell d orbitals contract and become 
more localized. 

Because of crystal field spl i t t ing, some of the 
cvbitals require different promotion energies and 
differ in their degree of localization. In the 
center of the transition metal portion of the 
periodic table, a l l of the d orbitals are used in 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
'feterxal5 Sciences Division of the U.S. Department 
o* Energy lrric-r Contract No. W-7405-ENG-48. 

bonding, and the bonding energy per d electron 
averaged over the d orbitals of varying degrees of 
localization is rather poor. At the edges of the 
transition metal region, only the most effective 
orbitals are used in bonding, aiid the least effec
tive are filled with non-bonding electrons on the 
right side of the transition metal region or are 
vacant on the left side. It is the central region 
in which the distinction between the inner and 
outer shell electrons will be most pronounced. 
Because of the poor overlap of inner shell orbitals 
between neighboring atoms, the bonding varies 
significantly with internuclear distance. If the 
metal is compressed, the bonding due to the improved 
overlap of the inner shell d orbitals is markedly 
unproved. Thus, we see the anomaly of increased 
pressure stabilizing bcc d^s Zr with a coordination 
number of S over hep d-sp Zr with a close-packed 
coordination number of 12. 

The recognition of the rapid change in bonding 
capability of inter shell d or f valence electrons 
with change in internuclear distance provides the 
ncans of predicting unusual behavior for transi
tion metals. For normal metals which use outer 
shell s,p electrons, heat capacities for the solid 
and the liquid are somewhat higher than the Dulong 
and Petit value of 5R due to anharmonic and elec
tronic contributions but usually by not more than 
20 to 30$. The entropies of fusion are close to 
the value of R. For the transition metals, the 
expansion that results normally upon heating will 
reduce- the effectivener^ <">f the d bonding, and the 
heat capacity represents not ouxy the usual la t t ice 
vibrational contributions but also a substantial 
reduction in cohesion. Thus, metals with substan
t ia l inner shell d electron bonding should show 
abnormally high heat capacities as the molal volume 
increases upon heating. Because of the reduction 
of cohesion upon heating, the expansion will be 
expected to be even more rapid than for normal 
metals and will enhance the heat capacity even 
more. The expansion upon melting will greatly 
reduce the d electron bonding, thus resulting in 
a considerably increased enthalpy and entropy of 
fusion. Because compression will bring the nuclei 
closer together and improve the d electron bonding, 
the transition metals will have abnormally high 
compress ib i l i t ies. 

In summary, transition metals with extensive d 
bonding and actinides with 5f electron and d 
electron bonding will be expected to have abnor
mally large high-temperature heat capacities, 
entropies of fusion, coefficients of expansion, 
and compressibilities. High-temperature data, 
particularity for the very refractory transition 
metals with extensive d bonding, are scanty; but 
available data do confiim the expected abnormal 
behavior for transition metals. Shaner, Gathers, 
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and Minichinol have recently applied new dynamic 
measurements to tantalun and molybdenum and have 
obtained abnormally high entropies of fusion and 
liquid heat capacities. Their values have generally 
been disregarded because they are so much higher 
than earlier measurements and are so abnormally 
high compared to normal metals. Analysis of 
previous measurements indicate systematic errors, 
and i t is believed that the new results , which 
are consistent with the Engel theory, are reliable. 
Available data will be analyzed to establish 
quantitatively the parameters for the theory, which 
will be used for predicting the large group of yet 
unmeasured values. 

1. J . W. Shaner, C. R. Gathers, and C. Minichino, 
"High Temperatures-High Pressure," 9, 331-43 (1977). 

2. PHASE BOUNDARIES OF THE HEXAGONAL, CLOSE-PACKED 
PHASES OF THE Co-Mo SYSTEM 

D. Davis 

The Engel correlation between the bee, hep, and 
ccp crystal structures and the electronic con
figuration d n "^s, d n"^sp, and d n "3 S p2 ( together 
with the distinction between the bonding charac
ter is t ics of outer shell s,p electrons and inner 
shell d or f electrons, provides a direct predic
tion of phase diagram behavior for transition metal 
alloys. As a simple example, one can immediately 
predict the effect of pressure upon a phase transi
tion. The d electrons from an inner shell do not 
overlap well with neighboring d orbitals. Increas
ing pressure will enhance the effectiveness of d 
bonding and will stabilize the structure using the 
most d electrons in bonding. Thus, pressure will 
stabilize bec d^s Ti over hep d 2sp Ti or the bec 
structure of any of the fourth to sixth group 
transition metals for which the bec structure has 
more bonding d electrons than the hep structure, 
and the d orbital-s are somewhat localized. For 
transition metals to the right of the six group, 
the bec structure will have more d electrons but 
fewer unpaired d electrons in the valence state 
available for bonding. Thus, pressure favors hep 
d^sp Fe with four possible bonding d electrons 
over bec d 7 s Fe with only three possible bonding 
d electrons. Similarly, the effect of various 
solutes upon the relative stabil i ty of two struc
tures is readily predicted. Data have become 
available to test most of these predictions. The 
predictions have been verified with an accuracy 
of 95 to 98%. 

The addition of molybdenum with vacant p orbitals 
to cobalt is predicted to stabilize hep dTsp Co 
over fee d^sp^ Co by draining off p electrons. For 
pure cobalt, the hep phase becomes unstable above 
400 to 450°C, but the range of s t ib i l i ty should 
be increased by at least 400°C by addition of 
molybdenum. The 1973 Metals Handbook1 shows only 
an isolated hep phase at C09M02 between 1018°C and 
1200°C with no extension of the hep-fee transition. 
To check whether the Co-Mo system represented a 

contradiction of the theoretical prediction, cobalt 
samples with around 15 at . \ Mo were heated in a 
special furnace with a temperature gradient between 
500 and 1100°C for over 1000 hours. X-ray examina
tion of the samples indicated stabilization of hep 
Co to above 800°C, thus confirming the predictions 
of the Engel theory. I t was established that the 
extension of the hep phase to higher temperatures 
does not join the Co^lo-, phase. 

1. Metals Handbook, 8th Ed., Vol. 8, Ed. T. Lyman, 
Am. Soc. for Metals, Metals Park, Ohio (1973). 

3. USE OF NITRIDE DISSOCIATION PRESSURES TO 
CHARACTERIZE STABILITY OF ACID-BASE COTERMETALLIC 
PHASES 

John Gibson, Dave Goodman, and Bea-Janc Lin 

The Engel theorv of metals predicts extra
ordinary stabil i ty for intermetallic phases of 
transition metals on the left-hand side of the 
Periodic Table, which have vacant d orbi tals , com
bined with transition metals with non-bonding d 
electron pairs such as the platinum group metals. 
Previous studies* of the ternary systems of Zr and 
C with Ru, Rh, Pd, Ag, Re, Os, I r , Pt, and Au have 
confirmed the qualitative features of the theory. 
EMF cells have been used2 for the platinum-rich 
portion of the Zr-Pt diagram to obtain part ial 
molal Gibbs energies. It is desirable to obtain 
data over a wider range of compositions to obtain 
a more complete picture of the generalized-Lewis-
acid-base interactior between zirconium and 
platinum. It would be desirable to obtain data 
corresponding to a complete t i t ra t ion curve between 
an acid such as a fourth or fifth group transition 
metal with a platinum metal base. Cell measurements 
using thoria electrolytes doped with yt t r ia are 
in progress, but they are limited to a rather nar
row temperature range because of difficulty of 
equilibration at temperatures below about 900°C 
and short-circuiting diffusive reactions. 

The general type of reaction illustrated by 
2rN + xPt = ZrPtv + 1/2 N2(g) offers the possibil i ty 
of determining the partial molal Gibbs energy of 
zirconium as a function of concentration by varia
tion of the nitrogen pressures. Measurements have 
been carried out^ in the range 1900 to 2300°C, 
yielding, for the platinum-rich boundary of the 
ZrgPt22 phase, an activity of zirconium relative 
to pure zirconium of 2.4 x 10" 4 at 1985°C. At the 
temperature available for carrying out this type 
of reaction, equilibration is readily reached, and 
data will be obtained for a variety of generalized-
Lewis-acid-base systems. 

1. L. Brewer, P. Nengert, Met. Trans. 4, 83 (1973) 
2. P. J . Meschter, IV. L. Worrell, Met.~Trans. 8A, 
503 (1977). "~ 
3. D. A. Goodman, LBL-10633, May 1980. 
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The research program will be directed toward 
improving our ability to quantitatively predict 
the thermodynamic properties and temperature-
composition ranges of the various phases of transi
tion metal systems. The experimental studies will 
continue along the three lines of research present
ly underway: (1) use of the gradient furnace to 
establish the equilibrium range of phase of limited 
stability; (2) measurements of thermodynamic acti
vity around 900-1300 K over a composition range 
using solid electrolyte EMF cells; and (3) measure
ments of gaseous equilibria involving nitrides 
and oxides at temperatures of 2000-2500 K to fix 
thermodynamic properties. The theoretical work 
will involve extending the Engcl theory of 
transition-metal bonding to a variety of properties. 
A subsidiary activity will be critical evaluation 
of thcrraod>*namic properties of oxides and their 
vaporization processes; this will relate to our 
use of gaseous equilibria involving oxides men
tioned above, and will also be carried out on a 
broader basis in cooperation with Stanford 
Research Institute and the National Bureau of 
Standards. 

1980 PUBLICATIONS AND REPORTS 

Refereed Journals 
1. J. Winn and L. Brewer, "Models for Calculation 
of Dissociation Energies of Mononuclear Diatomic 
Molecules," Faraday Symposium _14, 126-135 (1980). 

Other Publications 

1. Leo Brewer, "Bibliography on the High-
Temperature Chemistry and Physics of Materials, 
Vol. 24, Part 2, Ga^es: (A) Spectroscopy of 
Interest to High-Temperature Chemistry, and 
(B) Reactions Between Gases and Condensed Phases," 
published by IUPAC Commission on High Temperatures 
and Refractory Materials, edited by M. G. Hocking 
and V. Vasantasree, London, 1980. 

2. Leo Brewer, Editor, "Atomic Energy Review 
Special Issue No. 7, Molvbdenun: Physico-Chemical 

Properties of Its Compounds and Alloys," Interna
tional Atomic Energy Agency, Vienna, 714 pp., 1980. 

3. Leo Brewer and R. H. Lamoreaux, "Thermochemical 
Properties of Molybdenum and Its Compounds and 
Alloys," Atomic Energy Review Special Issue No. 7, 
International Atomic Energy Agency, Vienna, pp. 
7-192, 1980. 

4. Leo Brewer and R. H. Lamoreaux, "Phase Diagrams 
of Molybdenum Binary Systems," Atonic Energy Agency, 
Vienna, pp. 193-356, 1980. 

5. Leo Brewer, G. M. Rosenblatt, J. B. Berkowitz, 
II, Kent Brown, H. G. Drickamer, J. W. Hastie, M, 
Lapp, T. A. Milne, and W. Weltner, Jr., "High 
Temperature Science: Future Needs and Anticipated 
Developments," 139 pgs., National Academy of 
Sciences, 1979. 

LBL Reports 

1. David Alan Goodman (Ph.D. thesis) . "High-
Temperature Activities of Zirconium in Platinun 
Alloys Determined by Nitrogen-Nitride Equilibria 
LBL-10633. 

2. Leo Brewer, 'The Role and Significance of 
Empirical and Semiempirical Correlations," LBL-10736. 

Papers Presented 

1. J . Winn and L. Brewer, "Models for Calculation 
of Dissociated Energies of Homonuclear Diatomic 
Molecules," Faraday Society Meeting, January 8-9, 
1980, Manchester, England, presented by J . Winn. 

2. L. Brewer, 'The Role and Significance of 
Empirical and Semiempirical Correlation," Conference 
on Chemistry of Complex Solids, Castle Hot Springs, 
Arizona, January 25, 1980. 

3. L. Brewer, "Future Directions in High Tempera
ture Science and Technology," Gordon Research 
Conference on High Temperature Chemistry, August 
4-8, 1980, Plymouth State College, North Plymouth, 
Mew Hampshire. 

4. L. Brewer, "Thermodynamic Data for Flue-Gas 
Desulfurization Processes," DOE Symposium on 
Desulfurization Processes, November 6-7, 1980, 
Morgantown, West Virginia. 
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b. Chemistry and Materials Problems in Energy Production Technologies* 

Donald R, Olander, Investigator 

1. THERMAL-GRADIENT MIGRATION OF BRINE INCLUSIONS 
IN SALT 

A. J . Machiels, f S. Yagnik and D. R. Olander 

Bedded sal t has been proposed as a storage 
mediun for nuclear wastes. Radioactive decay 
heating of the waste produces temperature gradients 
in the surrounding sa l t , which contains -"0.5% 
water in the form of small cubical brine inclusions. 
In a theimal gradient, the inclusions migrate 
towards the heat source. The mechanism of migra
tion is based on the increase of the solubility of 
salt in water with temperature; in the presence of 
a temperature gradient across the inclusion, salt 
dissolves into the inclusion at the hot surface 
and crystallizes out at the cold surface. Transport 
by thermal and molecular diffusion of sal t within 
the liquid from the hot to the cold faces causes 
the inclusion to move in the opposite direction. 
The velocity depends on the temperature coefficient 
of solubility and interfacial kinetic resistances 
to dissolution and crystallization. 

Experiments have demonstrated that the inclusion 
speed is controlled, principally by the rate of 
solid dissolution at the hot face of the inclusion. 
This process, in turn, depends upon the presence 
of dislocations intersecting the surface which 
provide the imperfections needed to permit dis
solution to occur at small undersaturation of the 
adjacent liquid. If the hot face of the inclusion 
were f lat on an atomic scale, removal of solid 
atoms from the perfect surface would be so energeti
cally unfavorable that very large undersaturation 
would be needed to produce the required dissolution 
rates. A dislocation, which intersects the dis
solving surface, provides s i tes at which the atoms 
of the solid are less tightly bound than in a 
perfect atomic plane; and hence their removal to 
the liquid phase is ccrrespondingly easier. A 
number of experiments support this interpretation: 

a. When the mechanical load on the crystal is 
increased, additional dislocations are 
created; these interact with the inclusions, 
causing them to speed up. The effect is not 
elast ic in nature, because the high migration 
speeds persist when the crystal is unloaded. 

b. Experiments were performed in which selected 
inclusions were subjected to various tempera
ture gradients, but the average temperature 
was not changed. In a liquid diffusion-
controlled process or one with linear inter
face kinetics (e.g. , Anthony and Cline's 
model 1], the velocity should be proportional 

to the temperature gradient. However, we 
found that the velocity varied as the tempera
ture gradient rose to a power > 2 . A 
theoretical model that explains this observa
tion is the Burton, Cabrerra, and Frank 
theory of crystal growth2 which, when taken 
in reverse (to model dissolution), predicts 
a dependence of the velocity on the square 
of the temperature gradient. 

c. If a single inclusion is followed for a long 
period of time, variations in i t s velocity 
by a factor of 4 are observed (Fig. 1). This 
variation is attributed to the loss and gain 
of dislocations at the hot face. In the low 
dislocation density synthetic crystals used 
in the experiments, each inclusion face is 
on the average intersected by less than 
three dislocations. Consequently, loss or 
gain of one dislocation (for example) can 
al ter the velocity by p substantial fraction. 

The pattern shown on Fig. 1 can be rationalized 
in the manner shown schematically in Fig. 2. At 
time zero, the hot face of the inclusion is 
intersected by a single dislocation (No. 1) close 
to the center of the face of the inclusion. In 
general, the dislocation does not intersect the 
surface at 90° *-o that as the inclusion moves, 
the intersection point moves further off-axis. At 
off-axis positions, the temperature of the surface, 
and hence the undersaturation of the liquid, is 
less than i t is close to the axis; hence, the 
inclusion slows down. Somewhere between 8 and 20 
hours, the inclusion picks up another dislocation, 
designated as No. 2 in Fig. 2. The three disloca
tion intersections with the dissolving face result 
in a several-fold increase in the inclusion velo
city. As the intersections of the No. 2 disloca
tion with the hot face move off-axis, the inclusion 
again begins to slow down. 

1» 24 

g. • 
s 

[KO1 v T o = 2 S > c / c m ; 
T = 6CfC I 

Inclusion Siw : 9/imx36^m i 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
Materials Sciences Division of the U.S. Department 
of Energy under Contract No. W-740S-ENG-48. 
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Fig. 1. Variation of the migration velocity of an 
inclusion in KC1. Q&l 813-509) 
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:<20hr 

Fig. 2. Schematic explanat ion of the mechanism of 
the ef fec t of d i s l o c a t i o n i n t e r s e c t i o n s on the 
v e l o c i t y of inc lus ions Ln s o l i d s . (XBL 813-510) 

The d i s l o c a t i o n - c o n t r o l l e d migra t ion process i s 
q u a l i t a t i v e l y cons i s t en t wi th a l l experiments 
designed t o t e s t the I n y o t h e s i s . I t a l s o expla ins 
t he very l a rge s c a t t e r o f t he measured v e l o c i t i e s 
of small i nc lus ions in c r y s t a l s of high p e r f e c t i o n . 
Larger inc lus ions in na tu ra l c r y s t a l s o-. the o the r 
hand are not l imi ted by the number of d i s l o c a t i o n 
i n t e r s e c t i o n s a t the d i s so lv ing face, and these 
inc lus ions appear t o move a t t he r a t e p red ic ted by 
l i q u i d d i f fus ion c o n t r o l . 

Present address : Univers i t ) ' of I l l i n o i s , Champaign, 
IL. 

1. T. R. Anthony and H, E. C l i n e , J . Appl. Phys. 
42_, 5380 (1971). 
2. P. Bennema and G. H, Gilmer, in Crys ta l Growth: 
an In t roduc t ion , P. Hartman, Ed. , North-Holland 
WSJ! 

nique for measuring sur face d i f f u s i v i t y i s shown 
i n F ig . 3 . A needle of 93% enriched UC>2 wi th a 
f l a t t ened po in t contacted a polishec. surface of a 
p e l l e t o f dep le ted U0 2 (0.2ft U-235). Af te r a known 
contac t time a t a f ixed tempera ture , t he r a d i a l 
d i s t r i b u t i o n of t r a c e r was determined by count ing 
the U-234 alpha a c t i v i t y . The experiment was 
conducted in flowing hydrogen. No t r a n s f e r of 
a c t i v i t y from the needle t o t he p e l l e t was observed 
when t h e two were s l i g h t l y separa ted . The need le 
was not s in t e red t c t h e p e l l e t a f t e r t he anneal . 
The t r a c e r spreading da t a were i n t e rp r e t ed in terms 
of sur face d i f fus ion a lone ; volume d i f fus ion and 
gas phase t r a n s p o r t were claimed t o be unimportant . 
Rober tson," using a method proposed by Shewmon,7 

cor rec ted t he t r a c e r r e s u l t s a t 1915°C ( the only 
temperature a t which the o r i g i n a l da ta were a v a i l 
able) and concluded t h a t t he co r rec t va lue of D s 

implied by these da t a i s 300 times l a r g e r than the 
value deduced by Marlowe and Kaznoff, o r more than 
t h r e e o rders of magnitude l a r g e r than the va lues 
from the Maiya c o r r e l a t i o n . Consequently, e i t h e r 
t h e r e i s a r e a l phys ica l d i f fe rence between the 
mass t r a n s f e r arid t r a c e r methods o r t he mathemati
cal i n t e r p r e t a t i o n of t he t r a c e r spreading da ta 
i s i n c o r r e c t . In t h i s s tudy , t he l a t t e r p o s s i b i l i t y 
i s examined. 

An ana lys i s of sur face spreading da ta which 
u t i l i z e s both t he magnitude and the r a d i a l v a r i a t i o n 
of t he t r a c e r count r a t e has been developed and 
implemented numerical ly . Deplet ion of t he t r a c e r 
source as we l l a s enrichment of t h e t r a c e r s ink a r e 
t r e a t e d by the model. P a r a s i t i c e f f e c t s such as 
a con tac t r e s i s t a n c e and evaporat ion are taJcen i n t o 
account. Volume d i f fus ion of t r a c e r i i an i n t e g r a l 
p a r t of the process because i t alone permits 
de t ec t i on of t he t r a c e r t r anspor ted by sur face 
d i f f u s i o n . However, volume d i f fus ion does not con
t r i b u t e to r a d i a l spreading per s e . 

Applicat ion of t he ana lys i s method t o t he only 
s e t of surface spreading da ta on UO2 i n t he l i t e r a 
t u r e produces a sur face d i f fu s ion c o e f f i c i e n t (D s ) 

2. TRACER SURFACE DIFFUSION ON u t y 

D. R. Olander 

The c o e f f i c i e n t of surface s e l f -d i f fu s ion on UOi 
i s a key parameter in t he processes a f fec t ing t he 
behavior of oxide nuc lear f ue l s . Although small 
f i s s i o n gas bubbles may not be mobile under normal 
ope ra t ing c o n d i t i o n s , i t i s widely bel ieved t h a t 
i n r ap id t r a n s i e n t s , gas r e l e a s e i s c o n t r o l l e d by 
the motion of t hese bubbles in t he g r a i n s . More
ove r , t h e i r v e l o c i t y in a temperature grad ien t i s 
assumed t o be governed by the mechanism of sur face 
d i f f u s i o n ; t h e r e f o r e , the sur face d i f f u s i v i t y i s 
an important m a t e r i a l p roper ty in fuel modeling 
codes . Th is q u a n t i t y can be measured e i t h e r 
by t r a c e r techniques o r by mass t r a n s f e r methods 
(gra in boundary grooving o r s c r a t ch decay} . Maiya's 
experiments us ing the l a t t e r technique' ' i nd i ca t ed 
t h a t t h e g r a i n boundary grooving method is totally 
evapora t ion con t ro l l ed in UO2 for temperatures 
above 1700°C. 

The only t r a c e r s tudy o f sur face d i f fus ion on 
UO2 i s t h a t o f Marlowe and Kaznoff . 5 This t ech -

Enriched needle 
{0.08cm radius) 

Contact 
(0.01cm rotfut 

Fig . 3 . Diffusion couple for measurement of sur face 
d i f fus ion on U0? by the t r a c e r method. 

(XBL 813-511) 
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at 1915°C which is - 5000 times larger than that 
obtained from the same data by the original experi
menters and 4 orders of magnitude larger than that 
obtained by extrapolation of surface diffusivities 
inferred from mass transfer methods at lower 
temperatures. The present analysis yields a sur
face diffusivity between 0.1 and 0.2 aa^/s at 
1915"C. This extreme mobility suggests that U02 

molecules move on their own surface more like 
particles in an ideal gas than by a conventional 
hopping mechanism. This value of C s is also very 
much larger than those used in current fuel modeling 
codes whose predictions of fission gas release arc 
very sensitive to the value of the surface dif
fusivity employed. 

where 9v is vacancy concentration (x/2 in UC*2-̂ ), 
AHy is the activation energy of vacancy migration, 
and D v i s a constant. Our diffusion measurements 
were Sell correlated ,b;'Eq. [1) (see Fig. 4) , from 
which D* = 4.4 « 10"* cro2/sec and Afy = 11.7 kcalY 
mole were obtained. The activation energy i s in 
good agreement with those of other oxides of 
fluorite structure (Ce02^x and Pu02_x). 

Assuning that oxygen diffusion in UÔ +x proceeds 
simultaneously and independently by both vacancy 
and in ters t i t ia l migration, the total oxygen 
diffusion coefficient can be expressed as the sum: 

" • % + D ( o m 
Brief version of a r t ic le to t mibl\shed in .T. 
Nucl. Mater. 

1. J . R. Matthews and M. H. h'ced, J . Nucl. Mater. 
84, J2S CI 9" 3) • 
2. J . Rest and S. M. Gehl, St1- Intern. Conf. on 
Structural Mechanics in ReacK. Technology, Berlin, 
Germany (1979). 
3. E. E. Gruber, Nucl. Technol. 35, 617 (1977). 
4. P. S. Maiya, J . Nucl. Mater. 50, 57 (1971). 
5. M. 0. Marlowe and A. I. KaznoTf, J . Nucl. 
Mater. 25, 328 (1968). 
6. W. ST Robertson, J . Nucl. Mater. 30, 36 (1969). 
7. P. G. Shewmon, J . Appl. Phys. 34,~75S (1963). 

In substantially hypostoichiometric UQ2-\< Dm s ° 
-iml flic i l : r r . i < i v i t y : -'••* <•'••••<" h v E q . ' ( 1 1 . 
Similarly, in highly )I)|JLI stoichiometric U32+x> 
D(v) E ° and the observed oxygen diffusivity reduces 

D s D ( i ) 
(1-e.) exp(-AH,/RT) (3) 

where ei is the in te rs t i t i a l concentration. Values 
of , ; = 4.7» lO"-3 cm2/s and iH; = 21.8 kcal/mole 
wcre°obtained by re-analyzing trie existing oxygen 
diffusion data on U02+x- >^ From the above equa
tions, the oxygen uiffusivity for a l l O/U ratios 
is given by: 

3. POINT DEFECTS IN URANIUM DIOXIDE 

K. C. Kim and D. R. Olander 

The tracer diffusion coefficient of oxygen in 
UO2-X n a s D e e n measured using a diffusion couple 
consisting of two matched hypostoichiometric 
wafers, one enriched with oxygen-18 and the other 
normal, which were pressed together with a layer 
of liquid uranium. The uranium metal bond has a 
sufficiently high oxygtn permeability to transport 
oxygen from one wafer to the other quite efficient
ly, thus eliminating an interface resistance in the 
diffusion couple. 

In order not to perturb the stoichiometrics of 
the wafers by the presence of liquid uranium, the 
experiments were performed only in the U(a) + U02-X 
two-phase region. The stoichiometrics were fixed 
automatically by the temperature; and, therefore, 
the diffusion measurements apply only to oxide O/U 
ratios along the lower phase boundary. 

Following a diffusion anneal, the 0/( O • 16, 
profiles were deteraiined by ion microprobe mass 
analysis. Details of the experimental methods are 
given in Ref. 1. 

In hypostoichiometric urania, oxygen self-
diffusion occurs solely by the vacancy mechanism 
for which D i s given by 

'O) 

D = 4.4 x 10 •* e (l-e ) v v v' 
exp(- 11700/RT) + 4.7 * lO""'' 5 . ( 1 - ^ ) (4) 

exp(- 21800/RT) . 

' D o 8 V C 1 * V e X p C " L H v m CD 
Fig. 4. Stoichiometry and temperature dependence 
of the oxygen tracer diffusivity in lX>2-x-

(XBL 6010-6088) 
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In oxides far removed f m stoichiometry, the 
point defect concentrations e v and Q^ are simply 
related to the nonstoichiometry parameter x in UĈ +x-
However, in stoichiometric IX>2, the point defect 
concentration is determined by the thennod)7iamics 
of anion Frenkel disorder. The law of mass action 
for this defect reaction is 

KF = I T * T̂ 7 = e x p U S F / R ) expC-AHp/KT), (5) 

which, with the condition of clectroneutrality, 
&i = 20 V t determines Qi and Qv. Thus D can be 
expressed in terms of the Frenkel entropy and 
enthalpy (ASp and AHp) by using Eq, (5) in Eq. (4). 
Oxygen diffusion data for stoichiometric UD24 were 
fitted in this manner to obtain ASp = 18.2± 7.3 
e.u. and AHp = 85.6+9.2 kcal/mole. With these 
values of ASp and AHp, contributions of vacancies 
(D(v)) ^ d in te rs t i t ia l s (D(i)) to the oxygen dif
fusion coefficient in stoichiometric UC>2 were 
calculated. At very low temperatures, vacancies 
;ire the primary species that contribute to oxygen 
B.ibility. In the temperature range 800-1800°C, 
neither of the species is completely predominant, 
and at 1400°C the contributions of the two species 
are approximately equal. 

I t is well known that the enthalpy of U02 dis
plays an unusually rapid increase from 1500 K to 
5100 K which cannot be explained by la t t ice vibra
tions. Siwarc5 attributed a l l of th is excess 
enthalpy to Frenkel disorder, from which he deduced 
the Frenkel entropy and energy of ASp = 14.8 ± 0.8 
e.u. and AHp = 71.3 ± 2.2 kcal/mole, respectively. 
Recently, however, a series of attempts have been 
made to re-interpret the excess enthalpy of UO2 in 
terms of electronic excitation.6-8 Although 
quantitative results could not be obtained because 
the electronic structure of UO2 is not well estab-
]ished, i t was demonstrated that the electronic 
contribution to the enthalpy could be significant; 
in this case the component of the Frerikel disorder 
is less than determined by Szwarc.5 Our values of 
the Frenkel energy and entropy are in line with 
this theory because they yield a lower population 
of Frenkel defects than predicted by Szwarc's 
model;5 therefore, their contribution to the 
enthalpy is also smaller. After removing the lat
t ice contribution from the measured excess enthal
pies and applying the two-band model of the 
electronic contribution, 0 a band gap of 2.0 eV and 
an effective mass of 7.6 m; were obtained. The 
former figure is in goci agreement with the values 
obtained from electrical conductivity da ta . 9 

1. K. Kim and D. R. Olander, MMRD Annual Report, 
LBL-10000, p. 222 (1979). 
2. P. Contamin, J . J . Backmann, and J . F. Marin, 
J . Nucl. Mater. 42, 54 (1972). 
3. G. E. Murch,~D\ H. Bradhurst, and H. J . deBruin, 
Phil. Mag. 32, 1141 (1975). 
4. J . F. Marin and P. Contamin, J . Nucl. Mater. 30, 
16 (1969). 
5. R. Szwarc, J . Phys. Chem. Solids, 30, 705 
(1969). 

6. D. A. Maclnnes, J . Nucl. Mater. 78, 225 (1978). 
7. R. J . Thorn, G. H. Winslow and J . S. Ziomek, 
J. Nucl. Mater. 87, 416 (1979). 
8. D. A. Maclnnes and C. R. A. Cat low, J . Nucl. 
Mater. 89, 354 (1980). 
9. J . 17 Bates, C. A. Hinman, and T. Kawada, J . 
Am. Ceram. $oc. 50, 652 (1967). 

4. STRESS CORROSION CRACKING OF ZIRCAIJOY BY METAL 
IODIDES AND CADMIUM 

Shih-Hsiung Shann and D. R. Olander 

Even at low pressures, molecular iodine i s an 
effective stress corrosion cracking (SCC) agent for 
zircaloy.l However, inside a reactor fuel pin, 
iodine i s present mainly as cesium iodide. Also, 
metal iodides such as Fel2 and AII3 could attain 
partial pressures in the mtorr range. Cadmium is 
a fission product which thermodynamics suggests 
should exist inside a fuel pin in the metallic 
s tate. Liquid cadmium is known to cause severe 
embrittlement of zircaloy. In an inpile situation, 
however, the cladding is in contact with the vapor 
phase with low metal part ial pressure rather than 
with a condensed phase. Therefore, a study of 
the stress rupture behavior of zircaloy in the 
presence of Al l 3 (g) , Fel 2 (g) , Csl(g), and Cd(g) was 
undertaken. 

Tube specimens are internally pressurized with 
argon in order to produce a biaxial tensile s t ress . 
Rupture lifetimes are measured as a function of 
stress, temperature, and partial pressure of the 
active chemical agent, which iinpinges as a molecular 
beam on a spot ~ 1 cm diameter. The fracture mode 
is also observed by SEM. 

Failure times are greatly reduced by the presence 
of iron and aluminum iodides. For both iodine* and 
these iodides, there exists a stress (376 MPa), 
beyond which "burst-type' failure occurs. Lower 
stresses produce "pinhole-type" failures. However, 
fractography of both types of failure shows cleavage 
characteristics very different from the ductile-
dimple fracture surface found in the absence of a 
corrosive agent. These three types of stress-
rupture failures are shown in Fig. 5. 

All specimens tested under cadmium exhibited 
burst-type failure and the fracture surf?ce showed 
brittle-type cleavage features. For cadmium, the 
rupture times were shorter than those of the con
trol specimens but exhibited more scatter than 
those in iodine or the metal iodides. Fracture 
occurred randomly inside the cadmium-affected 
region on the zircaloy specimen, unlike iodine and 
the iodides where failure always took place at the 
center of the molecular beam spot. There may be 
some unknown surface inhomogenity controlling the 
cadmium embrittlement process which i s not present 
in SCC by iodine or metal i'.iiues. Specimens cut 
from different tubes gave widely varying rupture 
times in cadmium, but tests using the same zircaloy 
tubes gave consistent results . 
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Fig. 5. Comparison of three types of fractography. (XBB 8010-140S9A) 

In cesiun iodide tes ts , plots of time-to-failure 
versus stress did not show any decrease in compari
son with control specimens. SEM fractography 
revealed completely ductile behavior, the same 
behavior as without a corrosive agent. 

Greatly reduced failure times and b r i t t l e 
fractography are the two main features of stress 
corrosion cracking. On both counts, iodine, iron 
iodide, and aluminim iodide are stress corrosion 
cracking agents for zircaloy; however, cesiun iodide 
is not. This behavior is consistent with the 
structural free energies of the reactions- to form 
Zrl\ i , which are negative for reaction of Zr(s) 
with*l2(y), All3(g) or Fel2(g), but positive for 
reaction with Csl. 

The rupture tiri^ data are correlated in terms 
of the crack growth model:3 

^ = A p n exp(-E/RT) exp (BK/T) (5) 

factor, and T i s the temperature. A and B are 
constants. When integrated from ini t ia l length 
a 0 to final length af, at wliich the net section 
stress reaches the ultimate tensile s t ress , Eq. (5) 
gives the rupture time. The chemical or corrosion 
aspect of SCC is related to the reaction order n 
and activation energy E. These parameters are 
shown in Table 1. 

The reaction orders for I2 and Fel2 are both 
unity, whereas that of All3 is 2/3. These values 
reflect a rate-limiting surface chemical step with 
kinetics associated with the number o£ iodine atoms 
per molecule of SCC agent. Since i t is unlikely 
that a nonlinear chemical reaction is involved in 
cadmium embrittlement (only alloying with the 
substrate metal is possible}, the order for this 
species should be unity. 

This crack growth model also predicts SCC experi
ments with variable loading and surface roughness.4 

where a is the crack length, p is the part ia l pres
sure of the SCC agent, K is the stress intensity 

1. S.-H. Shann and D. R, Olander, Trans. 
Soc. 32, 268 (1979). 

n. Nucl. 
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Table 1. Chemical Parameters of Stress Corrosion 
Cracking of Zircaloy 

sec 
Agent 

Minijmjni p a r t i a l 
p ressu re for SCC 

( to r r ) order (n) 

Act iva t ion 
energy, E 

(kcal/mole) 

h 1.4 x 1 0 " 3 1.0 ± 0.1 7 i 1 

F e l 2 3.0 x 10"- 5 0.9 ± 0 .1 131 t 5 

A l l j 1.4 x 1 0 ° 0.7 ± 0.1 -
Cd 7 x 1 0 ° 0 .8 ± 0.1 54 t 2 

2. D. Cubicciotti, R. L. Jones, and B. C Syrett, 
"Chemical Aspects of Iodine-Induced Stress Corrosion 
Cracking of Zircaloy,'1 ASTM Fifth Conference on 
"Zirconium in Industry," 1980. 
3. A. G. Evans and T. G. London, Progress in 
Materials Science 21, 307 (1976). 
4. S.-H. Shann aiuTb. R. Olander, "Correlation of 
Failure Times for Iodine SCC of Zircaloy," Nucl. 
Techno'?., to be published. 

5. RELEASE OF WATER VAPOR FROM URANIUM DIOXIDE 

Douglas Sherman and D. R. Olander 

Uranium dioxide is known to adsorb water vapor 
rapidly from the air . When the UO? is subsequently 
heated t the water is released. This water is a 
potential source of the hydrogen that can cause 
hydriding of zircaloy cladding. Another source 
of water in UO2 fuel pellets is the gaseous 
atmosphere used during sintering. In order to 
control the stoichiometry during sintering, either 
cracked ammonia or wet hydrogen is used, so 
hydrogen-bearing gases may be retained by the 
solid during densification at high temperature 
(- 1750°C). 

Uranium dioxide samples of differing porosities 
and raicrostructures were exposed to D5O instead 
of H2O in order to avoid measurement difficulties 
due to the large H2O background in the vacuum 
system. To simulate the retention of water during 
sintering, other ID2 samples were fabricated in a 
D2/D2O atmosphere. The characteristics of the 
specimens are shown in Table 2. The type-A and B 
pellets were used to simulate physical adsorption 
of water vapor; type-C pellets studied hydrogen/ 
water vapor retention during sintering; and the 
type-D pellets served as blanks. The sintering 
conditions of the type-A pellets resulted in high 
open and closed porosities and a measurable BET 
surface area. The type B and D pellets were 
prepared under standard commercial fuel sintering 
conditions and resulted in low closed and essential
ly no open porosity. Their surface area was less 
than the limit of detection of the BET method. 
The type-A and B pellets were immersed in liquid 
D-jQ after being outgassed in vacuum in order to 
physically adsorb water on their surfaces. The 
type-C and D pellets were not treated after sin
tering. 

The pellets are heated in a tungsten crucible 
suspended in a vacuum furnace. The outgassed D2O 
effuses from the exit capillary of the furnace and 
is chopped to produce a modulated molecular beam 
which is detected by a mass spectrometer in the 
vacuum. The mass spectrometer is calibrated with 
a known flow rate of neon. There was a large 
release of physically adsorbed water for the high 
porosity type-A pellets and a negligible release 
for the low porosity type-B pel lets . The 5 anneals 
of type-C pellets (Fig. 6) -- at 910 to 1860°C — 
show abrupt release rate increases upon changing 
temperature followed by a roughly exponential decay. 

The model used to describe the release process 
is desorption-limited. The water contained in the 
UO2 is assumed to be located on multiple binding 
sites with a distribution of binding energies. 
Each s i te has a characteristic desorption rate 
constant, B, which is related to the binding 
energy E and pre-exponential factor A by: 

B = Ae E/kT 

Table 2. UO- Specimens used in Outgassing Experiments. 

Sintering Porosity (%) BET surface 
Type Conditions Open Closed area (m2/g) D 20 loading method 

1450°C, i n 5.1 
H J O / H J , 2 h r . 

15 0.14 

1750°C, i n < 0 . 1 
l ^ O ^ , 6 h r . 

7 < 0 . 0 1 

1750°C, in < 0.1 
Z> 20/D 2, 6 h r . 

7 < 0 . 0 1 

1750°C, i n < 0 . 1 
f^O/r^, 6 h r . 

7 < 0 . 0 1 

immersion in boiling D ?0 liquid 

immersion in boiling D,0 liquid 

D2 sintering gas saturated with 
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Fig. 6. Comparison of experimental D2O release 
rates with predictions of the multiple binding si te 
model. (XBL 813-513) 

The sites that bind water in UO2 are characterized 
by the distributions of the parameters A and E. 
In order to simplify the analysis, the s i te d is t r i 
bution is assuned to have a constant pre-exponential 
factor A and the binding energies are distributed 
according to the function: 

n (E)dE » number of binding sites/g U02 with 
binding energies between E and 
E + dE. 

To analyze the constant-temperature anneals, this 
distribution is converted to a distribution of 
desorption rate constants, which is defined by: 

The distribution of desorption rate constants, 
Ns(B), is determined from the binding energy 
distribution ns(E) and the anneal temperature. 

A binding energy distribution is assuned. For 
each constant temperature anneal, this ns(E) guess 
gives a corresponding rate constant distribution 
N 5 [B), which in turn yields a release rate predic
tion. Figure 7 shows the binding site distribution 
that produced the best fit to the release data. 
The dashed curves in Fig. 6 show the computer fit 
to the data. The release rate data suggest that 
water retained by UO2 during the sintering process 
contains a major component bound with - 25 kcal/ 
mole, and smaller components with binding energies 
of ** 40 and ~" 53 kcal/mole. 

1. A. Srivastava and D. R. Olander, Trans. Am. 
Nucl. Soc. 28, 216 (1978). 

0.27 

v 20 28 36 44" 52 60 68 

Binding energy (kcal/mole) 

76 

N-(B) = mmber of sites/g IC2 with desorption 
constants between B and B + dB at 
temperature T. 

Fig. 7. Normalized distribution of binding sites 
for water in polycrystalline uranium dioxide 
[type-Q. (XBL 813-512) 
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RESEARCH PUNS FDR CALENDAR YEAR 1981 

The vapor pressures of refractory nuclear fuels, 
IK>2 and UC, at temperatures well above their 
melting points will be measured using a pulsed 
laser as a surface heat source and in-si tu mass 
spectrometry as a method of detecting the vaporized 
species. The behavior of ruthenium inclusions in 
UOj in a thermal gradient will be investigated 
using a temperature gradient furnace. The surface 
diffusion coefficient on UOj will be measured using 
a tracer spreading technique. The effect of 
irradiation on the stress corrosion cracking of 
zircaloy by cesium iodide will be studied using a 
Van tie firaaff accelerator as a radiation source. 
The dependence of the rate of reduction of urania 
by atomic hydrogen will be measured as a function 
of oxide stoichiometry. The role of dislocations 
in the thermal gradient migration of brine inclusion 
in synthetic alkali halide single crystals will 
be quantified, and tests on natural rock salt will 
be conducted. Molecular bears experiments on the 
Thermal decomposition of silane on single crystal 
silicon substrates will be completed and a model 
of the process developed. 

i960 PUBLICATIONS AND REPORTS 

Refereed Journals 

1. D. R. Olander, "The Materials of Fast Breeder 
Reactor," Naturwissenschaften 67, 61 (1980). 

2. 1). R. Olander, A. J . Machiels, M. Balooch, 
E. Muchowski and S. K. Vagnik, "Thermomigration of 
Brine Inclusions in Sodium Chloride Single 
Crystals," Trans. An. Nucl. Soc. 34, 352 (1980). 

3. D. R. Olander, "Interaction of Stresses with 
Inclusions in Solids," J . Nucl. Mater. 92, 263, 
(1980), 

LBL_ReDorts 

1. D. K. Olander, A. J . Machiels and E. Muchowski, 
"Migration of Gas-Liquid Inclusions in KC1 and 
NaCl Single Crystals," LBL-11S1S. 

2. S. Shann and D. R. Olander, "Correlation of 
Failure Times for Iodine Stress Corrosion Cracking 
of Zircaloy," LEL-11813. 

3. D. R. Olander, "Interpretation of Tracer 
Surface Diffusion Experiments on UO2," LBL-11817. 

4. R. L. Yang, 'The High Temperature Behavior of 
Metallic Inclusions in Oraniun Dioxide," (Ph.D. 
thesis) , LBL-1JU7. 

5. R, L. Yang and D. R. Olander, "Behavior of 
Metallic Inclusions in Uraniun Dioxide," LBL-11816. 

6. D. R. Olander, "Nuclear Materials Research 
Progress Reports for 1979," LEL-11030. 

Invited Talks 

1. D. R. Olander, "Molecular Beam Studies of 
Surface Reactions," Insti tute of Inorganic 
Chemistry, University of Zurich, February 1, 1980. 

2. D. R, Wander, "The Gas Centrifuge for Uranium 
Isotope Separation," Chemistry Division, Isotope 
Separation Department, QBA-Saclay, 6 Seminars, 
February-March 1980. 

3. D. R. Olander. "Basic Studies of Nuclear 
Materials," European Insti tute for Transuranium 
Elements, Karlsruhe, .April 28, 1980. 

4. D. R. Olander, "Uranium Enrichment by Laser," 
Chemistry Division, CEA-Pierralatte, May 7, 1980. 

5. D. R. Olander, "Nuclear Waste Management," 
Chemistry Division, CEA-Marcoule, May 8, 1980. 

6. D. R. Olander, "Nuclear Materials Research," 
Metallurgy Division, Department of Plutonium-Based 
fuels, CEA-Fontenay Aux Roses, May 17, 1980. 

7. D. R. Olander, "Thermal Migration of Brine 
Inclusions in Sal t ," Dept. of Chem. and Nucl. Engin., 
University of California Santa Barbara, Nov. 6, 
1980. 



203 

c. Plasma-Enhanced Deposition of Thtn FHms* 

Dennis W. Hess, Investigator 

1. PLASMA ENHANCED DEPOSITION OF IRON/IRON OXIDE 
FILMS 

C. S. Blair, A. Wakita, and D. W. Hess 

Thin films are used in a variety of applications, 
ranging from optical and electronic devices to 
passivation coatings. The specific application 
depends upon the optical, electronic, and chemical 
properties of the film. Such properties are ul
timately linked to deposition or formation tech
niques which establish chemical composition and 
film structure. 

Thin films (~ 1 urn) of iron/iron oxide are 
deposited by igniting an rf discharge in iron 
pentacarbonyl vapor in the pressure range of 0.1 -
0.5 torr. Deposition rates increase with increas
ing rf power and with decreasing substrate tempera
ture. In addition, film densities increase with 
increasing substrate temperature and with decreasing 
rf power. These changes are such that the overall 
mass deposition rate (mg/cm2 min) remains relative
ly constant with rf power and substrate temperature. 
The observed trends are consistent with ^n increase 
in the relative amount of iron oxides in the film 
as the temperature decreases and as the power 
increases.1 

Resistivity of the films, as measured by the 
four-point-probe method, i s shown in Fig. 1 as a 
function of rf power and substrate temperature. 
The increase in resist ivi ty with increasing power 
and decreasing substrate temperature is consistent 
with the concomitant increase in iron oxide content 
and the decrease in a-iron crysta l l i te concentra
tion observed via chemical analysis and x-ray 
diffraction s tudies . 1 Further, such results agree 
with preliminary transmission electron microscopy 
studies on the iron/iron-oxide films. 

In order to ut i l ize plasma-deposited (PD) iron/ 
iron-oxide films in electronic or optical devices, 
patterning techniques are needed. The simplest 
method of forming patterns is to use acid etch 
baths such as hydrochloric acid solutions. These 
solutions often ut i l ize dissolved sal ts to increase 
the chloride ion concentration. 

The PD films were deposited at 250°C and SO W 
rf power, and contained 68 mole % iron, 20 mole % 
oxygen, and 12 mole % carbon. The pH of the etchant 
solution was determined by the HC1 concentration, 
and the chloride ion concentration was fixed at 
0.25 M by addition of either NaCl, KC1, or CsCl. 
Typical etch rate data for HC1 and various HC1/ 
alkali sal t solutions are shown in Fig. 2. These 

Fig. 1. Resistivity of iron/iron-oxide films as 
a function of rf power and substrate temperature. 

(XBL 81)11-133021 

The above effects can be explained by analogy to 
a model proposed for the inhibition of corrosion 
in acidic solutions by organic cation addition. 2 

The ionic radii of the cations increase from sodiun 
to potassium, to ccsiun. Since hydrogen ions must 
adsorb onto the iron surface for etching to occur, 
the hydrogen ions compete with other cations for 
adsorption s i tes . As the cation size increases, 
i t s abil i ty to adsorb onto the surface diminishes. 
Thus, hydrogen ions can more easily displace the 
cation as the cation size increases; and, there
fore, the film etch rate increases. This results 
in a lower etch rate for the NaCl solution than 
for the KC1 or CsCl solution. 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
Materials Sciences Division of the U.S. Department 
of Energy under Contract No. W-7405-ENG-48. 

1. D. M. Wroge and D. W. Hess, "The Plasma 
Enhanced Deposition of Iron and Iron Oxide Thin 
Films," LBL-9879. 
2. N. Hackerman, J . Electrochem. Soc. 113, 7 
(1966). ~ 
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Fig. 2. Iron/iron-oxide etch rates as a function 
of hydrogen ion concentration for various HC1/ 
chloride salt solutions. The chloride ion con
centration is 0.25 M, and the etch bath temperature 
is 25 °C. (XBL 8011-13303) 

that electronic conduction mechanisms can be as
certained. More extensive transmission electron 
microscopy investigations wil l allow the relation
ships between conductivity and film structure 
( i . e . , a-iron particle size distribution) to be 
determined. 

Since iron oxides (particularly Fe203) may be 
useful as photoelectrochemical cell (PEC) materials, 
the chemical, physical, and electronic effects of 
oxygen addition during deposition of iron/iron-
oxide films will be studied. In addition, the 
quantum efficiences and theimodynamic s tabi l i t ies 
of these materials will be investigated in various 
electrolyte solutions. 

1980 PUBLICATIONS AND REPORTS 

Refereed Journals 

1. K. Tokunaga and D. W. Hess, "Aluminum Etching 
in Carbon Tetrachloride Plasmas," J . Electrochem. 
Soc. .127, 928 (1980). 

Invited Talks 

1. D. W. Hess, "Aluminum Etching in CCI4 and BCI3 
Plasmas," Southern California Chapter, American 
Vacuum Society, Anaheim, California, torch 1980. 

data indicate significant etch rate increases with 
salt additions. Chloride ions adsorbed to the 
iron surface assist in attracting hydrogen ions 
to the surface. However, the relative increase 
in etch rate depends upon the size of the cation 
in the sa l t . 

RESEARCH PLANS FOR CALENDAR YEAR 198] 

Capacitance-voltage and current-voltage studies 
will be performed on the iron/iron-oxide films so 

2, D. W. Hess, 'The Si-Si02 Interface: Current 
Understanding of Chemical and Electronic Defects," 
Conference on Surfaces and Interfaces in Ceramic 
and Ceramic-Metal Systems, Berkeley, California, 
July 1980. 

Papers Presented 

1. D. M. Wroge and D. W. Hess, "Plasma Enhanced 
Deposition of Iron/Iron Oxide Films," The Electro
chemical Society Meeting, St. Louis, Missouri, 
May, 19S0 OBL-9879). 

2, D. W. Hess, "Comparison of Aluminum Etch Rates 
in CCI4 and BC13 Plasmas," Gordon Research Con
ference on Plasma Chemistry, Andover, New Hampshire, 
August 1980. 
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d. Electrochemical Phase Boundaries* 

Rolf H. Muller, Investigator 

Introduction. The purpose of this work is to 
advance the understanding of boundary layers and 
thin films at electrochemical interfaces. Boundary 
layers control the chemical enviroraient in which 
electrode processes take place and are often 
responsible for limiting the specific rate at which 
reactions can be conducted. Localized properties 
of boundary layers are determined, and new means 
to accelerate electrochemical mass transport are 
investigated in order to increase space-time yield 
and material and energy efficiency. Thin films 
at electrodes control the chemical properties of 
most materials in liquid environments and often 
represent the controlling resistance in metal de
position and dissolution reactions. Energy con
version in many batteries and corrosion reactions 
involve the transformation of solid surface layers. 
Formation and properties of thin films are deter
mined to find means for their control and for the 
prediction of their many effects such as surface 
finish and electrode shape in deposition and dis
solution processes. New optical techniques for 
the observation of electrode surfaces in liquid 
media are developed and used. They include e i l ip-
sometry combined with Auger spectroscopy, inter-
ferometry, thin film interference, and Doppler 
velocimetry. 

Work on high-rate electrodeposition and dissolu
tion, conducted jointly with C. W. Tobias, is 
described in the section "Electrochemical Pro
cesses." Applied research, "Anodic Surface Layers 
on Battery Materials," is described under "Electro
chemical Synthesis and Energy Storage." 

1. EXPANDING CAPABILITIES OF THE AUTOMATIC 
ELLIPSOMETER 

Joseph C. Farmer, Felix Schwager and R. H. Muller 

The laboratory-built self-compensating ellipsom-
eterl that has been used successfully since 1973 
is s t i l l the fastest and most sensitive instrument 
of i t s type with the widest dynamic range. In 
order to take full advantage of i t s capabilities 
and to further broaden i t s u t i l i t y , several modi
fications have been made to the instrument. 

A new digital data acquisition and control system 
makes i t possible to efficiently collect ellipsom-
eter and electrochemical measurements from eight 
channels with high speed (10 ms) and resolution 
(10~->) over extended periods of time (minutes to 
weeks). The digital system consists of an LSI-11 
computer with associated memory, dual floppy disk, 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
Materials Sciences Division of the U.S. Department 
of Energy under Contract No. W-7405-ENG-48. 

and graphics terminal. A FORTRAN compiler and 
extensive specially-developed software axe used 
for data acquisition reduction, storage, and limited 
interpretation. 

A 1 W argon ion laser source has been added in 
order to extend observations to rough films or 
other poorly reflecting surfaces that have produced 
low signal-to-noise ratios or loss of signal with 
the short-arc light source. A shroud with suitable 
interlocks has been installed for the protection 
of the operator. 

Facilities for fast spectroscopic ellipsometry 
over the visible range have been added for use 
in adsorption and microporosity determinations. 
The spectral scan is accomplished with a rotating 
f i l te r disc. The large amount of time-dependent 
spectral data is sorted out by the computer. 

To extend the present dynamic range of compensa
tion of 55° for polarizer and analyzer azimuths, 
electromechanical analyzer and polarizer rotation 
has been introduced. This computer-controlled 
rotation is initiated when the limit of the 
rotation range of the Faraday cells is approached 
and will greatly reduce the loss of data encountered 
during the slower manual re-adjustment. 

1. H. J . Mathieu, D. E. McClure and R. H. Muller, 
Rev. Sci. Instrun. 45, 789 (1974). 

2. LASER VELOCIMETRY FOR BOUNDARY LAYER MEASURE
MENTS 

Joseph C. Farmer and R. H. Muller 

A f e a s i b i l i t y s tudy has been conducted on the 
use of l a s e r Doppler ve loc imetry for t he i nves t iga 
t i o n of unusual e l e c t r o l y t e flow p a t t e r n s near 
e l ec t rodes which r e s u l t in g r e a t l y increased r a t e s 
of mass t r a n s f e r . Of immediate i n t e r e s t a r e the 
combination of forced and n a t u r a l convection and 
the e f f e c t of turbulence- inducing flow o b s t a c l e s . 

Velocimetry measurements in e lec t rochemical 
boundary l aye r s are complicated by the small s i z e 
of t he probe volume t h a t must be examined, t he 
proximity of t he s o l i d e l e c t r o d e , and l i g h t de f l ec 
t i o n in the r e f r ac t ive - index f i e ld of t he boundary 
l a y e r . I t was concluded t h a t backscat te red l i g h t 
had t o be used for the measurement. Low s i g n a l 
i n t e n s i t y i s a well-known problem wi th the back-
s c a t t e r mode of opera t ion . In addition, l i g h t 
scattered from the electrode (flare) results in 
a large DC signal that may overload the detector; 
the electrode also restr icts the solid angle avail
able for illumination and light collection. 

A dual-beam velocimeter with a 30 mW He-Ne laser 
and a Tektronix spectrum analyzer has been built 
and bench-tested. A typical spectrin obtained 
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from a rotating disk with backscatter operation 
is shown in Fig. 1. The measured center frequency 
agrees with that expected on the basis of rotation 
rate. The width of the frequency distribution is 
attributed to vibration of the disk. Bulk veloci
t ies of water in channel flow have been measured 
with forward scatter operation. Acceptable results 
could be obtained for the velocity component paral
lel to the surface, but the normal component could 
not be measured. With backscatter operation, only 
poor signal-to-noise ratios could be obtained. Since 
spectrum analyzers work in the frequency domain, 
the flow must be stationary over extended periods 
of time (minutes). 

A commercially available (TSI) lnser Doppler 
velocimeter lias also been tested with an electro
chemical flow channel. This equipment used a 
digital frequency counter coupled to a minicomputer 
that also performed a data validation routine. 
This signal processing scheme results in a better 
signal-to-noise rat io, extends the measurements 
to lower beat frequencies, and operates in the 
time domain. The equipment also used the dual-
beam principle and a 50 mtf He-Ne laser. The tests 
showed that velocity components in boundary layers 
pai-allel to the interface could be measured in 
the backscatter mode, but the normal velocity 

78 80 82 

kHz 
Fig. 1. Beat-frequency spectrun of dual-beam laser 
velocimeter signal obtained with backscattering 
from a rotating disk. (XBB 800-14174) 

component could not be determined because of sur
face flare. Single-beam operation to derive the 
third velocity component was not possible. 

I t was concluded that for a viable velocimetry 
system, a rather expensive ($30 K) digital data 
acquisition system and a more powerful (2 W) laser 
would be essential. The laboratory-built optical 
train appeared superior to commercially available 
equipment. Even with the addition of single-beam 
operation, only two velocity components parallel 
to the interface could be measured. Determination 
of the third (normal) velocity component close 
to the interface awaits a solution to the surface 
flare problem. 

3. OPTIMUM ANGLE OF INCIDENCE FOR AON0CHRDMATIC 
INTERFERENCE IN TRANSPARENT FILMS ON ABSORBING 
SUBSTRATESt 

Rolf H. Muller and Michael L. Sand 

Thin-film interference is a convenient technique 
for the determination of transient local film 
thickness over extended surface areas. For the 
practical u t i l i ty of the technique, the inter
ference phenomenon has to result in high fringe 
contrast. While good fringe contrast is usually 
obtained near normal incidence with unsupported 
transparent films, good contrast is often not 
obtained for films on metal substrates which are 
of electrochemical interest. Here, the unequal 
amplitudes of light waves reflected from the wo 
film surfaces generally result in only partial 
extinction under conditions of destructive inter
ference. 

An analysis of optical interference in trans
parent films on metallic substrates has quantita
tively defined conditions which result in the best 
attainable monochromatic fringe contrast. To 
establish well-defined phase relations, pure s-
or p-polarized light must be used because the phase 
change due to reflection, as well as film thickness, 
affects the interference. For both states of 
polarization, the dependence of fringe vis ibi l i ty 
on angle of incidence has been computed and con
firmed experimentally (Fig. 2); optimum angles of 
incidence for which a fringe vis ibi l i ty of one is 
obtained have been determined for different optical 
constants of film and substrate materials. The 
examination of model tapered cryolite films on 
aluminum substrates, where interference is not 
detectable near normal incidence, has shown well-
defined interference fringes under the predicted 
optimum angles of incidence. 

Brief version of LBL-7662, Rev. 
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Angle of Incidence (deg) 

Fig. 2. Computed and photometrically determined 
fringe vis ib i l i ty for interference in a tapered 
cryolite film (n = 1.34) on a silicon substrate 
(n - 4.14-0.03 i ) . p-polarlzation, wavelength 
546 ran. (XBL 754-6067) 

RESEARCH PLANS FOR CALENDAR YEAR 1981 

The spectral scanning capabilities of the el l ip-
someter will be used for investigating the adsorp
tion of surface-active materials at electrodes 
during electrodeposition. Of particular interest 
is the potential-dependence of the adsorption of 
leveling agents and their effect on the micro-
topography of electrodeposited metals. The 
electromechanical rotation of ellipsometer com
ponents will be extended to the compensating 
element in order to program automatic four-zone 
and reflectance measurements. 

The optical capabilities of the dual-bean laser 
velocimeter will be tested with an electrochemical 
flow channel, using the present laser and spectrum 
analyzer. Of particular interest for the u t i l i ty 
of the technique is a determination of the closest 
approach of the probe volume to the electrode 
surface that can be used. 

An analysis of surface forces responsible for 
the formation of electrolyte fihns on gas electrodes 
will be initiated. The effects of particulate 
impurities and finite surface roughness are to be 
considered. 

With C. W. Tobias, conditions for the electro
chemical machining of cemented transition metal 
carbides which avoid the preferential dissolution 
of the binder will be established. 

Research supported by the Division of Electro
chemical Systems Research, Office of Conservation 
and Solar Energy, DOE, arc reported in the section 
"Electrochemical Synthesis and Energy Storage." 

1980 PUBLICATIONS AND REPORTS 

Refcreed Journals 

1. Rolf H. Muller and Craig G. Smith, "Use of Film 
Formation Models for the Interpretation of Ellip-
scmeter Measurements," Surf. Sci. 96, 325 {1930) 
LBI.-9428. ~~ 

2. P. S. Hauge, R. 11. Muller and C. G. Smith, 
"Conventions and Formulas for Using the Mueller-
Stokes Calculus in Ellipsometry," Surf. Sci. 96, 
81 (1980), LBL-10172. ~ 

3. Rolf H. Muller and Michael L. Sand, "Optimun 
Angle of Incidence for Monochromatic Interference 
in Transparent Films on Absorbing Substrates," 
J . Opt. Soc. Am. 70, 93 (1980), LB1.-7662 Rev. 

4. John F. Cooper, Rolf H. Muller and Charles w. 
Tobias, "Periodic Phenomena During Anodic Dissolu
tion of Copper at High Current Densities," J. 
Electrochem. Soc. 127, 1733 (1980), LBL-9404. 
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1. R. H. Muller, R. M. A. Azzam and D. E. Aspnes, 
editors, "Proceedings of the Fourth International 
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1. R. H. Muller and C. G. Smith, "Ellipscmetry 
of Supersaturation and Adsorption in Dissolution-
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LBL-10120. 



20S 

e. Solid-State and Surface Reactions* 

GaborA. Somorjai, Investigator 

Surface Structure and Chemisorption by 
Low Energy Electron Diffraction 

i. THE sum-AGi STRUCIVHL ut- ETHYLENE AND ACETYLI-NE 
ON THE Rii( lH) CRYSTAL FACE 

R. J . Koestnor, M, Van Hove, and G. A. Somorjai 

Low energy e l ec t ron d i f f r a c t i o n {UiV.l>) inten
sity versus incident e l ec t ron energy (I(hk)-cV) 
curves have been co l l ec t ed for severa l molecules 
adsorbed on the Rh( l l l J c ry s t a l face , foruing 
ordered surface s t r u c t u r e s . These s t r u c t u r e s a re 
due t o tiie mctastable as well as the s t a b l e config
ura t ions of propylene, the s t a b l e ace ty l ene , and 
the uns tab le as well as the s t a b l e e thylene s p e c i e s . 
The curves are p re sen t ly being analyzed using mul
t i p l e s c a t t e r i n g ca l cu l a t i ons to obta in the p r e c i s e 
atomic arrangement of these molecules on the Rh( l l l ) 
surface. Seine conclusions about the s t r u c t u r e s of 
these small hydrocarbons can already be drawn. 
F i r s t , the I-eV p r o f i l e s obtained fro^i the surface 
s t r u c t u r e s of adsorbed monolayers of the s t a b l e 
ace ty lene and e thylene are i d e n t i c a l . This 
i nd i ca t e s t h a t the adsorpt ion of e i t h e r molecule re
s u l t s in the same sur face s t r u c t u r e . I t should be 
noted tha t hydrogen must be added to the acetylene 
over layer for conversion in to the s t a b l e s t r u c t u r e . 
Second, prel iminary r e s u l t s obtained during the 
s t r u c t u r e ana lys i s of the metas table e thylene in
d i c a t e the presence of an e thyl idyne species bonded 
perpendicular to the surface a t a th reefo ld hollow 
s i t e . This agrees with the findings of recent v i 
b r a t i o n a l spectroscopy experiments and i s the same 
spec ies t ha t was found for e thylene adsorbed on the 
P t ( l l l ) f ace . Thi rd , t he ordered sur face s t r u c t u r e s 
of propylene and methyl acetylene show remarkably 
s i m i l a r I-eV p r o f i l e s on R h ( i l l ) , i nd i ca t ing t h a t 
they form i d e n t i c a l sur face s t r u c t u r e s by s u i t a b l e 
chemical rearrangement upon adsorp t ion . 

2. LHED STUDIES 0J ; HYDROCARBONS ADSORBED ON 
PLATINUM 

J . Frost and G. A. Somorjai 

Using an apparatus e x p l i c i t l y adapted for and 
dedica ted t o the c o l l e c t i o n of low energy e l ec t ron 
diffraction(LEED) d a t a , the ordered adsorpt ion of 
s eve ra l hydrocarbons on the P t ( l l l ) c r y s t a l face 
have been s tud ied . I-V p r o f i l e s have been obtained 
for t he ordered ove r - l aye r s of p ropylene , methyl-
a c e t y l e n e , c i s -2 -bu t ene , and t rans -2-bu tene a t 

This work was supported by t h e D i r e c t o r , Office of 
Energy Research, Office of Basic Energy Sciences , 
Mate r i a l s Sciences Divis ion of the U. S. Department 
of Energy under Cont rac t No. W-7405-ENG-48. 

angles of incidence near t o and fa r from the s u r 
face normal. The method used was t o photograph the 
phosphor d isp lay sc reen , scan the negat ives with a 
microdensi tometer , and reduce the data using a com
pu te r . To t h i s end , a new and nea r ly automatic s e t 
of algoritlims have been coded and t e s t e d which allow 
for the t r a c i n g and measurement of the d i f f r a c t i o n 
s p o t s . The propylene and methyl-acetylene form 
(2 * 2) over- layers a t low exposures (*• 1 L) . The 
c i s - and t rans -bu tenes d i sp lay an exposure-depen
dent morphology culminat ing i n a {2S% * 2/3) 
1130° s t r u c t u r e a t an exposure of - 1000 Langmuirs. 
The marked s i m i l a r i t y i n t he I-V p r o f i l e s for 
propylene and e thy lene , even a t high po l a r an
g l e s , sugges ts t h a t t he e thy l idyne model p r o 
posed for e thylene holds for propylene but t h a t 
the t h i r d carbon atom i s d i sordered about the 
e thyl idyne C-C bond a x i s . The c i s - and t r a n s - 2 -
butene I-V p r o f i l e s a r e i d e n t i c a l a t a l l ang le s , 
shaving t ha t they rear range on the sur face t o form 
the same chemical s p e c i e s . The exposure-dependent 
morphology (.including an (8 * 8) s t r u c t u r e and shor t 
range ( 2 / 3 , 2/3)R50°. f l uc tua t i ons on a ba s i c (2 * 2) 
s t r u c t u r e ) toge ther with a d e t a i l e d comparison of 
the I-V p r o f i l e s suggests t ha t these have e s s e n t i 
a l l y the same bonding t o the s u b s t r a t e as e thy lene 
and propylene; but t h a t , unl ike propylene, the car 
bon chains order a t high coverage due t o adsorbate-
acborbate i n t e r a c t i o n s . 

3. LEED, AHS, AND TDS STUDIES OF CO AND K ON 
P t ( . i l l ) SURFACES 

V.. Garfunkel and G. A. Somorjai 

The r o l e of a l k a l i metal promoters in c a t a l y s i s 
i s being s tud ied by s tandard UHV techniques . Po
tassium was adsorbed on the P t ( l l l ) surface and ex-
aiiuned by low energy e l e c t r o n d i f f r a c t i o n (LEED), 
Auger e l ec t ron spectroscopy (AES), and thermal de-
sorp t ion spectroscopy (TDS) fo r determination of 
s t r u c t u r e s , composit ion, and heats of adsorpt ion . 
Thermal desorpt ion data d i sp lay two broad peaks 
centered a t 700 and 900 K. From the known heat of 
subl imat ion of K, i t can be i n f e r r e d t h a t t he low 
energy peak i s due t o K desorpt ion from a mu l t i l aye r 
of potassium, and tha t the high energy peak i s t he 
r e s u l t of K desorpt ion from P t . Ordered LEED p a t 
t e rns of the potassium over layer appear i n the cov
erage (0) range of 0.5 < GK < 1 i f the surface i s 
heated for seve ra l seconds to - 300°C then cooled 
t o below 50°C. A s e r i e s of a t l e a s t t h r e e p a t 
t e r n s has been d i scerned , changing from a 
c(2 x 2) = > ( 2 * io) => (4 x 4) wi th" increas ing 
coverage. The thermal desorpt ion of CO from the 
P t ( l l l ) and P t ( l l l ) / K surfaces has been s tud ied . 
The binding energy of CO to the Pt s u b s t r a t e was 
found t o inc rease from 27 kcal/mole a t Q% = 0 t o 
33 kcal/mole a t 8K = 0 . 3 . A new high binding energy 
s i t e a t - 40 kcal/raole appeared which i s due to a 
K-CO complex on the Pt su r face . 
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4. Ag MONOLAYERS ON Pt SINGLE CRYSTAL SURFACES: 
A STUDY OF THEIR GROWTH AND THEIR INFLUENCE ON THE 
CHEMISORPTIVE PROPERTIES OF Pt SINGLE CRYSTALS 

P. W. Davies and G. A. Somorjai 

AES, thermal desorp t ion , fnd LEED techniques 
have been used to determine t he growth mechanisms 
and inf luence on the chemisorptive p r o p e r t i e s of Ag 
.monolayers on the P t ( l l l ) and stepped Pt(553) s ing le 
c r y s t a l su r f aces . Ag was generated from an effusive 
source which produced a flux of 0.1 A/minute a t the 
c r y s t a l s u r f a c e s . The exact amount of Ag p resen t 
on the sur faces was determined by s e v e r a l d i f f e r en t 
techniques : a. By d i r e c t l y measuring the Ag flux 
with a quar tz c r y s t a l o s c i l l a t o r , b . 3y f inding 
t h a t Ag desorbed completely from the Pt surface on 
hea t ing to - 800 K. A measure of t he Ag content of 
the surface could , t h e r e f o r e , be obta ined from the 
i n t eg ra t ed thermal desorpt ion y i e l d , c . From mea
sur ing the r a t i o of the Ag to the Pt t r a n s i t i o n s in 
the AES s p e c t r a of the s u r f a c e s . This method was 
used a f t e r c a l i b r a t i o n using methods 1 and 2 above. 

The growth mechanisms were determined by 
p l o t t i n g the Ag and P t Auger peak he igh t s aga ins t 
the amount of Ag depos i ted . In the case of P t ( l l l ) , 
d i s t i n c t breaks were found in these p l o t s which 
ind ica t ed a l aye r -by - l aye r growth mechanism. The 
corresponding p l o t fo r growth on the Pt(555) showed 
no b reaks , i n d i c a t i n g t ha t Ag growth was occurr ing 
as 3-dimensional c r y s t a l l i t e s . These conclusions 
were supported by the Ag thermal desorpt ion from 
both s u r f a c e s . Two d i s t i n c t peaks were found for 
P t ( l l l ) , corresponding t o the growth of the f i r s t 
and subsequent Ag l a y e r s ; whereas only a s i n g l e , 
r a t h e r broad, Ag peak was observed during thermal 
desorpt ion from the Pt(553) su r f ace . 

A study of the chemisorption of small molecu
l a r spec ies (CO, H2» C2H4) on these Ag-dosed Pt sur
faces navy revealed s e v e r a l i n t e r e s t i n g phenomena. 
In the presence of Ag, the s i n g l e CO desorpt ion 
peak observed from a P t ( l l l ) sur face i s merely 
a t t enua ted ; however, the CO desorpt ion from a 
stepped P t sur face exh ib i t s two peaks centered a t 
300 K and 410 K. -The lower temperature peak i s 
a s soc ia t ed wi th adsorpt ion on t e r r a c e s i t e s and the 
higher temperature peak with adsorpt ion a t s t e p 
s i t e s . In the presence of Ag the lower temperature 
peak was s e l e c t i v e l y a t t enua ted , i n d i c a t i n g t ha t 
Ag adsorp t ion was p r e f e r e n t i a l a t t e r r a c e s i t e s . 
Similar behavior i s observed for H2 adsorp t ion , 
except t h a t pre l iminary r e s u l t s i n d i c a t e tha t the 
presence of Ag induces a t i g h t l y bound adsorp t ion 
s t a t e i n add i t i on t o those normally observed on 
Pt s u r f a c e s . 

5 . DIGITAL LEED PROJECT 

J . Fros t and G. A. Somorjai 

The design of a new LEED system i s i n an ad
vanced s t a t e . The system fea tures s i n g l e e l e c t r o n 
counting using a microchannel p l a t e (MCP) e l e c t r o n 
m u l t i p l i e r and d i g i t a l de terminat ion of the mu l t i 
p l i e r output t o 8 x 8 b i t accuracy. The p o s i t i o n 
determination i s done by a lgeb ra i c opera t ions on 
the cu r ren t s from four cha rge - sens i t i ve ampl i f i e r s 

a t the edges of a r e s i s t i v e anode p l a t e a t the 
r e a r of t he MCP. The system c a l l s for a 64 K x 16 
b i t buf fer memory and an osc i l l o scope d i s p l a y of 
both t he incoming counts and the events s t o r e d in 
t he bu f fe r . A CSI 11/23 with 128 K of memory w i l l 
read and process the information in t he b u f f e r . 
Permanent s to rage i s provided by two 5-megabyte 
hard d i s k s . I n t e r a c t i v e f a c i l i t i e s inc lude a t e l e 
type and a hard copy p r i n t e r . The computer w i l l 
a l so cont ro l the e l ec t ron gun v o l t a g e . The MCP 
allows extremely s e n s i t i v e <\uger spectroscopy even 
in RFA mode. At the f i r s t s t a g e , mostly commer
c i a l l y a v a i l a b l e p a r t s wi l l be used. Even at this 
s t a g e , the very low incident beam cur ren t (10*1- A) 
w i l l remove the p o s s i b i l i t y of e l e c t r o n beam dam
age to the sample; and, when i n s u l a t o r s a re uued, 
sample charging e f f e c t s . The automatic d i g i t a l 
data c o l l e c t i o n makes die measurements rapid (5 
sec per energy) and s imple . A s u i t e of For t ran IV 
programs has bet i w r i t t e n and t e s t ed (using the 
CDC-7600 and microdensitometered photographs of 
d i f f r a c t i o n p a t t e r n s ) . They provide automatic 
t racking and measurement of d i f f r a c t i o n spot shapes 
and i n t e n s i t i e s , and were w r i t t e n ivith a minicom
pu te r environment in mind. At the second s t a g e of 
development, the s p a t i a l r e so lu t i on of the d e t e c t o r 
system w i l l be improved toge the r with a redesign 
of the e l ec t ron gun. The aim i s an order of mag
ni tude improvement in the r ec ip roca l space r e so lu 
t ion (R) toge ther wi th a reduct ion in the i nc iden t 
beam diameter (IV), such t h a t D < 10/R. 

0. RELIABILITY FACTORS IN SURFACE CRYSTALLOG
RAPHY BY LEED 

M. A. Van Hove, R. J . Koestner, and G. A. Somorjai 

The use of so -ca l l ed r e l i a b i l i t y factors (or 
R - f a c e r s ) in surface s t r u c t u r a l determinat ion by 
low energy e l e c t r o n d i f f r a c t i o n lias been s t u d i e d . 
In p a r t i c u l a r , 10 d i f f e r en t R - f ac to r s , s eve ra l of 
them a l ready in use by var ious workers t o a s s e s s 
t he q u a l i t y of agreement between theory and e x p e r i 
ment, were compared. Their d i f ferences were shown 
t o be both s i g n i f i c a n t and useful for d i s c r imina t 
ing between the co r r ec t sur face s t r u c t u r e and those 
i n c o r r e c t su r face s t r u c t u r e s t h a t a l so produce l o 
ca l minima in the R- fac to r s . Furthermore, the dif
ference between R-factors c a l c u l a t e d for d i f f e r e n t 
emergence d i r e c t i o n s of the e l ec t rons were shown 
to be even more capable of such d i sc r imina t ion be
tween c o r r e c t and i nco r r ec t s t r u c t u r e s . This capa
b i l i t y i s of obvious importance in sur face c r y s 
ta l lography based on a s t r u c t u r a l s ea rch . Our 
s t u d i e s , t h e r e f o r e , a l s o addressed the ques t ion of 
automation of the s t r u c t u r a l search with the he lp 
of R- fac to r s , po in t ing out the usefulness of such 
approaches as "p ro jec t ion improvement," l e a s t squares 
f i t , s t e e p e s t descent , and funct ional f i t . 

Electron Spectroscopy Studies of 
Solid Surfaces and Adsorbates 

'• EVIDENCE FOR AN OXYGEN INTERMEDIATE IN THE 
CATALYTIC REDUCTION OF NO by CO ON RHODIUM SURFACES 

L. H. Dubois, P . K. Hansma, and G. A. Somorjai 

Evidence for an oxygen in te rmedia te i n t he r e 
a c t i o n of NO and CO to form N2 and CO2 over rhodium 
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surfaces has been presented . High r e s o l u t i o n e l e c 
t ron energy loss spectroscopy (ELS) measurements 
i nd i ca t e t h a t both NO and GO molecules a s s o c i a t i v e l y 
adsorb on the Rh(331) s i n g l e c r y s t a l sur face a t 
300 K. Chemisorbed NO r e a d i l y d i s s o c i a t e s on t h i s 
surf?ce upon hea t ing to 450 X. At 700 K, h i g h - r e s 
o lu t ion ELS and Auger e l ec t ron spectroscopy both 
i nd i ca t e t h a t only oxygen i s p r e s e n t on t h e c a t a l y s t 
su r face . K2 desorpt ion below t h i s temperature i s 
e a s i l y de tec ted by mass spectroscopy. The a d d i t i o n 
of CO to t h i s surface oxygen a t 700 K r e s u l t s in 
the. formation of gaseous OG2 and the removal of t he 
surface oxygen s p e c i e s . S imi la r r e s u l t s were ob
tained when 0? was s u b s t i t u t e d for NO as a c o n t r o l , 
ind ica t ing t ha t oxygen i s indeed a sur face i n t e r -
riediate under our experimental c o n d i t i o n s . The 
reac t ion mechanism t o reduce NO t o N'2 by CO over 
rhodium sur faces may then he expressed a s ; 

: \ 0 , , ~ X , , , + 2 0 , , . , and 2 0 , , . , + 2C0-2CO,, , . (fi) 2(3) (ad) (ad) 2(g) 

>. THE CHEMISORTTION OF PROPYLENE ON P t ( l l l ) 
STUDIED BY HIGH RESOLUTION ELECTRON ENERGY LOSS 
SPECTROSCOPY 

J . Crowell and G. A. Somorjai 

The chemis~rption of s i n p l e hydrocarbons and 
t h e i r subsequent r eac t ions on ' .vei l -character ised 
t r a n s i t i o n metal surfaces can provide information 
on the in i t i a l stages of hydrocarbon catalysis. 
Acetylene and ethylene have been shoun to form 
stable (2 * 2) surface structures, and ELS data 
have been interpreted in terms of the formation of 
a stable ethylidyne O C-Qlj) surface species. The 
The addition of a methyl group to these species 
should provide additional insight into the structure 
of these species on transition metals. LEED inves
tigations have shovn that propylene forms a similar 
stable (2 * 2) surface structure on Pt ( l l l ) at room 
temperature. Thermal desorption measurements show 
that below 2?0 K propylene remains intact, but dis
sociates to evolve hydrogen at 285 K and 425 K. Ex
periments are currently underway to examine the vi 
brational spectra of propylene as a function of 
temperature and coverage using electron energy loss 
spectroscopy. Preliminary results show that propy
lene spectra are more complicated than that of ethyl
ene and acetylene. 

9. AUGER ELECTRON SPECTROSCOPY STUDIES OF THE 
SURFACE COMPOSITION OF THE IRON/IRON-OXIEE/OXYGEN 
SYSTEM 

M. Langell and G. A. Somorjai 

Iron oxidation and the subsequent oxide sur
face properties are being investigated by LEED (low 
energy electron diffraction) and Auger electron 
spectroscopic techniques. The experimental appar
atus i s also equipped with a high-pressure isolation 
cel l . The surface composition of thin oxide films 
grown on polycrystalline foi l , and el&ctrophoreti-
cally deposited Fe203 samples have been determined 

as a function of surface treatxient and oxide forma
tion conditions. Clean iron foi l , when allowed to 
reach thermodynamic equilibrium under oxygen at 
room temperature, inevitably forms Fe203 surfaces. 
If subjected to reducing conditions (heating in UHV 
under H2, e t c . ) , a surface layer of Fe304 can be 
formed on the bulk F e ^ . Similar results are ob
tained when FejOs powders are studied. When f i r s t 
introduced into UHV, the Fe203 powder surface i s 
covered with an H2O surface species. The hydroxy-
lated layer is tenacious and tends to protect the 
surface from reduction under IHV. The layer can be 
removed by argon ion bombardment or extended heating 
at temperatures of about 400°C. Once removed, the 
species can only be regenerated by high pressures 
(- 18 torr) of water vapor. Studies of H2O adsorp
tion are also under way. In addition to the ten
acious sr jies mentioned above, a less strongly ad
sorbed H2O surface species has been observed. This 
species desorbs at temperatures above 350°C and can 
easily be regenerated by exposure to H20 at pres
sures as low as 2 x IQ-8 torr . Structural studies 
focus en Fe20s and Fe(llO) single crystals. The 
effect of oxygen and water vapor part ia l pressure 
on the two-dimensional surface symmetry is currently 
under investigation. With use of the isolation ce l l , 
oxygen pressures to one atmosphere and H2O to satu
ration vapor pressures can be employed without ex
posure to atmospheric conditions. 

Molecular Beam—Surface interactions 

10. Tiff; VELOCITY DISTRIBUTIONS OF NO AND NH3 
SCATTERED FROM Pt( l l l ) 

U\ Guthrie, T. H. Lin, and C. A. Somorjai 

The velocity distribution; of NO and NH3 scat
tered from the (111) face of a platinum crystal are 
being measured over a range of crystal temperatures 
of 400 K to 1200 K. These molecules adsorb associ-
utively with adsorption probabilities near unity 
and interact strongly with the platinum with chemi-
sorption energies of 15 kcal/mole and 29 kcal/mole 
for NK3 and NO respectively. NO molecules scat
tered into the direction of the surface normal are 
trapped and then inelastically scattered. At lower 
temperatures (400-900 K) there is substantial energy 
exchange between the adsorbate and substrate, and 
the NO velocity distributions accurately match the 
Maxwell-Boltsraanp distribution for the crystal tem
perature. At higher crystal temperatures (900 -
1200 K) the velocity distributions begin to deviate 
from the Maxwell-Bolt ziTin distribution due to an 
incomplete energy transfer. NO molecules scattered 
into the direction of the specular reflection have 
velocity distributions that indicate significant 
trapping followed by inelastic scattering. The 
velocity data for NH3 shows behavior similar to NO 
for scattering into the angle of the surface normal. 
These studies are being conducted to determine the 
extent of energy transfer between the metal surface 
and the gas molecules. I t appears that the energy 
transfer i s le?-^ complete as the crystal temperature 
increases and the surface residence tijne of the mol
ecules decreases. 
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1 1 . MODULATED MDLECULAR BEAM SCATTERING OF CO AND 
NO FROM P t ( l l l ) AND Pt(5S7) SURFACES 

Te-Hua Lin and G. A. Soworjai 

The modulated molecular beam s c a t t e r i n g of CO 
and NO from P t ( l l l ) and Pt(557) has been s t u d i e d . 
For CO s c a t t e r e d from P t ( l l l ; , an adsorpt ion-desorp-
tion model with constant sticking coefficient f i ts 
those data above 500 K well. The best fi t t ing pa
rameters are the preexponential factor for desorp
tion, v = 2.9 * 10* 3, activation energy for desorp
tion, E = 29.9 kcal/mole, and sticking coefficient, 
S = P."4. For CO scattered from Pt(557), the sane 
model f i ts those data above 550 K well., and the 
best-fit t ing parameters are: v = 7.9 x io* 3 . 
E = 33.6 kcal/mole, and S = 0.74. The higher acti
vation energy for Pt(557) than that for P t ( l l l ) sug
gests that the incident molecule can be adsorbed 
at the step as well as at the terrace but desorbs 
only at the step after i t arrives there by surface dif
fusion. An adsorption-desorption model with coverage-
dependent sticking coefficient can f i t a l l the data well 
for both surfaces without changing the desorption kinet
ic parameters much. For NO scattered from Pt [111), 
the adsorption-desorption model with constant 
sticking coefficient f i t s those data above 525 K 
well with v = 6.2 x 1013, E = 28.6 kcal/mole, and 
S = 0.65. For NO scattered from Pt(S57), the same 
model f i t s those data above 525 K well with 
v = 1.2 x iol4 £ = 32.3 kcal/mole, and S = 0.71. 
The higher activation energy suggests again that XO 
can be adsorbed at the terrace and rapidly diffuse 
to the step s i te before desorbing from the surface. 
Below 525 K, the NO results are quite different from 
those of CO and can not be simulated with the sim
ple models that were tr ied. The data can be used, 
however, to rule out several models of surface in
teractions. NO does not dissociate detectably be
tween 400 K and 1200 K under our experimental condi
tions. The sticking coefficient decreases with in
creasing coverage. 

Studies of Catalyzed Surface Reactions 

12. THE STRUCTURE SENSITIVITY OF n-HEPTANE DE
HYDROCYCLIZATION AND HVDROGENOLYSIS CATALYZED BY 
PLATINUM SINGLE CRYSTALS AT ATMOSPHERIC PRESSURE 

W. D. G i l l e s p i e , R. K. Herz, E. E. Pe te r sen , and 
G. A. Somorjai 

The dehydrocycl izat ion and hydrogenolysis of 
n-heptane, catalyzed by platinum single crystal sur
faces, have been investigated at temperatures from 
533 to 603 K in the range of one atmosphere total 
pressure. The flat (111), stepped (557), and 
kinked [(19,8,7) and (25,10,7)] surfaces used in 
this study were characterized in ultrahigh vacuum 
by low energy electron diffraction and Auger elec
tron spectroscopy before and after reaction experi
ments. The rate of dehydrocyclization to toluene 
on the four surfaces increased in the order 
(111) < (25,10,7) < (557) < (10,8,7). Hydrogen
olysis, however, increased in the order 
(557) < (10,8,7) < (111) < (25,10,7). As a result, 
the selectivity of toluene production versus hydro
genolysis increased by an order of magnitude in the 
order (25,10,7) < (111) < (10,8,7) < (557). The 

sum of the rates of hydrogenolysis and toluene pro
duction remains relatively constant. The effect of 
preoxidation of the single crystal catalysts was to 
increase the rate of hydrogenolysis and decrease the 
rate of dehydrccyclization. In general, the reac
tion rates decreased with increasing reaction time. 
This decrease was shown to be the result of the de
position of irreversibly adsorbed carbonaceous 
species. 

13. DEUiERIIM ISOTOPE EFFECT AND EXCHANGE REACTION 
STUDIES DURING HYDROCARBON CONVERSION OVEk PLATINUM 
SINGLE CRYSTAL SURFACES 

S. M. Davis and G. A. Somorjai 

Inverse deuterium i so tope e f f e c t s have been 
measured for a v a r i e t y of hydrocarbon reac t ions 
t h a t a r e ca ta lyzed near atmospheric p ressure over 
in i t ia l ly clean platinum single crystal surfaces. 
Hydrogenolysis, isometization, cyclization, and de-
hydrcgenation reactions for n-hexane, neopentane, 
isobutane, and cyclohexane catalysed in die pres
ence of deuterium gas at 40-360°C display reaction 
rates that are two to four times higher than the 
rates of the same reactions carried out in hydro
gen under identical experimental conditions. The 
magnitude of these isotope effects depends l i t t l e 
on surface structure and decreases with increasing 
temperatures. These thermodynamic isotope effects 
exist because deuterium exchange is fast compared 
with catalyzed hydrocarbon conversion, and deuter-
ated reaction intermediates are tiiermodynamically 
more stable than hydrogenated intermediates. Thus, 
their surface concentration i s larger. Because 
parallel reactions often display deuterium isotope 
effects of different magnitude, the selectivity 
of the hydrocarbon conversion can be altered appre
ciably when the reactions are carried out in deu
terium. 

The exchange reactions of n-hexane and n-hep
tane with deuterium gas liave also been investigated 
in the temperature range 255-3S0°C over t'of r at 
(111) and kinked (10,8,7) crystal faces - inum. 
Exchange rates and product distribution* 
influenced appreciably by the pres**r..je of ad 
kinks on the platinum surface, exchange . 
low conversion display zero activation ene 
strong, positive order dependence on D2 p»r 

and a strong negative order dependence on : ; c . 
face coverage by carbonaceous species. V,\^ ,::•. 
rate of deuterium chemisorption c\\ uncoirered mer„il 
active s i tes appeais to control the exchange kinet
ics. Exchange product distributions van- markedly 
with temperature, D2 pressure, and surface compo
si t ion. Single or complete exchang* Is favored at 
low temperatures (< 300°C) and on surfaces that are 
precovered with carbonaceous deposits. At higher 
temperatures, both surfaces display a high specifi
city for the production of n-hexane-din and n-hep-
tane-di2; i . e . , four of 14 or 16 hydrogen atontr do 
not exchange. By comparing deuterium excliange rates 
(fast) with hydrocarbon conversion rates (slow) that 
were measured simultaneously, i t was possible to de
termine for the f i rs t time absolute exchange reac
tion probabilities for hydrocarbon molecules that 
become chemically bonded on the catalyst surface. 
These reaction probabilities increase from 0.01-
0.04 at 240°C to 0.2-0.4 at 380°C. 
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1 4 . A NEK RADIOTRACER TECHNIQUE FOR GENERAL SURFACE 
STUDIES: APPLICATION" TO 14|>BENZENE CHEMISORPTION OX 
Pt(lU) 

S. M. Davis, fi. E. Gordon, G. A- Somorjai 

A s e n s i t i v e counting "ystem has been developed 
that enables • ' ' ' c-radiotracei ' s t ud i e s t o be ca r 
r ied out in u l t rah igh vacuum systems in connection 
with hydrocarbon adsorpt ion and c a t a l y s i s s t u d i e s 
on small a rea s u r f a c e s . In our i n v e s t i g a t i o n s , c 
compact surface b a r r i e r d e t e c t o r , counted on a ro -
t a t a b i c feedthru and in te r faced t o cha rge - sens i t i ve 
counting e l e c t r o n i c s , i s used to de tec t beta r ad ia 
t ion emit ted by l^c - l abe led hydrocarbons chemi-
sorbed on platinum s ing le cr>'stal su r f aces . With 
t h i s sys tcu , tlic absolu te surface coverage by ad
sorbed species can be accura te ly and non-des t ruc-
t i v e l y determined a t coverages wel l below 11 of a 
monolayer. Dynamic experiments can a l s o be per
formed e a s i l y a t both high and low pressures t o de
termine the k i n e t i c s of important surface phenomena 
ranging from isothermal desorp t ion , bulk d i s so lu 
t i o n , and surface d i f fus ion to hydrogen t r a n s f e r 
and rehydrogenation r eac t ions fo r adsorbed s p e c i e s . 
The grea t usefulness of t h i s r a d i o t r a c e r technique 
was demonstrated in s tud ies of ^C-bcnzene chemi-
s o r p t i o n , hydrogen t r a n s f e r , and rehydrogenation 
reac t ions on the (111) c r y s t a l face of plat inum a t 
temperatures ranging from 50 t o 350°C. Combined 
inves t iga t ions using r a d i o t r a c e r ana lys i s with 
q u a n t i t a t i v e hydrogen thermal desorp t ion spec t ro s 
copy revealed t ha t d i s s o c i a t i v e chemisorption and 
sequen t i a l dehydrogenution proceed over t h i s tempera
ture range with an a c t i v a t i o n energy of 1.5 - 2.5 
kcal/roclo t h a t increases with inc reas ing coverage. 
Cai-bon surface coverages determined from the r ad io 
t r a c e r a n a l y s i s were c o r r e l a t e d with C273/Pt237 
Auger peak-to-peak he ight r a t i o s , providing a con
venient absolu te Auger c a l i b r a t i o n for carbon cov
erage on plat inum. Rehydrogenation of benzene 
chentisorbed a t 50 - 100°C '/as found t o proceed 
readi ly a t lav teiiqieratures (50 - 100°C) in one 
atmosphere of hydrogen. Rehydrogenation of l^C-bcn-
zene deposi ted a t 300 - 550°C occurred much more 
slowly even a t temperatures as high as 400°C. Re
moval of the s t rong ly adsorbed ^C-deposit by hydro
gen t r ans f e r reac t ions from unlabeled hydrocarbons 
was found to proceed q t l e a s t as e a s i l y as d i r e c t 
rehydrogenation with H7. The r a t e of rehydrogena
t i on a t 550°C was slow"compared wi th t he s teady 
s t a t e r a t e s of simple hydrogenolysis r eac t i ons tliat 
were c a r r i e d out over the same carbon-covered su r 
face (v i z . i sobutane , neopentane, n-hexane) . Ex
tens ive s t u d i e s a re in progress t o determine i f 
these hydrocarbon conversion r eac t i ons take p lace 
i n exchange with or on top of the preadsorbed 
14c-depos i t . 

15. TRANSIENT RESPONSE TECHNIQUES FOR STUDYING THE 
CHEMISTRY OF CARBON DEPOSITS ON nETAL CATALYST 
SURFACES 

S. M. Davis and G. A. Somorjai 

Severa l t r a n s i e n t response techniques were 
developed i n our l abo ra to ry during the p a s t yea r t o 
i n v e s t i g a t e t he r e a c t i o n chemistry of carbon de
p o s i t s t ha t form during hydrocarbon s y n t h e s i s and 

reforming over metal c a t a l y s t s . Reactant pu l se 
methods, r eac t i on r a t e s t u d i e s over preadsorbed car 
bon l a y e r s , and. consecutive and competi t ive r eac 
t i on r a t e s t u d i e s were devised for t h i s purpose. 
P re sen t ly , these tecliniques a r e being appl ied to 
understand how carbon depos i t s p a r t i c i p a t e in r e 
forming c a t a l y s i s over smal l -a rea plat inum s i n g l e 
c r y s t a l s u r f a c e s . The c a t a l y s t s a r e i n v e s t i g a t e d 
in an apparatus t h a t combines sur face a n a l y s i s 
s t u d i e s in IHV, using LEED and Auger spectroscopy, 
with r eac t i on r a t e s t u d i e s t h a t a r e performed near 
atmospheric p re s su re i n a r e t r a c t a b l e i s o l a t i o n c e l l . 
Iteaction r a t e s t u d i e s over preadsorbed carbonaceous 
over layers have provided r e l a t i v e rehydrogenation 
r a t e s f c : carbon depos i t s t h a t form as a function 
of teniperature and hydrogen p ressu re from n-hexane, 
neopentane, and isobutane . Competitive r eac t i on 
r a t e s tud i e s have been used to measure r e l a t i v e ad
sorp t ion equi l ibr ium constants for the same hydro
carbons. These s t u d i e s have shown t h a t adsorpt ion 
equi l ib r ium constants and res idence times fo r 
s t rongly adsorbed species increase with increas ing 
molecular weight and decreasing degree of s u b s t i t u 
t i o n , i . e . , n-hexane > neopentane * i sobutane . 
Pulse and consecutive r eac t i on experiments have 
been used t o measure di f ferences in c a t a l y t i c ac
t i v i t y and s e l e c t i v i t y t ha t e x i s t between c lean and 
carbon-covered plat inum. While carbon-covered s u r 
faces a r e always l e s s a c t i v e than c lean pla t inum, 
these c a t a l y s t s a re s t i l l h ighly a c t i v e and often 
d i sp lay h igher s e l e c t i v i t y for non-des t ruc t ive r e 
forming r e a c t i o n s . Aromatization of n-hexane t o 
benzene and dehydrogenation of isobutane t o i s o -
butcne , for example, a re two important reactions 
which d i sp lay enhanced s e l e c t i v i t y over carbon 
covered plat inum c a t a l y s t s . Quan t i t a t ive hydrogen 
thermal desorpt ion spectroscopy has a l s o been used 
t o measure t h e hydrogen content of carbon depos i t s 
as a function of t h e i r formation temperature . 

1&. THE ENHANCED REACTIVITY OF ORDERED METAL LAYERS 
ON SINGLE CRYSTAL SURFACES OF OTHER HETALS: Au ON 
P t (100 ) f AND Pt ON Au(100) 

J. W. A. Sachtler and G. A. Somorjai 

Catalysts consisting of alloys of an active 
group VIII transition metal and an inactive group 
lb metal are of great importance for the catalysis 
of hydrocarbon reactions. It has been found that 
such alloys can show higher selectivities and 
better resistance against deactivation than the 
group VIII metals alone. These studies have been 
performed using dispersed alloy particles, often 
supported on high surface area oxides where i t is 
difficult to control the surface structure and com
position independently. I t appears that the sep
aration of these important experimental variables 
is necessary to understand the reason for the al
tered chemical behavior of these alloys. We have 
approached this problem by choosing as a substrate 
a single-crystal metal that can be prepared with a 
controlled surface structure (geometry, concentra
tions of step, and kuik atoms). The other metal 
is deposited in amounts ranging from a fraction of 
a nonolayer to several layers onto this substrate 
under appropriate conditions. In particular, we 
have studied the Au on Pt(100) and Pt on Au(100J 
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systems. The sur face s t r u c t u r e s a t var ious cov
erages have been i n v e s t i g a t e d using low energy 
e l e c t r o n d i f f r a c t i o n (LEED) and Auger e l e c t r o n 
spectroscopy (AES). The metal adsorba te coverages 
themselves were independently determined wi th a 
q u a r t e r - c r y s t a l th ickness monitor . I t appears 
t h a t mu l t i l aye r s of plat inum en a Au(lOO) sur face 
and up t o two l a y e r s of gold on a Pt(100) s i n g l e -
c r y s t a l sur face form (I *1) s t r u c t u r e s with the 
l a t t i c e cons tant of the s u b s t r a t e . In the case of 
g o l d o n a P t ( l O O ) , (5 * 1) and (7 x 1) LEED p a t t e r n s 
were observed a t high coverages a f t e r anneal ing . 
Using AES, i t has been determined t h a t the gold 
f i lm grows on a Pt(100) surface through the com
p l e t i o n of success ive monolayers. Platinum on 
Au(lGO) forms s n a i l three-dimensional c r y s t a l l i t e s 
without a monolayer s t a g e . The chemical r e a c t i v i t y 
of these surfaces was t e s t e d usin^ low-pressure 
cyclohexene dehydrogenation t o benzene (6 * 1Q~& 
t o r r cyclohexcne in 1 * 10~ 6 t o r r hydrogen, 573 K). 
We have found t h a t t he depos i t ion of gold, not 
a c t i v e fo r t h i s r e a c t i o n , onto a rt(lOO) s i n g l e 
c r y s t a l sur face a c t u a l l y enhances the r e a c t i v i t y 
u n t i l a maximum i s reached a t one monolayer o f gold. 
At t h i s p o i n t , t he sur face i s four times'more ac
t i v e than the pure Pt(100) c r y s t a l face . When the 
gold monolayer coverage i s exceeded, t he r e a c t i v i t y 
decreases r a p i d l y . When p i a t i n u n i s deposi ted onto 
a Au(10d) s i n g l e c r y s t a l s u r f a c e , the r e a c t i v i t y 
for cyclohexene dehydrogenation increases with 
coverage u n t i l a maximum value i s readied a t about 
1.5 plat inum l a y e r s . This maximum value i s r e 
t a ined up t o about 3.5 t o 4 l a y e r s . Again, t h i s 
maximum r e a c t i v i t y i s about four times t h a t of the 
(100) sur face of a bulk platinum s i n g l e c r y s t a l . 
When the platinum coverage i s increased f u r t h e r , 
the r e a c t i v i t y decreases s lowly. Eight plat inum 
layers on Au(100)„ the h ighes t coverage achieved 
in our experiments , a r e s t i l l more a c t i v e than a 
pure Pt(100) su r f ace . 

The add i t i on of a h igh-pressure sample i so l a 
t i o n c e l l t o the UHV system used for these s tud i e s 
has been completed. This device permits the run
ning of r eac t i ons a t near atmospheric p ressures 
over a surface t h a t i s prepared and cha rac te r i zed 
before and a f t e r t he r eac t i on under UHV cond i t ions . 
The e f f e c t of gold on the r e a c t i v i t y of a Pt(100) 
s i n g l e c r y s t a l sur face under these condi t ions w i l l 
be s t u d i e d no t only fo r t he cyclohexene r e a c t i o n , 
bu t a l s o for i somer iza t ion , hydrogenolysis , and de
ny d rocyc l i za t ion r e a c t i o n s . Also , the v a r i a t i o n 
of the s u b s t r a t e geometry and adsorbate metal w i l l 
be i n v e s t i g a t e d by us ing d i f f e r e n t pla t inum c r y s t a l 
faces and copper o r s i l v e r ins tead of gold . 

RESEARCH PLANS FOR CALENDAR YEAR 19S1 

We s h a l l so lve the surface s t r u c t u r e s of sev
e r a l small hydrocarbon molecules (from propylene t o 
butenes) on the platinum and rhodiun (111) c r y s t a l 
faces by LEED and determine t h e i r chemical bonding 
behavior by e l ec t ron spectroscopy. Vibra t iona l 
spectroscopy (HREELS) w i l l be used t o s tudy the 
s t r u c t u r e of hydrocarbon fragments t l ia t depos i t 
during c a t a l y t i c r eac t ions on plat inum s u r f a c e s . 
The s t r u c t u r e and r e a c t i v i t y o f metal monolayers o f 
Au, Ag, and Cu deposi ted on o the r t r a n s i t i o n metal 

surfaces w i l l be i n v e s t i g a t e d in an a t tempt t o 
bu i l d new metal c a t a l y s t systems. ^ 4 C- labe led o r 
ganic molecules w i l l be used t o explore t he c a t a l y 
t i c r o l e of carbonaceous depos i t s i n hydrocarbon 
conversion r eac t i ons on plat inum s u r f a c e s . The r o l e 
of c a t a l y s t a d d i t i v e s , a l k a l i m e t a l s , and c h l o r i n e , 
in con t ro l ! in? r eac t ion s e l e c t i v i t y , w i l l be ex
p lo red . Energy t r a n s f e r dur ing H and D atom r e 
combination on various surfaces w i l l be s tud ied by 
molecular beam-surface s c a t t e r i n g . 
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f. Nuclear Magnetic Resonance* 

Alexander Pines, Investigator 

1. EFFECTS OF TEMPERATURE, VISCOSITY AND SOLVENT 
ON THE MAGNETIC ISOTOPE EFFECT 

L. S te rna , D. Ronis, S. Wolfe and A. Pines 

A very important fea ture of f ree r a d i c a l chem
i s t r y i s the e f fec t of e l e c t r o n sp in on chemical 
bonding. In genera l , two r a d i c a l s can bond only 
i f the two unpaired e l ec t rons have s i n g l e t (S = 0] 
c o r r e l a t i o n . The t r i p l e t s t a t e (S = 1) has repul 
s i ve p o t e n t i a l . The e l ec t ron -nuc l ea r hyperf ine 
coupling causes in te rconvers ion of t he e l e c t r o n 
spin s t a t e s . This can be used t o sepa ra t e nuclear 
i sotopes of d i f f e r e n t hyperf ine coupling i n t o dif
ferent chemical products (magnetic i so tope e f f e c t ) . 
We, as wel l as o the r groups , have demonstrated t h i s 
experimental ly and have obta ined la rge l^C enr ich
ments in the c y c l i c photochemical r eac t i on of d i -
benzylketone ( l ,3 -d iphenyl -2-propanone) . A 
c r u c i a l f ac to r in the opera t ion of the magnetic 

i so tope e f f e c t in a c y c l i c r eac t i on i s t ha t the 
two r a d i c a l s of the prepared t r i p l e t must s t ay in 
the v i c i n i t y of one another on a time s c a l e compar
ab le t o the inverse hyperfine coupl ings . In p r e v i 
ous repor t s we have s h a m t h a t the 1 5 C enrichment 
i n die dibenzylketone r eac t i on e x h i b i t s a s t rong 
v i s c o s i t y dependence and goes through a maximum a t 
- 10 p o i s e . Work by Turro e t a l . has shown t h a t the 
r a d i c a l s may a l so be cons t ra ined in mice l les which 
ac t as small r e f l e c t i n g spheres . We have dex'eloped 
a theory which cha rac te r i zes the v i s c o s i t y , tempera
t u r e , and micel le s i z e dependence of the enrichment 
and extended i t a l s o t o layered s o l v e n t s . Repre
s e n t a t i v e r e s u l t s are shown in Fig. 1. Thus, the 
magnetic i so tope e f f e c t , which i s very i n t e r e s t i n g 
i n i t s e l f as a novel method uf i so tope s e p a r a t i o n , 
a l s o provides a new means of probing the microscopic 
d i f fus ive behavior of r a d i c a l s . 

'Based in p a r t on J . Chan. Rhys. 73, 5493 (1980) 

Fig. 1. Enrichment f a c t o r fo r pho to lys i s of diben-
zylketone wi th in a sphere wi th a r e f l e c t i n g wal l 
( e .g . a m i c e l l e ) . The curves a r e labeled by the 
radius of t he sphere in angstroms. The o rd ina te 
i s the average d i f fus ion coe f f i c i en t of the r a d i c a l s 
in the m i c e l l e . The so l e datura i s taken from the 
work of Turro e t a l . for pho to lys i s i n the hexade-
cyltrimethylaramonitm ch lor ide mice l l e with dif
fusion coe f f i c i en t taken from data fo r a s i m i l a r 
m ice l l e . Our own da t a corrobora te t he bottom curve 
( radius = m) for normal unbouided 3-dimensional 
d i f fus ion . (XBL 805-9681A) 

2. THEORY OF SELECTIVE EXCITATION ON N-QUANTUM 
TRANSITIONS* 

W. S. Warren, D. P. Weitekamp and A. riiu.-.-

The ques t ion of whether a nolecule car. be u>ed 
to absorb and e r i t photons only in group? or r. ':..;.-
been t r e a t e d . Pulse sequences have been introJu^-oJ 
which in e f f e c t induce e x c i t a t i o n by only reson^-.t 
groups of n photons. Phis caused only n-quan t i r . 
t r a n s i t i o n s even when many o the r t r a n s i t i o n s miyht 
be resonant . The theory expla ins how t h i s i s done 
by using repeated phase s h i f t s of Z-n/n in the r a d i 
a t i o n t o bu i l d up t he s e l e c t e d coherences with a l l 
o the r coherences i n t e r f e r i n g d e s t r u c t i v e l y . Co
herent averaging theory was extended t o descr ibe 
s e l e c t i v e sequences and, toge the r with time r e 
ve r sa l e x c i t a t i o n , produces e f f i c i e n t n-quantum 
pumping which i s s e l e c t i v e t o a r b i t r a r i l y high 
order i n the average Hamiltonian. The s e l e c t i v i t y 
produces an enormous enhancement o f the high n-
quantuin coherences (or populat ions) which a re nor
mally very weak when governed by an incoherent 
s t a t i s t i c a l p rocess . For example, the 10-quantum 
t r a n s i t i o n i n a 10-spin system can be enhanced by 
four t o f ive orders of magnitude. An example of 
wideband nonse lec t ive versus 4-quantun s e l e c t i v e 
e x c i t a t i o n in t he NMR of o r i en t ed bromobutane 
appears in F ig . 2 . 

This work was supported by the Di rec to r , Office of 
Energy Research, Office of Basic Energy Sc iences , 
r t e t e r i a l s Sciences Divis ion of t he U. S. Department 
of Energy under Contract No. W-7405-ENG-48. 

f Based i n p a r t on LBL-10817, J . Chem. Phvs. 
2084 (1980). 
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Fig. 2. a. Multiple-quantum NMR spectra by wideband 
non-selective excitation in a liquid crystal sol
vent. The number of allowed transitions decreases 
dramatically as AM increases, and the intensity 
above n = 5 makes these transitions essentially 
unobservable. b. Multiple-quantum spectra with 
selective 8-quantum excitation. Only the 0- and 
8-quantum coherences are produced with appreciable 
intensity. (XBL 80S-11260 and XBL 808-11262) 

3. STATISTICAL THEORY OF MULTIPLE QUANTUM 
TRANSITIONS* 

R. D. Levine, S. Mukamel, W. S. Warren and A. Pines 

In wideband non-selective excitation, multiple 
quantum spectra typically have fewer lines and lower 
intensities than single quantum spectra as expected 
from an energy-level diagram (Fig. 3). The ensem
ble average of many multiple quantum spectra re
veals a roughly Gaussian dependence of multiple 
quantum intensities on the number of quanta. A 
s ta t i s t ica l approach to the intensity dependence, 
using information theory, has been made in order 
to learn about the conditions and values of param
eters which favor high intensity for high multiple 
quantum transitions. This leads to a "dynamic ran
dom-phase approximation" in which the single quantum 
pumping matrix elements yield intensity patterns 
for the n-quantun spectra. The effects of pumping 
time on temperature are also accounted for by the 
theory. 

Fig. 3. Energy level diagram for N coupled spin 
- i nuclei. There are many single quantum (Am =1) 
transitions but only one N-quantum (Am = N) trans
ition. A s ta t i s t ica l theory of the n-quantum in
tensities has been developed. (XBL 805-9725) 

4. MOLECULAR CONFORMATION IN LIQUID CRYSTALS 
5. Sinton and A. Pines 

The study of the conformation of aromatic units 
in liquid crystal molecules is important in under
standing the physics and chemistry of their various 
fascinating phases. This can usually be accom
plished only with deuterium isotope substitution 
and complex analysis of the NMR spectra. However, 
multiple quantum transitions are extremely sensitive 
to both s ta t ic and dynamic correlations between 
the protons of a molecule and are usually resolv
able and simple to analyze. We have used this to 
study the conformations of a number of liquid crys
tal systems and the relationship of these conforma
tions to the macroscopic phases. For example, in 
the nematic phase of cyanobiphenyl systems, the 
conformation of the biphenyl group could be analyzed 
by fi t t ing the 6- and 7-quantura spectra (the normal 
1-quantum spectrum has - 1000 lines and can hardly 
be analyzed) to theoretical models of the order 
parameters and biphenyl dihedral angle. Fig. 4 
shows the relevant geometry and the 6- and 7- quan
tum regions of the multiple quantum spectrum with 
theoretical f i t s . 

"teased in part on LBL-11885 
thesis (1980). 

W. S. Warren, Ph.D. TBased in part on LBL-11344, 
263 (1980). Chem. Phys. Lett. 76^ 
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6 QUANTUM REGION 

Fig. 4. (a) Biphenyl region of liquid crystal mol
ecule showing dihedral angle with best f i t value 
of 32° for a particular neraatic phase, (b) and 
(c) 6- and 7-quantum regions of multiple quantum 
NMR spectrum with theoretical line positions. 

[(a) XBL 811-7660; (b,c) XBL 808-10943] 

5. CORRELATED MOTION OF METHYL GROUPS' 

J . Tang, Y. S. Yen, L. Sterna and A. Pines 

TVo approaches have been taken to study the 
degree of correlated motion of two proximate methyl 
groups in a molecule e.g. , Fig. 5.1: (a) chape and 
relaxation of single and multiple quantum NMR 

CH 3 CH 3 

Fig. 5. Molecule with coupled methyl groups. The 
correlated motion of such groups is being studied 
by NMR lineshapes and exchange of rotational po
larization. (XBL 811-7661) 

spectra, and (b) behavior and exchange of rotational 
polarization. Lineshapes and rotational polariza
tion angular dependences have been calculated for 
the cases of completely correlated and uncorrelated 
methyl group rotations and predict easy distinction 
between these cases. Several examples have been ob
served in which the correlation time for correlated 
motion is less than 1 msec. Studies are under way 
to observe the onset of longer correlation times at 
low temperatures and their dependence on molecular 
and crystal parameters. 

Based in part on LBL-11014, 
2512 (1980). 

J. Chem. Phys. 2p_, 

6. ALIPHATIC CHAIN CONFIGURATION IN ORIENTED 
MOLECULES1" 

D. P. Weitekamp, G. Drobny and A. Pines 

We are continuing our study of aliphatic chain 
configuration by NMR of molecules oriented in 
lyotropic bilayers or thermotropic solvents. The 
quantities of interest are the chain order param
eters and the probabilities of single bond con
formations shown in Fig. 6. Previous work has 

/^V ./^V 
trans gauche 

Fig. 6. Trans and gauche configuration of an 
aliphatic chain. Such chain configurations along 
an oriented chain are being studied. 

(XBL fill-7662) 
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employed measurements of motionally averaged nu
clear quadrupole interactions or resolved direct 
dipolar interactions in specifically deuterated 
molecules. From current work employing proton NMR., 
multiple quantum NMR, and relaxation studies, res
olution of one part per thousand is possible, 
yielding an analysis of the chain configurations 
and gauche-trans-gauche kink probabilities. 

* * A 

Based in part on LBL-11157, Proc. Roy. Soc. (in 
press). 

7. RELAXATION OP MULTIPLE QUANTUM TRANSITION'S BY 
PARAMAGNETIC IMPURITIES* 

J. Tang, Y. S. Yen, J. F. Wang and A. Pines 

We have demonstrated one particular applica
tion of multiple quantum NMR in the study of the 
relaxation mechanism of the system of partially 
oriented acetonitrile molecules with paran.agnetic 
impurities. This shows that the fluctuating mag
netic field produced by the electron spin at each 

Fig. 7. Geometry of molecule with two methyl groups 
interacting with the electrons of a dissolved para
magnetic iinpurity. The electron spin S produces 
fluctuating magnetic fields at each methyl s i t e . 

(XRL 811-7663) 

methyl proton s i te is completely correlated due to 
the fast reorientation of the methyl group and the 
lav concentration of the impurity. Another im
portant example is a molecule with two mobile 
groups, e .g. , methyl groups as in Fig. 7. Because 
of the fast reorientation of the methyl group, 
each proton in the same methyl group will experience 
the same fluctuating field produced by the electron. 
However, the fluctuations at each si te of the two 
methyl groups may not be completely correlated. 
The molecule 2,3 dimethy Imaleic anhydride, dissolved 
with various concentrations of paramagnetic impurity 
irTBN, has been studied. The spectral density of 
die fluctuations, the degree of correlation, and the 
correlation times can be determined by the measure
ment of the lincwidths of the 4-, S-, and 6-quantum 
spectra of the molecule. 

* * * 
TBased in part on LBL-9853, J. Diem. Phys. 72, 
3290 (1980). 

S. HIGH RESOLUTION NMR IN INHOMOGENEOUS FIELDS* 

J. R. Garbow, D. P. Weitekamp and A. Pines 

The most common limitation to high resolution 
in NMR is t'le inhomogeneity of the external field, 
which is caused by the requirement of finite sam
ple size and available magnet technology. It has 
been considered impossible to remove this inhomog-
neity by spin echoes without affecting the chemical 
shifts (resonance frequency differences) in the 
spectrum. To appreciate this, consider that the 
nuclear spin cannot "tell" the difference between 
a change in resonance frequency caused by a 
chemical shift and that caused by a slighly dif
ferent magnetic field in the same profile. We 
have overcome this problem for the first time 
by capitalizing on one parameter, common to all 
the spins in the sample over the whole inhomog-
eneous field profile, which is independent of 
chemical shifts and spin-spin couplings: the total 
spin coherence. By transferring coherence from 
this transition to the normal allowed transitions 
in an echo experiment, a spectrum can be obtained 
which is totally devoid of inhomogeneous broadening. 
An example is depicted from our preliminary work in 
Fig. 8. Since echo refocusing is sensitive to mo
lecular translational diffusion, this approach 
makes it possible to measure with great sensitivity 
the anisotropic diffusion of molecules in oriented 
and viscous phases for the first tijne. 

* * * 
Based in part on LBL-12085, submitted to J. Am. 
Chem. Sec. 
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10 15 

Signal Magnitude 

i : i g . 9 . Dependence of t j noise in a two-dimension
a l experiment on s i g n a l amplitude showing p o s i t i v e 
c o r r e l a t i o n . (XBL 811-7664) 

-2000 -1500 -1000 -500 1000 1500 2000 

Fig . 8. Removal of inhomogeneous broadening by 
t o t a l spin coherence t r a n s f e r echo spectroscopy: 
(a) the s i n g l e quantum Four ier transform proton 
spectrum of acetaldehyde i n a nematic l i q u i d c rys 
t a l was taken i n an iriJiomogeneous f i e l d and then 
(b) with a coherence t r a n s f e r pulse sequence 
y i e ld ing l i n e s with widths l i m i t e d only by homo
geneous broadening. The s imula t ion of t h i s AB3 
system i s shown i n (c) demonstrating t h a t t h e r e 
a re no d i s t o r t i o n s in l i n e p o s i t i o n s . The l i n e s 
of E symmetry a r e absent because they do not co r re 
l a t e with the t o t a l spin t r a n s i t i o n . (XBL 811-7538) 

tn no i se i s m u l t i p l i c a t i v e , in c o n t r a s t to usual 
thermal mechanisms which produce a d d i t i v e n o i s e . 
This understanding provided us an approach to mini
mizat ion of t-̂  no ise and enhancement o f two-dimen
s i o n a l s e n s i t i v i t y by the use of pulsed f i e l d grad
i e n t s , coherence t r a n s f e r echoes , and s e l e c t i v e 
e x c i t a t i o n sequences. 

2 . IV. P. Aue, £ . Bar tholdi and R. R. E rns t , J . 
Chen. Phys. 64, 2229 (1976). 

9. NOISE IN TWO-DIMENSIONAL SPECTROSCOPY 

D. P. Weitekamp and A. Pines 

In two-dimensional NMR spectroscopy, a r e 
cen t ly developed technique of enormous va lue , the 
observable magnetic d ipole r a d i a t i o n i s recorded 
i n a per iod t2 as a funct ion of v a r i a b l e evolu t ion 
times t j . Four ier t ransformation of the r e s u l t i n g 
s i g n a l g ( t i , t 2 ) y i e l d s a two-dimensional spectrum 
gC^lt w2) . l I t has long been observed t h a t such 
experiments a r e sub jec t t o no i se con t r ibu t ions 
which play no ro le i n the t r a d i t i o n a l one-dimen
s iona l experiments. I t s ex i s t ence has been a t t r i b 
u ted a r b i t r a r i l y t o ins t rumenta l i n s t a b i l i t y , but 
no theory of i t s s t a t i s t i c a l na tu re o r methods fo r 
i t s e l imina t ion or minimization have been p r e v i 
ously proposed. Experience i n our labora tory 
shows t h i s " t i no i s e " to be the dominant con t r ibu
t ion l imi t ing the s e n s i t i v i t y and a p p l i c a b i l i t y of 
two-dimensional experiments. We have developed a 
simple model of t i noise as r e s u l t i n g from ran 
dom f luc tua t ions i n the t r a n s f e r function charac t 
e r i s t i c of the measurement p rocess . The model 
p r e d i c t s a p o s i t i v e dependence of the observed 
no ise on s igna l amplitude which has been confirmed 
i n s eve ra l ways, an example of which appears in 
F ig . 9. The model and experiments demonstrate t h a t 

10. ANALYSIS OF DIPOLAR COUPLINGS BY SEPARATED 
LOCAL FIELDS 

J . R. Garbow, D. P. Weitekamp and A. Pines 

Consider a carbon-13 n u c l e a r sp in coupled t o 
a number of p r o t o n s , a r a t h e r common s i t u a t i o n in 
organic molecules , depic ted in F ig . 10. Contained 
i n the d i p o l a r couplings of the 1* ; t o the protons 
( the l o c a l f i e l d s ) i s the geometry of the i n t e r -
nuc lea r vec to r s and t h e i r averaged motional be
hav io r . However, t h i s information i s normally 
impossible t o e x t r a c t with high r e s o l u t i o n in nor
mal two-dimensional NMR s i n c e , as s h a m in Fig . 
10a, each o f t he proton local f i e l d s can be up o r 
down, g iv ing too many l i n e s for any but the smal les t 
molecules . We have overcome t h i s problem using h e t -
e ronuclear mul t ip le quantum NMR, which involves t he 
simultaneous non- l inea r i r r a d i a t i o n of both spec ies . 
This permits s epa ra t ion of t he proton l o c a l f i e l d s 
by t o t a l magnetic quantim number and produces r e 
solved s e t s of s p e c t r a . An example in which a l l 
protons but one a r e ordered, y i e l d i n g only a number 
of l i n e s equal t o twice the number o f p r o t o n s , i s 
shown i n Fig. 10b. This d i r e c t l y determined a l l the 
13C-!H d ipo la r couplings for the f i r s t time and i s 
being used to study molecular conformational motion. 
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13r 1.1 Pig. 10. The i J C - J H d ipo la r couplings con ta in i n 
formation about the i n t e m u c l e a r vec tors and t h e i r 
motional averages . However, the spectrum i s nor
mally too complex due t o t he many proton configura
t ions i n 10a. In 10b, the sepa ra t ion of proton 
loca l f i e ld s by he te ronuc lea r m u l t i p l e quantum NMR 
permits d i r e c t de terminat ion of 13C-1H coupl ings . 

(XBL 8012-12934) 

Fig. 11 . Computer s imula t ion of average n-quantum 
coherences ( n = 0 , 1, 6) as a function of 
pumping time for benzene d i s so lved i n a l i q u i d crys
t a l . The high order coherences show the expected 
non- l inea r onset of coherence. (XBL 806-9838) 

and (e) determine t h a t an optijnal o v e r a l l s i g n a l i s 
obta ined when the p repa ra t ion and de t ec t i on times 
a r e equa l . An important a p p l i c a t i o n i s the s tudy 
of k i n e t i c s i n chemically exchanging systems, e . g . , 
bond pseudo- ro ta t ion in cyc looc t a t e t r aene . 

11 . COMPUTER SIMULATIONS OF MULTIPLE QUANTUM NMR' 

J . B. Murdoch, W. A. Warren and A. Pines 

A mul t ip le quantum FT-NMR experiment cons i s t s 
of t h r e e s t a g e s : t he m u l t i p l e quantum coherences 
of i n t e r e s t must f i r s t be prepared, then allowed 
t o evolve a t t h e i r c h a r a c t e r i s t i c f requencies , and 
f i n a l l y must be converted back t o s i n g l e quantum 
coherences in order to be de tec ted . The i n t e n s i t y 
of the r e s u l t i n g s p e c t r a l l i n e s depends g r e a t l y 
on the a c t u a l r f pu l ses and delays used during prep
a r a t i o n and d e t e c t i o n . Because an N-coupled-spin-
1/2 systems has 2 N s t a t e s , a computer i s necessary 
i n a l l but t h e s imples t cases t o solve for the ex
a c t twie evo lu t ion of t he system, us ing t h e matr ix 
equat ion (Fig. 11) 

p(t)=e p(o)e 

Computer programs developed in the past year for 
the analysis of non-selective multiple quantum 
pulse sequences have allowed us to (a) accurately 
simulate the intensity patterns of experimental 
spectra; (b) predict the build-up of the average n-
quantun coherence magnitude as a function of prepar
ation time; (c) quickly calculate the intensity of 
multiple quantum transitions averaged over a l l 
values of the preparation time; (d) relate the rela
tive magnitudes of these "ultimate" averages to 
similarit ies in the dipolar couplings between spins; 

+Based in part on LBL-11885, ft'. S. Warren, Ph.D. 
Thesis (1980). 

12. MOLECULAR MOTION IN HEXAMETHYIBENZENE' 

J . Tang, L. S t e m a and A. Pines 

Molecules in s o l i d s may e x h i b i t var ious kinds 
of symmetric motion. Hexamethylbenzene ( » B ) i s a 
good example. The methyl groups of t he molecule 
r e o r i e n t about t h e i r Cs-symnetry axes r ap id ly whi le 
the whole molecule may r e o r i e n t about i t s C&-axis 
at a slower rate. Spin-lattice relaxation and 
lineshape measurements provide a great deal of in
formation about the nature and rates of these re
stricted motions. In deuterated hexamethylbenzene 
(HMB - dig), the relaxation and lineshape are dom
inated by the deuterium quadrupole coupling. We 
have observed the anisotropic relaxation of H4B-Di8 
in the range -36 to +70°C and shown that i t is 
consistent with a model of Cg molecular motion mod
ulating a deuterium quadrupole coupling of 39.1 kHz. 
The C3 motion of the methyl groups i s too fast to 
contribute. Lineshape measurements over the range 
-167 to +11°C show the onset of the Cg motion by 
a reduction of one-half in the measureable quadru
pole coupling. The data of Fig. 12 show that the 



223 
13. SPIN DIFFUSION IN BEUTERON SPIN LATTICE 
RELAXATION 

0,11'C 16.6 KHz 

I 

D, P. IVeitekamp and A. Pines 

In recent years, a number of spin labeling 
techniques have been developed which use deuterium 
nuclear magnetic resonance as a local probe* of 
molecular ordering, electronic structure, and mo
lecular motion in solids and liquid crystals. The 
role of spin diffusion is obviously significant; 
and, in our recent studies, we have concluded that 
the s ta t ic dipolar coupling can act as an efficient 
mechanism for magnetization transfer or spin dif
fusion between transitions which, in the lowest 
order theory, appear to be uncoupled (Fig. 13). 
This effect is of particular importance in solids, 
both because of the larger dipolar couplings rela
tive to liquid crystals and because of the small 
fluctuations in electric field gradient at rigid 
deuterons, which leave spin diffusion as the only 
significant rrechanism for their relaxation. An op
erator formalism has been derived which demonstrates 
that the magnetizations of two dipolar coupled deu
terons are not independent relaxation modes even 
when a large difference in their time averaged elec
t r ic field gradients separates their single quantum 
resonances. Thus, the relaxation of these resolved 
lines is not indicative of the single particle rate 

• ^ , ™ , * = 38.2 KHz 

60 KHz 

(a) 

Fig. 12, Quadrupole powder pattern for hexamethyl-
benzene-dig. The quadrupole coupling v^ equals 
twice the frequence of the large peak. -In going 
from -167 to 11°C, VQ is expected to decrease by 
one-half due to the onset of Qj-molecular motion. 
The measured reduction indicates the presence of 
another motion in addition to Cg. (XBL 8011-12737) 

reduction is -15% greater than expected, thereby 
indicating the onset of an additional type of motion 
besides in-plane reorientation. This third type of 
motion is being studied and additional experiments 
are under way to elucidate i t s exact nature. 

"̂ Based in part on LBL-10734, J . Mag. Res. 41, 389 
(1980). 

(b) 

Fig. 13. (a) The coupling of inequivalent deuterons 
(spin-1 3-level systems) appears to make spin 
diffusion impossible due to energy mismatch in the 
allowed Am = 1 transitions, (b) Spin diffusion can 
occur slowly by "forbidden" Am = 2 energy misdiatch. 
A theory of spin energy diffusion by this mechanism 
has been developed. (XBL 811-7665) 
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even though the dominant mechanism is the single 
particle electric field gradient fluctuations. An 
advantage of the operator formalism is its general 
applicability to many spin systems, such as occur in 
solids; it also allows the incorporation of sample 
spinning, which is used to obtain high resolution 
chemical shift spectra and is expected to effect 
the spin diffusion .'.ynamics. 

* * * 
1, S. Ilsi, H. Zin. eraian and Z. Luz, J . Chcm. 
Phys. 6_9_, 4126 (197S). 

ittSK-XROI PLANS TOR -\LENll\R YEAR 1981 

1. Extension of iective n-quantum NMR excita
tion to systems whee time reversal interactions 
are not possible, /his will be approached by 
high order phase cy ling. 

2. Study of conformation of liquid crystal mole
cules and hydrocarbon chain configuration and de
termination of correlated motion by multiple 
quantin relaxation. 

5. Measurement o. wthyl group coupling in crys
tals by time depenc nee and exchange of rotational 
polarization. 

4. Orientational >rder and diffusion of mole
cules in bilayer?. ITiis will be used to study how 
molecular orientation changes at a liquid-liquid 
interface. Diffusion studies with field gradients 
are needed to some of our magnetic isotope work. 

5. New work a t t e s t i ng NMR decoupling of strongly 
scalar coupled spir . We believe this can now be 
done using selecti\ double quantum pulses to break 
the rotational s>inr "try of the scalar coupling which 
should permit analysis of large molecules with nor
mally intractable spectra. 

6. Two-dimensional spectroscopy to be iiraole-
"ented with a new .;nputer hook-up to allow phased 
projections of spectral l ines. 

7. Continuation oi" the study of the nagnetic iso
tope effect. Inves'igations of the effect of dimen
sionality by extending photochemistry to bilayers 
snd studying conditions for optimal enhancement of 
the isotope selectivity. 
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A. Fundamental Interactions 

1. Photochemical and Radiation Sciences 

a. Photon-Assisted Surface Reactions, Materials and Mechanisms* 

Gabor A. Somorjai, Investigator 

1. THE PHOTOCATALYZED DISSOCIATION* OF H 2 0 AT HIGH 
TEMPERATURES AND PRESSURES OVER SrTiO-i CRYSTAL 
SURFACES 

R. G. Carr and G. A. Somorjai 

Photodissoc ia t ion of high p ressu re (1-8 at«0 
water vapor adsorbed onto the p a r t i a l l y p l a t i n i s e d 
surface of s i n g l e c r y s t a l SrTiOj has been observed. 
The r eac t i on i s c a t a l y t i c ; severa l thousands of 
monolayers of hydrogen have been produced. The 
r eac t i on r e q u i r e s l i g h t o f g r e a t e r than bandgap 
(3.1 eV) energy and proceeds vigorously only if 
e leva ted temperatures (375-450 K) and high p r e s 
sures a re used. Recombination of products and 
poisoning of t he metal appears t o diminish the 
r eac t ion r a t e a f t e r severa l hours . This r eac t i on 
d i f f e r s from the pho to lys i s of water in the 
analogous s h o r t - c i r c u i t e lectrochemical c e l l 
because we use no e l e c t r o l y t e and are able t o use 
non-conducting, s to i ch iomet r i c SrTiO^ because bulk 
e l e c t r i c a l conduct iv i ty has l i t t l e inf luence on 
loca l ized surface r e a c t i o n s . 

2. PH3T0ELECTR0N SPECTROSCOPY STUDIES OF THE 
MECHANISM OF PHDTON-ASSISTED DISSOCIATION OF WATER 
OVER S r T i 0 3 SURFACES 

S. F e r r e r , F, T. Wagner, and G. A. Somoriai 

About one monolayer of T i J species i s d e t e c t a b l e 
it t he surface of reduced SrTiOj f l l l ) s ing le 
c r y s t a l s by XPS and UPS. In dark adsorpt ion exper i 
ments , H2 and O2 cause a decrease in i n i t i a l 
T i 3 + concen t ra t ion , while H20 does no t . The T i 3 + 

photogenerat ion on the oxygen covered sur face is 
assoc ia ted with oxygen nhotodesorption as indica ted 
by XPS and UPS. UPS un isureraents give evidence for 
sur face hydroxylat ion r e s u l t i n g from water and 
hydrogen adsorp t ion . The a c t i v i t y of t he s t o i c h i o 
met r ic S r T i 0 3 ( l l l ) c r y s t a l face for O2 and H 2 

adsorpt ion i s very low when compared wi th t he 
reduced SrTi03 samples. 

3 . ISOTOPE EXCHANGE STUDIES OF THE OXIDATION AND 
REDUCTION OF S r T i 0 3 SINGLE CRYSTAL SURFACES BY 
WATER AND HYDROGEN 

S. F e r r e r and G. A. Somorjai 

Thermal desorp t ion s t u d i e s of chemisorbed D2 and 
D20 on a reduced SrTi03(lll) surface reveal that 0 2 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
Chemical Sciences Division of the U.S. Department 
of Energy under Contract No. W-7405-ENG-48. 

causes the reduction of the crystal whereas IbAo 
causes its oxidation. Thermal desorption of fiYaO 
indicates that there is a 15e exchange between the 
oxygen in the adsorbed water molecules and the 
lat t ice oxygen. After chemisorptions of D? or D2O 
on the clean and reduced SrTi05(]Jl) surface, the 
thermally dosovbed loleculos that could be detected 
were D2

 ; m L ' &!&• ^ ' l e relatively high temperature 
of the'peak maximum is indicative of the presence 
of hydroxy1 species on the surface that fonns 
during D2O adsorption in agreement with previous 
reports on SrTiOj and Ti0 2 . The presence of 
desorbed D2O after a I)2 exposure indicates that 
oxygen is removed froiiTthj crystal. We can repre
sent this reaction as D2(ads) + 0 c r v s t a l = D20(g). 
Similar analysis for the IbO adsorption experiment 
reveals the presence of a reaction IbOfads) = 
(l-x)D20(g) + xD2(g) • 0 c r x s t a l , where (l-x) in
dicates the fraction of DTO that docs not 7'oact 
and x is the fraction that reacts giving D2 in the 
gas phase and loads to oxygen incorporation in the 
crystal la t t ice. The reaction leading to an oxida
tion of the crystal by adsorbed D20 is about five 
times more probable than the reduction of the 
crystal by adsorbed deuterium. After pure lh^O 
adsorption, the thermally desorbed water in the 
gas phase will consist of H 2

1 8 0 and H 2* 60. This 
indicates that after water adsorption on the clean 
and reduced SrTiOjOl]) surface, 15% of the water 
molecules that desorb during the thermal desorption 
experiment originate from the interaction of lat t ice 
oxygen with hydrogen. 

4. UPS STUDY OF THE ADSORPTION OF OXYGEN ON 
REDUCED SrTiO- SURFACES 

5. Ferrer and G. A. Sonarjai 

The adsorption of oxygen on a reduced SrTiOsflll) 
surface occurs in two distinct phases. At low 
exposures (less than 1 langmuir^(L)), the adsorp
tion leads to the incorporation of C 2" ions into 
vacant la t t ice oxygen s i tes . At higher exposures 
a second different oxygen species adsorbs. At low 
exposures (less than 1 L), there is a very ragid 
oxygen uptake that results in oxidation of T i J + to 
T i 4 + and an increasing work function. At higher 
exposures, there are smaller rates of Ti-5* oxida
tion and work function increase, indicating a 
smaller sticking coefficient for oxygen. The 
intensity of the oxygen-induced 10 eV emission is 
very small at low oxygen exposures, but i t increases 
continuously during exposures greater than 1 L. 
This different behavior between the 02p and 10 eV 
emissions indicates that the increase in the 
intensity of the 02p and 10 eV emission corresponds 
to two different oxygen species. The similarity 
in the line shapes of the 02p emissions from the 
clean surface and that from adsorbed oxygen obtained 
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a f t e r 1 L exposure s t rongly suggest t h a t t he spec ies 
responsible for the increase in t he 02p i n t e n s i t y 
are adsorbed Cr~ i ons . The oxygen spec ies respons i 
b le for the 10 eV emission i s a l s o capable of charge 
t r a n s f e r , but of smal ler magnitude, as ind ica ted by 
the slower oxida t ion r a t e o f T i 5 + ct h igher oxygen 
exposures. Therefore , t h i s spec ies i s a l s o nega
t i v e l y charged. ESR s tud i e s i n d i c a t e t ha t super
oxide' ions a re common adsorbed oxygen spec ies for 
many ox ides , including Ti02- As a consequence, O2 
i s a good candidate to account for t he UPS emission 
at 10 eV. 

1. 1 langmuir = 10" t o r r / s e c . 
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b. Photochemistry of Materials In the Stratosphere* 

H. S. Johnston, Investigator 

1. KINETICS OF THE REACTION OF HO AND H0OS02 

David Littlejohn and Harold S. Johnston 

Numerical models of photochemistry and atmo
spheric dynamics are used to predict the future 
effect of increased chlorine (chlorofluorocarbons, 
other organic chlorides) and increased nitrogen 
oxides (stratospheric aircraft , nitrous oxide from 
fert i l izer , etc.) on stratospheric ozone. The 
predicted effects are strongly dependent on the 
chemical species included in the model and on the 
values of rate coefficients used in the model. In 
recent years, i t has been noted that situations 
that favor high concentrations of hydroxyl radi
cals, HO, lead to predictions of large ozone de
creases from chlorine and small ozone decreases 
or even to small ozone increases from added nitro
gen oxides. Also, i t has been noticed that the 
models used since about 1977 appear to over-esti
mate the amount of hydroxyl radicals in the lower 
half of the stratosphere, that i s , below 30 km 
alti tude. Mien these two statements are considered 
together, the implication is that the models since 
1977 probably overpredict the effect of chlorine 
on ozone and underpredict the effect of nitrogen 
oxides on ozone. In this laboratory, reactions 
that might affect hydroxyl radicals in the lower 
stratosphere have been im'estigated or reinvesti
gated. 

Until recently peroxynitric acid has been 
largely neglected in models of the stratosphere. 
The atmospheric importance of the reaction of 
hydroxyl radicals with peroxynitric acid is the 
following cycle, 

M 

HO + H0OXO, 
(1) 

HO + H00-

which gives catalytic destruction of H0X free 
radicals by the oxides of nitrogen. Because of the 
role of total gas pressure, M, the effect is a l t i 
tude dependent. If the rate constant exceeds 
10" 1 2 a«3 s ' l , then this catalytic process becomes 
one of the major paths for destruction of odd hy
drogen (H, HO, HOO) at altitudes below 30 km, but 
i t is unimportant at altitudes well above 30 km. 
To date, no definite values have been obtained for 
the rate constant for the reaction of hydroxyl 
radicals with peroxynitric acid. The objective 
of this study was to obtain a value. 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
Chemical Sciences Division of the U. S. Department 
of Energy under Contract No. IV-7405-ENG-48. 

I t is difficult to prepare, purify, and use 
peroxynitric acid. A special method of prepara
tion was developed as a part of this study. Peroxy
n i t r ic acid used in these experiments was gener
ated by reacting NzOs with H2O2 in a flowing stream 
of nitrogen and with catalysis by a short section 
of stainless steel turbing. The major impurity was 
HW>3 with some NO2, H2°2. and N2O5 also present. 
These gases were flowed into the apparatus shown 
in Fig. 1. The apparatus consists of a 63 l i t e r 
cylindrical quartz cell in a temperature-controlled 
enclosure. Infrared analyses were made for gases 
CN2O5, H2O2, NO?, H00N02, HONO2) in the cel l . 
Tile reactants reached a steady state with respect 
to flow and slow (4 minutes on, 1 minutes off) peri
odic photolysis of N02-

In these experiments hydroxyl radicals were 
generated in an indirect manner by way of photo
lysis of nitrogen dioxide in the presence of peroxy
ni t r ic acid. These hydroxyl radicals reacted com
petitively with nitrogen dioxide and peroxynitric 
acid 

UNO, 

HO + HOONO, 

I f the r eac t i on proceeds by way of the f i r s t r eac 
t i o n , n i t r ogen d ioxide remains cons tan t when t h e 
o the r r eac t ions a re considered. I f the r e a c t i o n 
proceeds by way of the second r e a c t i o n , n i t r ogen 
dioxide increases even though i t i s being des t royed 
by d i r e c t p h o t o l y s i s . 

Typical concen t ra t ion p r o f i l e s in l i g h t and 
in dark for H0O.\'O2, NO2, foOj, and N2O5 are shown 
by Fig . 2 . I t can be seen t h a t the concen t ra t ion 
of n i t rogen dioxide increases when the l i g h t t h a t 
des t roys i t i s turned on , which i nd i ca t e s t h a t t he 
r a t e o f the unknown reaction of HO with HOONO2 i s 
f a s t e r than the r a t e of t he known r eac t i on of HO 
rath NO2. From the magnitude of these concentra
t i o n s and r a t e c o n s t a n t s , one can say on simple 
grounds t h a t k (HO + HOQ>\'02) i s g r e a t e r than 
1 x 10-12 cm3 s - l under condi t ions of these ex
per iments . Graham e t a l . 2 found the r a t e cons t an t 
t o be l ess than 3 * 10"12 s"-1^ ^ j t ^ the r a t e 
cons tant i s bracketed by these two simple observa
tions. 

In an effort to get a closer estimate of the 
rate constant, the observed rates were compared 
with computer simulations for the complex system 
as a whole. The mechanism included the species: 
H0ON02, NO2, N2O5, H2C>2, HQNO2, H 20, 0 2 , 0, HOO, 
HO, NO3, NO. There were 19 chemical reactions, 
and the calculation included flow in and flow out 
of a l l long-lived species. All rate constants and 
photolysis constants were obtained from the recent 
l i t e r a tu re , 1 except for that for HO + HCONO2. 
Values of k (HO + HOONO2) w e r e varied from 2 x 10"13 
to 2 x 10"II cm3 s"l. For the photolysis phase, 
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Fig. 1. Schematic diagram of apparatus used in the 
experiments. (XBL 806-5352) 
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Kg. 2. Concentrations of various species during 
the long-term steady-state experiments while photo
lysis lamps are on and off. These curves are 
the average of numerous superimposed cycles. 

(ML 813-8363) 

the slopes of HOONO2 obtained from the simulations 
were plotted as a function of rate constants, for 
example, Fig. 3. For each experiment (compare 
Fig. 2), the slope of observed concentrations vs 
time during photolysis was fit by least squares to 
the data t.o give an observed rate and its standard 

0.5 I 2 
Rate Constant 

Fig. 3. The average reaction rate (molecules 
on-3 s'l x 10-11) with respect to HOCNOj while the 
photolysis lamps are on. The smooth curves are 
calculated for a range of assumed values for the 
rate constant, k (HO + HOONO2), and the experi
mental data are given by point and error bar. 
These three runs are examples of data at 263, 
273, and 283 K. (XBL 813-8362) 
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error. These experimentally derived slopes were 
plotted on the lines drawn through the calculated 
slopes, Fig. 3, and uncertainty in the observed 
slopes were translated into uncertainties in the 
rate constant. The average rate constant (± 2a) 
based on HOONO2 for a l l runs was 1.9 ± 0.6 » 10"12 
cm3 s _ i . The average rate constant based on NO2 
was 5.0 ± 0.6 x 10"12 cm3 s"l . From the combined 
data, we suggest for the rate constant 
k (HO + UOONO2) a value of 2+2) x 10-12 cm3

 s-l. 

1. D. L. Baulcli, R. A. Cox, R. F. Hampson, J r . 
J. A. Kerr, J. Troe, and K. T. Watson, J. Phys. 
Chem. Ref. Data p_, 295 (1980). 

2. R. A. Graham, A. M. Winer, and J . N. P i t t s , 
Geophys. Res. Lett. ;S, 909 (197S). 

2. THE KINETICS AMD PRODUCT YIELD OF THE REACTION 
OF HO WITH HNO3 

Herbert H. Nelson, William J . Marinelli and 
Harold S. Johnston 

The rate constant for the reaction of hydroxyl 
radicals with n i t r ic acid 

HO + UNO, * H,0 + NO, (1) 

was recently remeasured by Wine e t a L 1 and found 
in their study to be faster than previously accepted 
at room temperature and to have a negative temper
ature dependence. The unusually low A factor that 
was measured has led to speculation about a long-
lived intermediate complex which may not decompose 
to NO3 and H2O. Because of the potential importance 
of these recent results to an understanding of 
atmospheric chemistry, we have studied this reac
tion in both the reactant and product channels. 
The techniques of flash photolysis/resonance fluo
rescence (FP/RF) and flash photolysis/laser ab
sorption (PF/LA) were used to obtain kinetic in
formation by following the time evolution of HO 
and NO3 respectively. 

The flash photolysis/resonance fluorescence 
studies were conducted in an apparatus of conven
tional design. 2 Hydroxyl radicals were produced 
by photodissociation of HNO3 with the output of a 
Lumonics 860-01 excimer laser operating at 249 nm 
(KrF). Repetition rates were typically 30 Hz 
and the output energy was 10 - 20 mJ. Fluo
rescence from the hydroxyl radical was excited by 
the output of a microwave-driven resonance lamp 
operating on a 3% H20/Ar mixture at a total pres
sure of 1 torr . Tlie fluorescence signal was moni
tored at right angles to the laser beam and res
onance lamp with a PMT (RCA C31034) operated in 
photon counting mode. The time evolution of the 
fluorescence signal was obtained by recording the 
photon counting output with an instrument computer 
operating in l i e multichannel scaling mode. Typi
cally, the decay following 4096 laser flashes was 
averaged to obtain a pseudo-first order rate con
stant . 

The flash photolysis/laser absorption experi
ments were conducted in a single-pass, jacketed, 
1.9 m absorption cel l . Nitric acid, entrained in 
a slow flow (T. 280 standard cm3 min - 1) of N2 
passed through a saturator at 250 K, flowed through 
the cell at 10 torr total pressure, and was photo-
lyzed by output of the excimer laser 3 operating at 
249 nm. Approximately 0.045 of the HNO3 in the 
beam was photoly2ed per 10-20 mJ shot a t repetition 
rates of 1-2 Hz. Tlie energy of each photolysis 
pulse was measured using an energy meter located 
at the cell exit , and a suitable model of photo
lysis-laser-beam divergence was used to calculate 
an averaged fluence. The NO3 produced from the 
reaction of HO with UNO. was monitored by observing 
the absorption of the Oi output from a Spectra-
Physics Model 375 dye laser propagated coaxially 
to the photolysis beam and operating on R6G dye 
at 623.5 ran. TJie dye laser output was monitored 
by a silicon photodiode and was interfaced to a 
multichannel scaler. A typical experiment was 
the sum of 256 shots. 

All experiments in the flash photolysis/res
onance fluorescence study were performed under 
pseudo-first-order conditions with [HNO3] >1000 [HO]. 
A typical semilogarithmic HO decay plot i s sham 
in Fig. 4. The decay is linear over 2 to 3 1/e 
times. 

The bimolecular rate constant was determined 
at 3 total pressures and for a 21 fold range of 
HNO3 concentration. These data are shown plotted 
vs HNO3 concentration in Fig. 5. The rate con
stants calculated are 8.D ± 0.3 » 10-1*. 
9.2 ±0.56 x 10-14, and 7.5 ±0.89 * 10"14 Q ^ 
molecule-1 s " 1 at 10, 25, and 50 torr total pres
sure respectively. The uncertainties are twice 
the standard deviation and do not include syste
matic errors. The non-zero intercepts are a result 
of HO diffusion from the product-viewing zone and 
reaction with impurities in the Ar carrier gas. 
This method was calibrated by studying the similar 
system (II2O2 + h v 2 HO, HO * H 2 0 2 •* »20 + HOO), 
and the second order rate constant was found to be 
1.57 ± 0.1 x 10-12 an3 rooiecule-1 s " 1 , which is in 
good agreement with recent determinations of this 
rate constant, 1.65 * 10"12. 

Fig. 4. A typical semilogarithmic HO decay plot 
from the flash photolysis/resonance fluorescence 
experiments with the line f i t to the data by linear 
least-squares methods. (XBL 8010-12314) 
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Fig. 5. Pseudo-first-order rate constant k' plotted 
against the concentration of n i t r ic acid obtained 
in the flash photolysis/resonance fluorescence ex
periments at 10, 25, and SO torr total pressure. 
A linear least-squares f i t to each data set re
sults in the lines shown. (XBL 8010-12316) 

The data in the NO3 absorption experiments 
were recorded in transmission mode (Fig. 6a) and 
converted to optical density [D = £n(Io/I)] by 
using the transmission during the pretrigger peri
od as IQ (Fig. 6b). The time evolution of the NO3 
optical density was analyzed by fi t t ing i t to the 
expression 
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Fig. 6. (a) Data as recorded in transmission mode 
for NO, laser absorption, (b) Data converted 
to optical density (2n IJl) and computer f i t to 
expression (3). (XBL 8011-3990.) 

where k' is the pseudo-first-order rate constant 
for reaction (1), k r is the first-order rate con
stant for removal of NO3 (diffusion from the 
viewing area, reaction with trace amounts of NO2, 
NO, or other species) and Dj\ would be the asymptotic 
optical density of NO3 if the removal processes 
k r had negligible rates. A non-linear, least 
squares, iteration method was used to f i t D., k T , 
and k' to the experimental data and that f i t is in
cluded in Fig. 6b. For each experiment i the sec
ond-order rate constant ki for reaction (1) is re
lated to the pseudo-first-order rate constant by 
kli = k 1 ' / [HN0 3 ] i . The average of the second order 
rate constants (± 2a) is 10,6 ± 3.4 x 10'14 cm3 

molecule"! s" 1 . 

The NO3 product yield (•) from reaction (I) 
relative to the number of photons absorbed by 
ni t r ic acid depends on the value of the optical 
absorption cross section for the ni trate radical, 
NO3, and this quantity is not well known. For 15 
determinations the apparent average product yield 
(+ 2o) is 0.92 ± 0.12 (Ref. 5), or 1.34 ± 0.18 
(Ref. 6) , or 1.53 ± 0.21 (Ref. 7), depending on 
which value one uses for the optical absorption 
cross section. While the NO3 product yield cannot 
be precisely determined from these resul ts , i t is 
clear that NO3 was produced at a rate comparable 
to that of HO loss (10.6 ± 3.4 x 10-14 relative to 
8.2 + 1.8 x 10-14) and with a product quantum yield 
comparable to one. Thus the-major product channel 
of reaction (1) is confirmed to be formation of 
H2O and N03. 

The room temperature rate constants for the 
reaction of HO with HNO- determined in this work 
are 8.2 + 1.8 * 10" J-4 cm3 roolecule-1 s" 1 (FP/RF) 
and 10.6 + 3.4 x 10"14 cm3 molecule-1 s " 1 (FP/LA). 
The rate constant measured in the FP/RF experiments 
disagrees with the results of Wine et a l . l 
(U.S x ia-14). flbwever the value of fcj determined 
by Wine et a l . does fall within the upper error 
limit of the FP/LA result . Measurement of the 
temperature dependence of this reaction is cur
rently being carried out in this laboratory. 

1. P. H. Wine, A. R. Ravishankara, N. M. Kreuter, 
R. C. Shah, J. M. Nicovich, and R. L. Thompson, 
In press: J. Geophys. Rev. 
2. F. Magnotta and H. S. Johnston, Geophys. Rev. 
Lett. I, 769 (1980). 
3. The excimer laser was obtained as a loan from 
the San Francisco Laser Center, which is supported 
by the tetjonal Science Foundation under Grant No. 
CHE 78-16250 awarded to the University of California 
at Berkeley in collaboration with Stanford Univer
sity. 
4. I.. !•". Keyser, .1. I'hys. Chem. 84, 1659 (1980). 
5. K Magnutta, Ph.D. Thesis, University of 
California, Berkeley, 1979. 
6. !'.. A. ';:,,K-im and H. s. Johnston, J . Phvs. Cnem. 
S^, 254 (\'J7H). 
7. U. .'.'. Mitchell, R. P. Wayne, P. J. Allen, 
K. V. Harrison, and R. J . Twin, J.C.S. Daraday II 
76, 7W (1980). 
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3. REACTION RATES OF ATOMIC CHLORINE WITH C1NO 
AND CINO2 

Herbert H. Nelson and Harold S. Johnston 

The reactions studied here were 1) the photo
lysis of nitrosyi chloride 

C1W0 + hv (350 nm) -*• CI + NO (1) 

CI + C1NO - Cl 7 + NO 

and 2) the photolysis of ni tryl chloride 

C1N02 + hv (350 nm) -* CI + N02 (2) 

N02 

CUVO of 97S minimum purity was obtained from 
Matheson Company and purified by vacuum dis t i l la
tion. CINO2 was prepared using the method of 
Volpe and Johnston. 1 

Photolyses at 350 nm were by a Lumonics 860-01 
excimer laser, 10 to 20 mJ per flash, and typi
cally 30 flashes per second. The atomic chlorine 
produced by the laser pulse was followed as a 
function of time by resonance fluorescence at 
138.0 and 139.0 nra, which was excited by a micro
wave driven resonance lamp operating on 0.1$ Cl 2 

in He at 1 torr. The chlorine atom fluorescence 
was observed at right angles to both photolysis 
and excitation beams and was monitored by a 
Nicolet 1074 instrument-computer operating in the 
multichannel scaling model. In each experiment 
4096 laser flashes were averaged to obtain a 
pseudo-first-order rate constant. 

In the experiments with nitryl chloride, the 
carrier gas was Ar or N2, the ta tal pressure was 
10 torr or 25 torr , and the range of C11K>2 con
centrations was 0.5 to 8 *ioi4 molecules cm"3, 
as determined by UV absorption in a one-meter cell 
and 210 nm radiation. The results of a typical 
experiment are shown in Fig. 7, u>ere the natural 
logarithm of fluorescence intensity (corrected for 
background) is plotted against time with a 20 ps 
channel width. The f i r s t five channels show strong 
fluorescence of the reaction cel l , and the signal 
becomes weak at long times. Pseudo-first-order 
rate constants were obtained as the slope of the 
points between the two arrows. The second-order 
rate constant, k (CI + CINO2), was found by plotting 
the pseudo-first-order rate constants against the 
concentration of C1N0? (Fig. 8). The value (+. 2a) 
is 5.50 ±, 0.24 x 10" 12 ^ 3 molecule - 1 s* 1 . No 
other investigation of this rate constant appears 
to have been published. 

In the experiments with nitrosyl chloride, 
the carrier gas was N2 at 10 torr or a t 30 torr . 
Pseudo-first-order rate constants k' were found by 
a semi-logarithmic plot of corrected fluorescence 
signal against tijne, and the second-order rate con
stant was found by plotting k' against the concen
tration of C1NO (Fig. 9). The rate constant (±2c0 
calculated from a l l the data is 1.65 + 0.12 x i o - 1 1 

cm3 molecule"1 s" 1 . This value does not agree with 
either of two recent, direct determinations of this 
rate constant: 3.0 * 1 0 - 1 1 (Ref. 2), 0.54 * 1 0 ' 1 1 

(Ref- 3). 

11.0 

6.0 

CI + CXN02—* Products 

[CiN0 2 ] = 3 .74x t0 1 4 

Channel Number 
Fig. 7. an (5ignal-background) vs time for the 
reaction of CI + CINO2 with the limits of the com
puter f i t denoted by arrows. (XBL 8010-12323) 

- 1 — i — » — i 1 — r 
Ci + CiNO- —*- Products 

2.0 4.0 6.0 
CiN0 2 (molecules/cm3) x I 0 ' M 

8.0 

Fig. S. Plot of k* vs CINO2 concentration for the 
reaction CI + CINO2. (XBL 8010-12322) 



Molecular chlorine was introduced into the photo
lysis cell from a mixture of 7 * 10"4 Cl2/Ar in a 
5 l i t e r glass bulb through a metering valve and 
monitored by pressure. The molecular chlorine was 
photolyzed by 10 ns pulses, 10-20 mJ per flash, and 
about 30 flashes per second. The concentration of 
HNO3 in the flaring stream was measured by absorp
tion of UV at 215 ran in ai optical cell in series 
with the photolysis cel l . The concentration of 
atomic chlorine was followed by resonance fluo
rescence. The d.c. radiation from the atomic 
chlorine resonance lamp dissociated Cl2 and produced 
a large background signal; which limited the range 
of conditions that could be covered and limited the 
signal-to-noise rat io that could be attained. The 
decay of CI could be followed for only one half-
time of the reaction. All experiments were con
ducted with a 104 or greater excess of HNO3 over Cl t 

so that pseudo- first-order kinetics are to be ex
pected. The pseudo-first-order rate constants k' 
obtained over a factor of ten range in n i t r ic acid 
concentration are shown in Fig. 10, and the slope 
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Berkeley, November 1980, LBL-11666 (1980). 
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American Geophysical Union 19S0 Fall Meeting, 
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2. Chemical Physics 

a. Energy Transfer and Structural Studies of Mofecufts on Surface** 

Charles B. Harris, Investigator 

Introduction. Our laboratory is engaged in de
veloping new metnods for investigating energy 
transfer processes in condensed phases on metal 
surfaces and for studying a variety of questions 
associated with the electronic and molecular struc
ture of molecules on single crystal metal surfaces. 
In the past year, electronic energy transfer from 
molecules to metal surfaces at distances < SO A 
has been measured. A cubic distance dependence 
was observed to distances as small as 7 A from 
the metal surface. In addition, a comprehensive 
study was made of the role of chemisorption in 
inducing changes in the d-band structure associated 
with the Ni(lll) surface, as observed in the visi
ble and UV regions of the spectra. he have also 
been developing nonlinear optical laser techniques 
for studying energy transfer and relaxation in 
condensed phases. Using these techniques, the 
dynamics and structure of polyatomic liquids have 
been directly studied on the picosecond tiroescale. 

1. ELECTRONIC ENERGY TRANSFER TO METAL SURFACES: 
A TEST OF IMAGE DIPOLE THEORY AT SHORT DISTANCES 

C. B. Harris, A. Campion, H. J. Robota, and 
P. M. IVhitmore 

Considerable interest has developed in the 
response of metal surfaces to electromagnetic 
fields as well as in the properties of molecules 
adsorbed on these surfaces. Interpretation of 
photoemission experiments on metal surfaces and ad-
sorbate-surface systems depends cri t ical ly on the 
microscopic behavior of the local fields. Mea
surements of optical properties of similar sys
tems have largely employed macroscopic geometrical 
boundary conditions for data interpretation. Ad
vances in theoretical modeling of such systems have 
underscored the need to obtain detailed informa
tion about the microscopic behavior of metal sur
face- adsorbate interactions.i An excellent method 
for detecting the deviations of metal surface re
sponse from predictions of macroscopic theory is 
die measurement of energy transfer from excited 
molecules to metal surfaces. Electrodynamic de
scriptions of the behavior of excited molecules 
near metal surfaces have thus far been within the 
framework of classical theory.2 However, quantum 
mechanical predictions regarding the behavior o£ 

This work was supported by the Director, Office 
of Energy Research, Office of Basic Energy Sciences, 
Chemical Sciences Division of the U. S. Department 
of Energy under Contract No. W-7405-ENG-48. 

excited molecules near metal surfaces show devia
tions from classical behavior in the region of 
greatest scientific interest , namely in the layers 
of adsorbate molecules very near the surface. 

In an effort to discover nonclassical be
havior we have made careful measurements of the 
rate at which molecules transfer energy to the 
substrate metal as a function of excited molecule-
surface separation. In the regime of small separa
tion, classical theory predicts that the decay of 
the excited molecules is dominated by energy trans
fer from the near field components of the oscil
lating dipole field to surface plasmon polariton 
modes of the metal interface. 3 Far from the 
surface, experiments have shown oscillations of 
the apparent excited state lifetime with in
creasing distance due to interference of directly 
emitted photons with those reflected from the 
surface. However, none of these experiments was 
able to explore the region of greatest interest , 
distances very near the metal surface. 

In our experimental approach we have deviated 
from previous methods in a number of significant 
ways. Use of a single crystal surface in an IHV 
environment ensures a well ordered, flat surface 
free from atomic impurities, a cr i t ical factor 
when separation distances approach atomic dimen
sions. The spacing layer consists of argon atoms 
deposited onto the crystal surface at 10 K. This 
allows distance variation of much smaller steps as 
well as precluding interference from thermally 
activated relaxation channels. Although the l i fe
times were not specifically measured, the related 
quantity, phosphorescence yield will exhibit the 
same distance dependence. 

The LHV chamber used in these experiments had 
a base pressure about 2 * W1° torr^ A nickel(l l l) 
single crystal was mounted on a variable cold t ip 
where argon atoms were deposited at 10 K. The 
thickness of the argon spacer layer was monitored 
with an automated ellipsometer at 6328 A wave
length. The cleanliness and order of the crystal 
was assured with Auger electron spectroscopy and 
LEED measurenients. ASA thick layer of pyrazine 
was deposited on top of the spacer layer. Pyrazine 
phosphorescence was excited using a filtered 
medium pressure fig arc at 60° to the surface nor
mal. The phosphorescence was collected normal to 
the surface using f/1.5 collection optics. The 
•phosphorescence was isolated using colored glass 
f i l te rs . The intensity was determined by counting 
photons and averaging for a period of time. 

Figure 1 shows the distance dependence of the 
emission intensity. The data, plotted on a log-
log scale, yield a least squares slope of 
3.07 +. 0.05 in excellent agreement with the 1/d^ 
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Fig. 1. Pyrazine phosphorescence intensity as a 
function of argon spacer thickness for a fixed 
pyrazine overlayer thickness of 5 A. The ordinate 
shows the average count rate although longer 
counting tiroes were used to improve the s ta t i s t i cs . 
The error bars reflect the uncertainty in the 
thickness of the pyrazine overlayer, which, in a 
series of separate experiments, we determined to 
be reproducible to i 10*. The line shown is a 
least squares f i t to a power law with an exponent 
of T o ? \ 0.05. CXBL 7912-5468) 

prediction. Complications due to scattered radia
tion at the shortest distances made the final mea
surements more difficult than those where a high 
intensity i s detected. This constant contribution 
of the background radiation precluded measure
ments at smaller separation in these experiments. 
However, the validity of classical predictions is 
seen to hold for distances as close as 7 A. 

We conclude that in order to detect nonclassi-
cal behavior for radiating molecule-metal surface 
systems the separation distance must approach int i 
mate contact between adsorbate and metal in this 
particular system. The possibility for other sys
tems to exhibit more pronounced deviations is also 
being explored. Finally, future experiments will 
measure the radiating lifetime directly in order to 
develop a more complete dynamical description of 
the interaction and decay process. 

1. S. Mukhopadhyay and S. Lundquist, Eiys. Scr. 
17, 69 (1978). 
"27 R. R. Chance, A. Prock and R. Silbey, in 
Advances in Chemical Physics Vol. 37, I . Prigogme 
and'S. A. Rice Eds., Wiley mterscience, New York, 
p. 543. 
3. Resulting in a 1/d3 distance dependence for 
the non-radiative energy transfer rate. 

2. OPTICAL PROPERTIES OF MOLECULES CHEMISORBED 
ON 7HE Ni(lll) SURFACE 
C. B. Harris, H. J. Robota, and P. M. Khitmore 

To understand the nature of the surface chem
ical bond one must ultimately examine the changes 
in the electronic structure of the metal surface 
and adsorbate upon chemisorption. Photoelectron 
spectroscopy has been used to study adsorption-
induced changes in filled adsorbate and metal 
electronic states, and some qualitative pictures 
of bonding mechanisms have emerged. Electron 
energy loss spectroscopy has also added informa
tion about unfilled levels which lie above the 
Fermi level, but the details of the bonding inter
action, particularly the role played by the metal 
electronic states near the surface, are still 
unknown. 

Even more information in principle can be 
obtained by the use of surface optical spectros
copy, which is a very sensitive probe of changes 
in the dielectric response of the metal surface 
upon adsorption of a molecule. Perturbations in 
the metal states, particularly in the valence band 
near the Fermi energy, and electronic transitions 
in the adsorbate layer provide insights into the 
bonding shifts and interactions of both filled and 
unfilled electronic states. 

We have studied the adsorption of several 
small molecules on a Ni(lll) surface in UHV using 
a scanning rotating analyzer ellipsometer. 
Briefly, the ellipsometer is used to measure the 
optical constants of the clean nickel surface as 
a function of wavelength. A gas is adsorbed and 
another spectrum is taken, and, by using a three-
layer model for the reflecting system, the dielec
tric response of an effective "overlayer" can be 
calculated. This overlayer can be considered to 
be the adsorbate layer plus the perturbed metal 
layer adjacent to it. 

Figure 2 shows the absorption spectrum of 3 
layer of pyrazine chemisorbed on Ni(lll) at 230 K. 
The dominant feature of the spectrum in this re
gion is a broad, structureless absorption at 2800 A. 
There is no evidence of the molecular transitions 
which characterize the spectrum of pyrazine physi-
sorbed on Ni(lll) which has been reported previ
ously.1 This striking absorption peak also dom
inates the spectrum of chemisorbed 02, CO, ben
zene, pyridine, and naphthalene, with little shift 
in position or width. 



Fig. 2. 
at 250 

Spectrum of chemisorbed pvrazine on Ni(lll) 
K. ' (XBL 311-5573) 

assumed that vibrational linewidths are only homo
geneously broadened in order to extract dynamical 
information. 4 

Figure 3 shows the picosecond Stokes scat
tering results for the symmetric CHj-stretching 
vibration in acetone and methyl sulfide as well 
as the isotropic Raman line shapes for the same 
vibrations. The picosecond results enable us to 
calculate the corresponding homogeneous Lorentzian 
line shapes which a/e also drawn in Fig. 3. From 
the superimposed line shapes the inhomogeneous 
broadening in these non-hydrogen-bonded liquids 
is vividly il lustrated. The picosecond results , 
calculated homogeneous linewidths, isotropic 
Raman spontaneous linewidths and inhomogeneous 
broadening lincwidths are listed in Table 1. 

Kecause our results demonstrate that symmetric 
QI3-stretching v i b r a t : ^ a l linewidths are inhomo-
geneously broadened, j. mpts were made to corre
late the inhomogeneous lOadening linewidths to 
various liquid parameters. A correlation between 
the inliomogeneous broadening linewidths and the 
liquid's local number density distribution width 
was established. This correlation is shown in 
Fig. 4. 

This peak is not related to molecular trans
itions or charge transfer transitions, because i t 
is essentially identical for such a wide variety 
of acerbates . Rather, the appearance of this 
absorption peak must reflect changes in the elec
tronic configuration of the metal surface. This 
region of the niJcel spectrum is dominated by 
ir.terband transitions out of the d-band to empty 
states above the Fermi level, and photoemission 
studies show that a general decrease in d-band 
emission is observed upon adsorption of a wide 
variety of molecules. This optical spectrum is 
a reflection of these changes in the d-band, and 
much more theoretical work must be done before a 
detailed description of how the bonding process 
affects tile d-bands can be offered. 

1. C. B. Harris, D. A. Zweroer, A. R. Gallo and 
H. J. Robota, Surface Science, 85, 1 (1979). 

3. INH0M3GENE0US BROADENING OF LIQUID VIBRATIONAL 
LINBVIDTHS REVEALED BY SELECTIVE, COHERENT PICO
SECOND STOKES SCATTERINĜ  

C. B. Harris, S. M. George, H. Auweter, and 
A. L. Harris 

Using the combined results of isotropic spon
taneous Raman studies and coherent picosecond 
probing experiments, 1 we have determined that sym
metric OH3- stretching vibrational linewidths in 
non-hydrogen-bonded liquids are inhomogeneous ly 
broadened to various degrees.2,3 These results 
jeopardize some of the conclusions of isotropic 
R.jnan line shape investigations that have taci t ly 

1 ~ *fth 
1 ' 1 

<° I 

10 I " 
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i' A c e t o n e 

" 1 . 6 ±QSP!«C lllll\ 1 

10 20 30 4 0 
Deio/ Tirr.e (pseel 

Fig. 3. lixperimental data for the symmetric CH3-
strctching vibration in acetone and methyl sulfide. 
Coherently scattered Stokes signal as a function of 
probe pulse delay in (a; acetone and (c) methyl 
sulfide. Isotropic Raman line shapes and homo
geneous Lorentzian line shapes calculated from the 
measured dephasing times in (b) acetone and 
(d) methyl sulfide. (XBL 804-5014) 
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Table 1. Experimental dephasing times, calculated homogeneous linewidths, isotropic Raman linewidths, 

and inhomogeneous broadening linewidths for the synmetric CH3-stretching vibrations 
in the various liquids studied. 

Molecule ui(cm ) 

Average 
experimental 
T 2 (psec) 

Ca lcu la ted 
homogeneous 

I s o t r o p i c 
spontaneous 
Raman 
AuCcm"1) 

Gaussian 
inhomopeneous 

(1) 1 ,1 ,1-Trichloroethane 2938.5 2 .6 4 .1 4 .3 0.9 

(2) Methyl Iodide 2948 2 .4 4 . 4 5.0 1.7 

(3) A c e t o n i t r i l e 2945 S.4 2.0 6.6 5.5 

(4) Methyl Sulf ide 2913.5 3.8 2 .8 8.4 6.8 

(5) Dimethyl Sulfoxide 2914.5 1.4 7.6 11.8 6.9 

(6) Acet ic Anhydride 2942.5 2.2 4 .8 ".6.8 14.1 

(7) Acetone 2925 3.0 3.5 16.5 14.6 

(8) Methyl Formate 2961 2.2 4 .8 17.S 14.8 

(9) Pentane 2877 2.7 3.9 - 17 - 14.8 

(101 Ethanol 2929 2.5 4.2 18.0 15.6 

(11) Methanol 2836 2.4 4.4 18.0 16.3 

INHOMOGENEOUS BROADENING 
VS. LOCAL NUMBER DENSITY DISTRIBUTION 

P«ntonep\ \ ^Melhyi Rwmotfl 
Ace»* Anhydride^ NAeeion* \ ^ y 

\ > " 
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. \ > 7 

Trichloroelhon»^*Mithjl Iodide 
_^J ^ 4 _ -_L_ -J-^ _ L -
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Loco! Number Density Distribution Width, <rp 

Fig. 4. Graph of the inhoraogeneous broadening 
linewidth versus the liquid's local number density 
distribution width. (XBL 803-8518) 

Based on this correlation, we have con
structed a theoretical model for inhontogeneous 
broadening of vibrational linewidths in liquids.2 
Moreover, we have developed a stochastic line shape 
theory in which homogeneous and inhornogeneous 
broadening are treated simultaneously in terms of 
one vibrational correlation function. This treat
ment unifies the fast and slow modulation 
approaches to vibrational dephasing and demon
strates how isotropic spontaneous Raman scat
tering studies and picosecond coherent probing ex
periments can be used in conjunction to study the 
inhoraogeneous broadening of vibrational linewidths. 

This work was partially supported by the National 
Science Foundation. 
1. A. Laubereau and W. Kaiser, Rev. Mod. Phys. 
50, 607 (1978). 
77 S. M. George, H. Auweter and C. B. Harris, 
J . Chera. Phys. 73_, 5573 (1980). 
3. C. B. Harris, H. Auweter and S. M. George in 
Picosecond Phenomena I I , ed. by R. Hochstrasser, 
W. Kaiser and C. V. Shank (Springer-Verlag, 
New York, 1980) p. 151. 
4. D. W. Oxtoby, Adv. Chem. Phys. 40_, 1 (1979). 
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4. THE ORIGIN OF HOMOGENEOUS BROADENING OF 
MOLECULAR VIBRATIONS IN LIQUIDS AND SOLIDSt 

C, B. Harris, S. Marks, S. M. George, M. A. Berg, 
md P. A. Cornelius 

Vibrational dynamics in liquids and solids 
occur on the picosecond timescale. 1 The experi
mental determination of vibrational dynamics usu
ally involves line shape analysis or a direct mea
surement in the picosecond time domain. The in
vestigations of the past year2-4 have provided ex
perimental tests of various vibrational dephasing 
theories proposed by ourselves and others5,6 and 
have given strong evidence in support of a theory 
based on intermolecular energy exchange,6 

We have successfully applied exchange theory 
to the C-H CD) stretches in solid h^4 (di4) durene. 
Important corroborative evidence in durene for the 
extracted parameters' validity was obtained in the 
spectra of the low frequency modes and the combin
ation region. One major result from these exper
iments is to rule out as significant effects the 
dephasing mechanisms of Abbot and OxtobyS and the 
additional mechanisms of lVertheimer.5 In addi
tion, the dephasing time of the symmetric methyl 
stretch of various liquids was determined by direct 
picosecond measurements. As in the case of solids, 
many mechanisms have been proposed for the de-
phasing channels. The most cr i t ica l evaluation of 
the theories at a single temperature is to examine 
the dephasing times for isotopically substituted 
molecules. The reason is that in polyatomic mole
cules substitution of D for H barely changes the 
frequency of collision but severely affects the re
duced mass of the C-H (or D) stretch and in turn 
the frequency of the stretch. Intermolecular 
forces and molecular densities are also essentially 
constant. The effect of isotopic substitution on 
the homogeneous dephasing time of the symmetric 
CH3-stretchijig vibration in methanol and acetone 
was negligible. Both the binary collision model7 

and the hydrodynamic modelS for dephasing predict 
substantial differences in the rate of dephasing 
upon isotqpic substitution based on mass and fre
quency changes. The absence of an isotope effect 
is inconsistent with the predictions of both the 
binary collision and hydrodynamic models, but is in 
approximate agreement with exchange theory. 

* ft A 

TThis work was partially supported by the National 
Science Foundation. 
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Phys. Rev. Lett. 38, 1415 (1977); Chem, Phys. 
Lett. 57, 8 (1978TTJ. Chem. Phys. 70, 34 (1979). 
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RESEARCH PUNS FOR CALENDAR YEAR 1981 

In the calendar year 1981, the experiments 
started in 1980 to understand the nature of chem-
isorbed molecules on metal surfaces in i t s rela
tionship to the optical spectrum will be con
tinued. Studies on metal surfaces less reactive 
than Ni(ll l) will be init iated to separate adsor-
bate induced changes of the metal states from 
changes in the molecular and electronic structure 
of the chemisorbed molecule. In addition, the 
frequency dependence of the energy transfer rate 
from molecules near or on the silver 111 and silver 
110 surfaces in the region of the surface plasmon 
resonance will be investigated. The results ob
tained will be used to test the various theories 
currently being proposed for energy transfer proc
esses from molecules to metal surfaces. 

Finally, the in i t i a l studies of laser induced 
Raman scattering from single crystal si lver sur
faces (not reported in this Annual Report due to 
the preliminary nature of the results) will be con
tinued in order to determine the relative importance 
of surface plasraon states, plasmon localization, 
and surface roughness on the "giant Raman enhance
ment" effect. 

1980 PUBLICATIONS AND REPORTS 
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b. Molecular Beam Spectroscopy* 

John S. Winn, Investigator 

1. BONDING TRENDS IN WEAKLY-BOUND MOLECULES' 

J - li. Goble and J . S. Winn 

We have used an a n a l y t i c p o t e n t i a l funct ion 
inversion method, descr ibed in previous annual r e 
p o r t s , to examine the equi l ibr ium bonding t rends in 
many weakly bound d ia tomics . This method of 
a n a l y s i s ! permits one t o a s c e r t a i n the ex ten t t o 
which long-range i n t e r a c t i o n s p e r s i s t near the 
equi l ibr ium pos i t i on in the p o t e n t i a l . The po
t e n t i a l function we use i s the Thakkar funct ion, 

^Table . l . . P o t e n t i a l wel l parameters for weakly 
bound d ia tomics . Energies in cm~l, Re in 
A. 

vay = o, .*2H 
where A = 1 - (Rc/R)P and p i s a positive param
eter. At large R, this potential varies as R*P; 
thus, the parameter p indicates the way in which 
long-range behavior i s , or is not, modified near 
Re. It is important to note that p is not f i t to 
the long-range part of the potential. I t i s purely 
a property of the equilibrium position of the po
tential function. 

In Table 1, a number of p values for many 
types of weakly bound diatomics is given along 
with values for VG, the well depth, Rg, the bond 
length, and <, the reduced curvature or dimension-
less force constant for the potential. Note that 
diatomic families fa l l into categories based on p 
and < rather more easily than categories based on 
bond energies. For instance, the alkaline earth 
dimers^ show p values considerably smaller than 
rare gas darners but larger than the typical values 
(0.5 to 2.5) observed in chemically bound molecules. 
From this observation (and others), one can not 
only deduce incipient covalent bonding in these 
dimers, but one also can make such trends quanti
tative. 

Similarly, the series Ne2 - NeXe shows an in
teresting saturation in bond energies which is con
trary to expectations, given the increasing polari-
zabili t ies of the rare gases Ne through Xe. The 
p and K values are seen to increase, however* dem
onstrating the effect of a more rapid onset of 
repulsion as one moves through this series. 

Much of chemical thought is organized around 
an understanding of strong chemical forces among 
atoms, radical fragments, and reactive molecules 
Terms such as covalent character, charge dereal iza
tion, hydrogen bonding, and the like conjure spe
cif ic models of bonding interactions with a host 
of well-understood consequences associated with 
each. Systematic analyses of weak interactions of 
the type described here should indicate the nature 

This work was supported by the Director, Office 
of Energy Research, Office of Basic Energy 
Sciences, Chemical Sciences Division of the U. S. 
Department of Energy under Contract No. 
W-740S-ENG-48. 
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of the terms needed to understand such interactions 
at the same level as one now understands chemical 
bonding. 
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2. LASER-ASSISTED PENNING IONIZATION 

J . H. Goble, W. E. Holl ingsworth, and J . S. Winn 

The idea of coupling an in t ense r a d i a t i o n 
f i e l d t o a molecular c o l l i s i o n i s a r e l a t i v e l y 
new concept. The main po in t i s t ha t the f i e l d 
need not be resonant with any t r a n s i t i o n among 
i s o l a t e d r e a c t a n t or product molecules but r a t h e r 
with a t r a n s i t i o n between a r e a c t a n t p a i r s t a t e 
and a product p a i r s t a t e . We have looked i n t o 
t h i s e f f e c t as appl ied to chemi- ioniza t ion . 

We have a good understanding* of the ion iza
t i o n processes i n the uni l luminated r e a c t i o n s : 

Ar ( 3 P) + C a - A r + Ca+ + e" 

->-CaAr + e . 

The f i r s t i s d i r e c t Penning i o n i z a t i o n ; the 
second i s a s s o c i a t i v e i o n i z a t i o n ; and e i t h e r can 
lead t o ions in exc i t ed s t a t e s . One endothermic 
process i s 

Ar*( 3 P) + Ca-*Ar + Ca + (5p 2P) + e" . 

The energy of t h i s exc i t ed -• :.ate of Ca i s 
above the energy of Ar* by an amount which t r a n s 
l a t e s i n t o a photon of wavelength 596 nra. Note 
t h a t t h i s photon cannot be absorbed by any r eac 
t a n t o r product atom along; b u t , when absorbed 
by the c o l l i s i o n p a i r , i t can lead t o an energy 
input g r e a t enough t o surmount the endothermi-
c i t y of t he r e a c t i o n . 

We have i nves t i ga t ed t h i s process by i r r a d i 
a t i n g a flowing af terglow flame of Ar* and Ca with 
the high i n t e n s i t y l i g h t from a focused, pulsed 
Nd:YAG pumped dye l a s e r . The r eac t i on i s followed 
by a t ime-synchronized de t ec t i on of the f luo res 
cent cascade 

Ca + (5p 2 P) * Ca + (5s 2 S) •+ Ca + (4p 2 P) 

de tec t ing the f i n a l s t ep a t a wavelength of 373 
run. 

As the l a s e r i s tuned through the resonance 
region, a broad ( - IS cn r l ) peak i s seen (one a t 
each of t he f i n e - s t r u c t u r e l eve l s of the 5p 2p 
s t a t e ) but with very low i n t e n s i t y . The e f f e c t 
appears t o occur but with diminished p r o b a b i l i t y , 
due t o s eve ra l p o s s i b l e competing p rocesses . One 
such process i s an t i -S tokes s c a t t e r i n g from Ar 
i t s e l f . This process would have a very weak 
wavelength dependence, however. The second, 

and more l i k e l y , competing process has t he ex
cess photon energy c a r r i e d away by the Penning 
e l e c t r o n . We cannot a s c e r t a i n t he l i k e l i h o o d 
of t h i s process i n our experiment. 

With increased metas table concen t ra t ions 
(which can be obtained from a pu lsed microwave 
d i scha rge , fo r example}, one should be able t o 
i nc r ea se t he s i g n a l in these types of experiments 
by s e v e r a l orders o£ magnitude and thereby r a i s e 
the s e n s i t i v i t y of the technique t o the p o i n t 
where q u a n t i t a t i v e measurements of the reac t ion 
c ro s s - s e c t i on and brandl ing r a t i o s can be made. 

* * A 

1. D. C. Ilartman and J . S. Winn, In p r e s s , 
J . Chem. Phys . , LBL-10168; D. C. Ilartman, 
Ph. D. Thes i s , 1B1-9S19. 
2. J . II. Goble, Ph.D. t h e s i s , Univers i ty of 
Ca l i fo rn ia (1980). 

3. PRODUCTION OF THIN MF.TAI, FILMS FROM METAL 
CARBONYL DISSOCIATION 

B. C. Hale , W. L:. Holl ingsworth, I). V. Horak, 
and J . S. Winn 

The p o s s i b i l i t y tha t v o l a t i l e metal car-
bonyl compounds or metal a lkyIs can be used t o 
genera te t r a n s i t i o n metal atoms, c l u s t e r s , and 
th in films has been under i n v e s t i g a t i o n in our 
group for some t ime . We have been i n v e s t i g a t i n g 
various processes by which meta l - l igand bonds 
can be broken s e l e c t i v e l y , f ree ing the metal atom. 
We have shown1 tha t e l e c t r o n i c energy t r a n s f e r 
from metas table r a r e gas atoms t o the metal car -
bonyl breaks a l l meta l - l igand bonds in a s i n g l e 
elementary p rocess . Our r e s u l t s were described 
in the l a s t annual r epo r t . 

Our cur ren t e f f o r t s have centered on photo
chemical means of d i s s o c i a t i o n . The p o s s i b i l i t y 
t h a t metal c l u s t e r s can be formed from discharge 
o r photochemical methods has been pursued*1 using 
mass-spectrometr ic sampling methods. The r a t e of 
product ion of atoms and c l u s t e r s by discharge 
methods appears t o be too slow t o be of p r a c t i c a l 
use . 

We are now i n v e s t i g a t i n g s eve ra l types of 
d i r e c t photochemical methods. The f i r s t was 
vacuum UV r a d i a t i o n in t he same energy region 
as t h a t c a r r i e d by metas table r a r e gases , 9 t o 
15 eV. We monitor d i s s o c i a t i o n by following the 
atomic Fe f luorescence ( in the case of Fe(CO)5 
d i s soc i a t i on ) d i s t r i b u t i o n as a function of VUV 
wavelength. These d i s t r i b u t i o n s a re q u a l i t a 
t i v e l y d i f f e r e n t from those observed i n the c o l 
l i s i o n e x c i t a t i o n f lames, and we a n t i c i p a t e a 
f u l l ana lys i s of them w i l l l e ad t o a more d e t a i l e d 
understanding of photochemical d i s s o c i a t i o n . 

A second process involves UV i l l umina t ion of 
a s u b s t r a t e immersed i n the vapor of a low p r e s 
su re carbonyl . A t h i n metal f i lm i s found t o 
grow on the s u b s t r a t e , and the mechanism i s 
thought t o involve photoemission of e l e c t r o n s 
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from the substrate followed by dissociative 
attadunent to the carbonyl followed by recombin
ation of the negative carbonyl fragment ion onto 
the surface. Wavelength dependent studies in
dicate the role played by the work function of 
the substrate in init ializing the reaction and 
the work function of the thin film in promoting 
fuither film growth. 

More work will be needed to ascertain more 
clearly the film composition and structure and to 
ascertain the size limits of the features one 
can deposit by this method, but there are po
tentially many types of technological processes 
which could benefit by this type of photochem-
icully controlled metal film deposition. 

1. D. C. Hart/nan, IV. h. Ilollingworth, and 
J. S. Winn, J. Chem. Phys. 72, 833 (1980). 
2. J. S. Winn, Faraday Diss., Faraday Symp. ^£, 
256 (1980;-

4. IMPLICATION'S OF THE VI RIAL THEOREM ON THE 
DESCRlFriGN OF WEAK BONDING* 

Jolui W. Winn 

Application of the vi r ia l theorem to the 
total energy of a diatomic molecule within the 
Born-Oppenheimer approximation yields an in
structive description of the physical origin 
of bonding between two atoms.i If W(R) is the 
Bom-Oppenheimer total energy of the atoms, 
then the virial theorem relates the average 
kinetic energy of the electrons <T(R)> and the 
average Coulombic potential energy of the di
atonic <V(R)> to W(R) via the relations 

<T(R)> * - IV (R) - R dW(R)/dR 

Reduced Distonce 

Fig. 1. Total energy (WO, potential energy (V), 
and electron kinetic energy (T) curves for the 
ground state of H 2. (XBL 811-7881] 

If one has an analytic form for the total 
energy function, this qualitative analysis can 
be made quantitative and can be related to Bom-
Oppenheimer wavefunctions. If one defines kg 
to be the quadratic force constant and t e to be 
the cubic force constant, the quantity p which 
appears in the Thakkar analytic potential func
tion (described earlier in this annual report) 
can be written 

One can show that 

(d 2 < T > /dR 2 ) R = 3pk 

<V(R)> ~ 2W(R) + R dW(R)/dR. 

These three functions for the ground state of 
H2 are shown in Fig. 1. The distance scale is 
measured in multiples of the H 2 equilibrium bond 
length, and the energy scale is measured in multi
ples of the H 2 bond energy. Note that bonding oc
curs over a relatively large distance; the po
tential energy slowly falls, and repulsion is due 
to a gradual increase in electron kinetic energy. 
Only at R/Rg < 0.5 does nuclear repulsion contrib
ute to a rise in <V>. 

This behavior should be contrasted to that 
observed in weakly bound diatomics. Using Ar^ 
as an example, the same three functions, W, T7 
and V, are plotted in Fig. 2 to the same scale 
used in Fig* 1. One immediately notices that 
bonding in Ar 2 occurs over a relatively shorter 
distance and that repulsive interactions arise 
much more abruptly for Ar 2 than for H 2. This 
abrupt increase in repulsive interactions is 
typical of the behavior found for weakly bound 
diatomics in general. 

(d 2 <V >/dR 2) R = (l-3p)k p 

T" r i - . 
2 r\ Arg -

I \ -1 < V " 
n 

/ ^ s" -i f / -i / --2 / -\j W --3 T _ . V . , l 
3 2 3 

Reduced Distance 

Fig. 2. As Fig. 1, but for the ground state of Ar 2 . 
(XBL 811-7882) 
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Each of these terms may be written as functions of 
the Bom-Oppenheimer wavefunctian. Also, since 
p may be expressed in terms of equilibrium spec
troscopic constants as 

p = a u /6B 2 

* e e e 
One can, in principle, relate spectroscopic ob-
servables to the detailed behavior of the Bom-
Oppenheimer wavefunction near R . 

* * * 

Supported in part by the National Science 
Foundation. 
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RESEARCH PLANS FOR CALENDAR YEAR 1981 

Work in the area of laser induced fluorescence 
of trapped molecular ions is described under Bruce 
Mahan's research program and will be conducted 
as a joint effort. 

The program on metal carbonyl dissociation 
and thin metal film formation will continue in 
several directions. Atomic fluorescence from 
multiphoton dissociation will be studied as a func
tion of laser frequency and laser pulse length. 
Pulse lengths of ID nsec are available from a 
Nd:YAG dye laser system and pulse lengths of 1 psec 
are available from a flashlamp pumped dye laser. 
These fluorescence spectra will be compared to 
those obtained by VUV single photon dissociation 
and by metastable rare gas collisional dissociation. 

The program on weakly bound molecules wil l 
continue with studies using molecular beam electr ic 
resonance spectroscopy to probe the structures of 
weakly bound molecules such as HeCLF and other 
rare gas-CIF or rare gas-halogen molecules. 

1980 PUBLICATIONS AND REPORTS 

Refereed Journals 

1. K. V. Chance, K. H. Bowen, J . S. Winn, and 
W. Klemperer, "Electric Deflection Studies of 
Halogen and Interhalogen Polymers," J . Chem. Phys. 
72, 791 (1980). 

2. D. C. Hartman, IV. E. Hollingsworth, and J . S. 
Winn, "Dissociation of Metal Carbonyls by Metastable 
Rare Gases: Fe and Ni Emission Analysis,'* J . Chem. 
Phys. 72, 833 (1980). 

3. L. Brewer and J . S. Winn, "Models for Calcu
lations of Dissociation Energies of Jlomonuclear 
Diatomic .Molecules," Faraday Discussions *14, 
p. 126 (1980). 

4. J. S. Winn, "Gas Phase Production and Chem
istry of Transition Metal Atoms and Clusters from 
Polynuclear Metal Carbonyls," Faraday Discussion 
n4, p. 102 (1980). 
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J. S. Winn, "Laser Induced Fluorescence of 
Trapped Molecular Ions: The Qi* A1!! *• xh* 
System," LBL-11534. 
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c. Selective Photochemistry* 

C. Bradley Moore, investigator 

In t roduc t ion . The major emphasis of th i s 
program i s on the s tudy of high v i b r a t i o n a l over
tone e x c i t a t i o n s t o understand coupling among v i 
b r a t i o n a l modes a t high i n t e r n a l energies and t o 
explore t he photochemistry following e x c i t a t i o n . 
The techniques of optoacous t ic spectroscopy and 
i n t r a c a v i t y dye l a s e r spectroscopy are used for 
these s tud ies . Results a re descr ibed in the 
following s e c t i o n s . In a d d i t i o n , dye l a s e r ab
sorp t ion spectroscopy has been developed for 
s tudying the dynamics and chemistry of HCO. HCO 
r e a c t i o n r a t e measurements have begun. Other work 
includes v i b r a t i o n a l r e l a x a t i o n , chemistry and 
spectroscopy in condensed phases . 

1. OVERTONE SPECTRA OF GASEOUS ALKANES AND 
ALKENES 

James S. Wong 

The search for bond s e l e c t i v e v i b r a t i o n a l 
photochemistry has proven t o be an e l u s i v e goal 
t o photochemis ts . l S ingle photon e x c i t a t i o n of 
high v i b r a t i o n a l overtones seems t o hold the most 
promise.2 Accurate assignments of the exc i t ed 
C-H o s c i l l a t o r s a re c r u c i a l in the search for 
photochemical unimolecular r eac t i ons in which 
the r eac t i on coordinate involves C-H s t r e t c h i n g 
motion. The concept of l oca l modes in which the 
o s c i l l a t o r s t r eng th der ives from the s t r e t c h i n g 
of a s i n g l e C-H bond has been useful in i n t e r p 
r e t i n g these s p e c t r a . 3 However, only a few 
overtone spec t r a of gaseous molecules have been 
repor ted . S p l i t t i n g s and s h i f t s obscured in the 
l i q u i d phase s p e c t r a y i e l d important information 
on i d b r a t i o n a l modes and t h e i r coupl ings . In t h i s 
work, t he VQU = 6 s p e c t r a of 14 gaseous alkanes 
and alkenes nave been recorded us ing l a s e r opto
acous t i c spectroscopy and means for ass igning the 
s p e c t r a have been developed. 

By s e l e c t i v e l y deu te ra t ing a l l C-H bonds 
except one i n var ious o rgan ic molecules , McKean 
e t a l . 4 were able t o resolve these same s p l i t t i n g s 
in t he in f ra red fundamental s p e c t r a . The remaining 
C-H s t r e t c h i s decoupled from the r e s t of the v i 
b r a t i o n s a t much lower frequency. Thus t he i n 
f ra red spectrum obtained i s e s s e n t i a l l y a " l oca l 
mode" spectrum in the fundamental reg ion . By 
moving the remaining hydrogen atom around the mole
c u l e , they obta ined i s o l a t e d C-H s t r e t c h i n g f r e 
quencies for each bond i n the molecule. I t was 
found t h a t t he microwave spec t roscopic and ab 
i n i t i o bond lengths decreased l i n e a r l y with~the 
l o c a l mode fundamental frequency. Thus armed wi th 

This work was supported by the D i r ec to r , of f ice 
of Energy Research, Office o f Bas ic Energy Sc iences , 
Chemical Sciences Div i s ion of t h e U. S. Department 
of Energy under Contract No. W-7405-ENG-48. 

these frequencies o r accura te C-H bond l e n g t h s , i t 
should be pos s ib l e t o ass ign the observed high 
overtone s p e c t r a s i nce t he anharmonici t ies vary 
l i t t l e . 

The spectrum corresponding t o the f i f t h over
tone of the C-lj s t r e t c h i n g v i b r a t i o n s of propene 
i s shown in F ig . 1. Also shown i n F ig . 1 i s the 
equi l ibr ium geometry of the molecule. Note the 
d i s t i n c t i o n between the in -p lane and ou t -of -p lane 
methyl group C-H bonds, C-H s and C-H a, r e s p e c t i v e l y . 
Although the methyl group undergoes a hindered 
i n t e r n a l r o t a t i o n , the two types of hydrogen atoms 
a r e inequivalent on t he t ime-sca le o f the o p t i c a l 
t r a n s i t i o n . This inequivalence i s c l e a r l y evident 
in the high overtone spectrum. The lowest energy 
peak a t 15690 cm"! corresponds t o absorpt ion by 
the C-il a o s c i l l a t o r s while the peak a t 15900 an" ! 
corresponds to absorpt ion by the C-Hs bond. The 
higher energy peaks correspond t o absorpt ions by 
the o l e f i n i c C-H bonds, and they are e a s i l y 
assigned by r e f e r r i n g t o the s e l e c t i v e l y deuter-
ated in f ra red spec t ra or t he ab i n i t i o bond l e n g t h s . 
These assignments a re i l l u s t r a t e d in Fig , 1. 
S p l i t t i n g of the C-H s t r e t c h i n g peaks i s observed 
i n a l l cases s tud ied when the hydrogens a r e not 
requi red t o be equivalent by symmetry. 

When the C-H bond length determined by micro
wave o r in f ra red spectroscopy i s p l o t t e d vs over
tone t r a n s i t i o n frequency, the data can be f i t by 
the l i n e a r equation 

r j ^ (spec) = (1.333 + D.057 A) 

[(1.499 + 0.355) * 1 0 ' = 6(cm ) 

15900 16200 
WAVENUHBERS 

Fig. 1. F i f th overtone spectrum of propene r e 
corded using l a s e r optoacoust ic spectroscopy. 
Peak assignments of t he l o c a l mode t r a n s i t i o n s 
a re given. (XBL 8012-13629) 
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However, there is considerable scatter m the data, 
mainly because of difficulties in precisely locating 
the hydrogen atoms using microwave spectroscopy. 
If one uses the bond lengths calculated using a 
4-31G basis s e t , 5 the scatter is much smaller as 
shown in Fig. 2 and the resultant linear f i t is 
given by 

TL (calc) = (1-320 ±0.021 A) 'CH 

[(1.429 ±0.133) x 10" 6(ci)j ) 

Thus, with accurate C-ll bond lenths, it should be 
possible to assign the various spectroscopic peaks 
observed in the overtone spectra of molecules of 
spectroscopic and photochemical interest. 

1. J. S. Wong and C. B. Moore, Proceedings of 
die Sergio Porto Memorial Symposium on Lasers and 
.Applications, June 29 - July 3, 1980, Rio de 
Janeiro, Brazil. 
2. C. B. Moore and I. W. M. Smith, Faraday Disc. 
Chem. Soc. 67, 146 (1979). 
3. B. R. Henry, Ace. Chem. Res. 10, 207 (1977). 
4. D. C. McKean, Chem. Soc. Rev. T_, 399 (1980). 
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Fig. 2. Ab in i t io (4-31G basis set , Ref. S) C-H 
bond lengths vs observed fifth overtone transition 
frequency. (XBL 8012-13630) 

2. VIBRATIONAL RELAXATION DYNAMICS OF HC1 IN 
RARfc GAS MATRICES* 

Linda Young 

Investigation of diatomic molecules isolated 
in inert gas matrices shows the rates of vibra
tional relaxation to be very slow, 1* 2 in some 
cases (e.g. , CO in Ar and Ne) actually reaching 
the radiative limit. The long vibrational l i fe
times of matrix isolated diatomics suggest the 
possibility of using such systems as energy 
storage devices. 

Qualitative prediction of energy transfer 
mechanisms for matrix isolated diatomics is 
beginning to be possible. Molecules with large 
vibrational frequencies and large moments of 
inertia relax much more slowly than those with 
small moments of inertia where energetic local 
modes, i . e . , guest rotation and translation, 
actively participate in the relaxation process, 
A quantitative model is sought for vibrational 
energy' relaxation involving guest-host interac
tion in addition to host and guest properties. I t 
should be possible to establish such a model for 
vibrational energy transfer to local modes of 
translation and rotation for the HCl/rare gas 
system, where the foi-ces causing the spectral 
perturbations of the v = 1 states are well un
derstood. 3>4 (See Figure 3). 

We have measured the lifetimes of HC1 
(v = 1, 2, 3) as a function of host la t t ice and 
temperature using infrared laser induced vibration
al fluorescence. The variation of intensity with 
time is studied for wavelength-resolved fluores
cence. In addition, the f i rs t and second overtone 
regions were investigated using Fourier transform 
infrared absorption spectroscopy and fluorescence 
excitation spectroscopy, respectively. 

The spectroscopy of these levels has allowed 
the determination of the pure vibrational fre
quencies of the v = 0 -> 1, 1 -»• 2, and 2 -»- 3 trans
itions and> hence, their perturbation from the 
gas phase values. I t is shown that the gas phase 
constants ii)eXe and cu^e combined with a matrix 
shift AVjjiatrix are insufficient to determine the 
pure vibrational transition frequencies for the 
HCl/Ar, Kr, Xe system, in contrast to the CO/Ne, 
Ar system where good f i ts up to v = 8 are ob
tained. 1 (See Table 1.) The anharmonicity is 
seen to increase relative to the gas phase value 
with host size and polari2ability. These effects 
are predictable by both cage size and polariza-
bi l i ty arguments. For a given pair of vibrational 
levels (v ' , v"), the difference in attractive 
energies will be greater in the more pdarizable 
matrices, and the repulsive interaction will play 
a smaller role in the larger cages. Both effects 
lead to a decrease in the HC1 bond strength and, 
hence, the vibrational frequency. The trend with 
increasing quantum number is for shifts to increase 
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Fiy. 3. Relaxation rate k v V" as a function of 
matrix-gas frequency shift . (XBL 813-8416) 

until the bond length is long enough for the cage 
to become t ight . Repulsive forces then cause the 
shift to decrease with increasing v. The overall 
shift from gas phase values is not monoatomic for 
increasing v within a specific guest/host system. 

The dynamical behavior of the HCl/Ar, Kr, and 
Xe systems reflect the complexity of the host/guest 
interaction. Two features arc- again apparent: 
(a) For a given vibrational s ta te , the relaxation 
rate increases in the series kAr < k-Kr < ^Xe» i«e , , 
in the order of the spectral shif ts , and (b) As 
the host size increases, the deviation from the 
harmonic approximation, k v

 = v*o» a l s o increases, 
such that the relaxation rate for v = 3 -> 2 in 

Table 1. Gas-Matrix shift for pure vibrational 
transitions of HCl.a 

if / gas flr Kr Xe if / gas 
observed a observed * observed fi 

1 0 2885.82 2871.3 -14.5 2655.1 -30.8 2638.8 -47.0 

2 1 2782.23 2767.4 -14.8 2749.6 -32.6 2731.6 -50.6 

3 2 2678.97 3566.2 -13.0 2647.0 -32.0 2624.7 -S4.3 

3Uncertainties ire t 0.1 cm"1 for (1,0). ± .0.2 cm*1 for (2.1), 

and i 0.6 cm"1 for (3,2) . 

Xe is two orders of magnitude larger than in Ar, 
whereas the v = 1 -*• 0 rates are comparable at 9 K. 
The fact that the relaxation rates mimic the spec
t ra l shifts is evidence that those forces which 
perturb the spectrum are also responsible for in
ducing relaxation. 

These data, combined with earl ier data on 
the DCl(v = 2) lifetimes in Ar^, suggest that 
the rate limiting step for relaxation is the trans 
fer of vibrational energy to a local mode (e.g. 
guest rotation or translation). Direct transfer 
of vibrational energy via a multiphonon process is 
unimportant in these systems. Such a process 
would exhibit an energy gap law and would be ex
pected to be slower in the heavier rare gases 
where the Debye frequency is smaller. The energy 
gap law i s violated as DCl(v - 2) is found to re
lax an order of magnitude more slowly than 
HCl(v « 2). The relaxation rates are also found 
to be faster in heavier rare gases. Work is cur
rently underway to model the relaxation from these 
states to a combination of local translational 
and rotational modes in order to f i t the observed 
T and v dependence. 

* * * 

This work was partially supported by the U. S. 
Army Research Office, Triangle Park, NC. 
1. H. Dubost, R. Charneau, Chem. Phys. 12, 407 
(1976). "* 
2. J, M. Wiesenfeld and C. B. Moore, J. Chem. 
Phys. 70, 950 (1979). 
3. tfT*Friedmann and S. Kimel, J . Chem. Phys. 47, 
3589 (1967). "~ 
4. H. Friedmann and S. Kimel, J . Chem. Phys. 43, 
3925 (1965). ~~ 

3. VIBRATIONAL RELAXATION OF D20 (v 2 ) t 

Scepan S. MLljanic" 

The rate of vibration-to-translation and 
rotation (V*T,R) energy transfer for the lowest 
fundamental of D20(v2) is expected to be fast since 
i t is known that the V •*• T, R relaxation of H20 
and other hydrogen bonding systems, such as NH3 
and HF, is also very f a s t . 1 The strong hydrogen 
bonding interaction and the small moments of inertia 
are believed to be responsible for such very rapid 
relaxation in those systems. Data for D2O should 
be especially valuable for developing models of 
vibrational relaxation in such systems. Recently 
i r - i r double resonance experiments have given a 
relaxation probability of 0.16 for self deactiva
tion of D2O and much lower rates for V - T, R re
laxation of D2O by buffer gases,2 A model calcula
tions showed strong negative temperature dependence 
for the relaxation of H20(u2) in the 200 - 400 K 
range. Such behavior has been observed experi
mentally for several hydrogen bonding systems and 
may be expected for D2O.I 

Laser-excited vibrational fluorescence was used 
to measure rates of relaxation of DjO in collisions 
with different buffer gases at room temperature 
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and of pure D2O as a function of temperature. The 
results serve as an independent check on earl ier 
D2O data, as a test of theoretical treatments, 
and as a calibration for semiempirical estimates 
of rates for hydrogen-bonded systems. 

The rate constants for D20(v2) relaxation are 
summarized in Table 2. The data for pure D2O and 
D2O-D2 agree well with those of Eef. 2. The 
V •» T, R relaxation probability for pure D2O, 
Table 2, is very large, 0.16, but only about half 
that for H2O, 0.28 - 0.47.1 The probability in
creases as temperature decreases. Other systems 
with strong hydrogen bonding, such as ammonia and 
hydrogen halides, also have very fast relaxation 
times and negative temperature dependences near 
room temperature. The importance of hydrogen 
bonding in DzO is further demonstrated by the large 
decrease in probabilities from D2O - D2O to 
D?0 - He and D2O - Ar. The ratios are about 600, 
while the analogous ratios for CU4, a system with
out hydrogen bonding, are 1.2.4 

That DjO relaxes about a factor of two less 
rapidly than H2O in spite of i t s lower frequency 
indicates the importance of rotational velocities 
for vibrational relaxation. The average thermal 
velocity ratios are the inverse square roots of 
the moment of inert ia ratios. The la t ter are 1.8, 
2.0, and 1.9 for 1^, In and Ic respectively. Re
laxation probability ratios for other hydride/deu-
teride combinations are Pfjp/PDF = 2.5, 
PHC1/PDC1 = 4, PNH 3/PND 3 - 7. and PCH4/PCD4 = 2.1 
For DC1 deactivated by HC1 the probability is 
2.3 times greater than for DC1 deactivated by 
DC1. For D20, relaxation by HDO or H2O does not 
seem to be much faster. The much stronger hydro
gen bonding (compared to HC1) of the D of the 
vibrationally excited molecule to the 0 of the 
collision partner may leave the H (or D) of the 
collision partner out of the region of strongest 
intermolecular forces. 

Table 2. Measured rate constants for vibrational 
relaxation of D20(u2) by M at 295 K. 

M fcfser 1 l o r r " 1 ) [cm molecule" 

sec ' 1 ) 

da(nm) ^b 

V (1.03 0.05)-TO6 3 . M 0 - " O.ZBO 0.16? 

»p ( I . IB 0.08HQ* 3.6-10" 1 3 0.247 1.20-ia" 3 

HO (3.9 0.4) • 10 4 I . M 0 - " 0.247 J. 5* ! 0 " 3 

H2 (1.08 0.05I-10 5 3.3-10- ' 2 0.247 8 .2 - 1 0 ° 

He (2.3 0.3) • 10 3 7. M O " ' 4 0.224 2.6- T0~4 

Ar (1.0 0 . 4 ) . 103 3.0-10- 1 4 0.286 i . a - i o ~ 4 

The decreasing probabilities for D2O re
laxed by H2, HD, and fy reflect the decreasing 
velocities of both translation and rotation. The 
4.7-fold decrease in probability comparing D2 to 
He indicates the D2 rotation, and presumably HD 
or Hj rotation, significantly enhances D2O re
laxation. The two rare gases, He and Ar, exMbit 
probabilities of the same order of magnitude. 
Comparable values are found for Pn7

 :*'5,6 -10-4 and 
PN2 = 3.4.10" 4 in Ref. 2. L 

Quantitative theoretical treatments o£ vi
brational relaxation for hydrogen bonding poly-
atomics with energy transfer cross sections 
approaching gas kinetic are not likely to be avail
able soon. Useful information comes from detailed 
treatment of HF, from simple closed-form models,3 
and from empirical correlations. These works pro
vide some qualitative understanding of the col
lision dynamics in the presence of strong attractive 
forces which result in negative temperature de
pendences. For D2O the data of Table 3 exhibit 
a negative temperature dependence which fits the 
empirical equation^ 

P(T) = C expCe/kT) 

where e = (778 ±34) K and C = 1.1.10"2 (Fig. A). 
This value of c f i ts well with those correlated 
by Gordon.5 

Work in progress deals with relaxation proba
b i l i t i es for D2S and H2Se along with a more com
plete consideration of the role of hydrogen bonding 
in vibrational relaxation. 

This work was partially supported by the U. S. 
Army Research Office, Triangle Park, NC. 
1. F. E. Hovis and C. B. Moore, J. Chem. Phys. 
72, 2397 (1980). 
2. R. L. Sheffield, K. Boyer, and A. Javan, Opt. 
Lett, 5_, 10 (1980). 
3. H. K. Shin, J. Chem. Phys. 69, 1240 (1978). 
4. P. Hess and C. B. Moore, J.~Chem. Phys. 65, 
2539 (1976). ~ 
5. R. J. Gord.m, J. Chem. Phys. 72_, 779 (1980). 

Table 3. Temperature dependence of EbOfv?) de
activation probabilities. 

* Average values obtained from gas viscosities and Van der Uials b. 

P • fc/k . where k . Is calculated from: 

• reduced mass. 

T(K> Msec 1 t o r r " 1 ) Mem3 Tolecule" sec" ) P 

260 (1.5 0.1) -10 6 4.0- 10 " 1 1 0.22 

295 (K03 0.05).10 6 3 . M 0 - 1 1 0.162 

350 (5,8 0.3) -10 5 2. M O " 1 1 0.100 

400 (4.3 0.2) - ID 5 1.80-10"" 0.079 



252 

- f . 5 i 1 1 r 

- 2 . 0 - X 

£n P J( 

- 2 . 5 - j f 

-3 .0U 1 I 1 
0.002 0.003 0.004 

l/T (K'1) 

Fig. -t- I'lot of In I' vs l/T for IM). Slope 
= l?78 t >11 K. " I.XB1. S01-7702) 

•i. kiNirru-s OY ivuuvncN oi: IK\ CROSSLINKS BY 
4'-AMlNOMi.THYt.-4,5\ S-TUMnmi.PSORALl^ 

John V. Hears t , Brian H. Johnston, and A. II. Kung 

This i s a j o i n t p ro jec t between t h i s research 
group and John Hearst and Brian li. Johnston of 
the Melvin Calvin Laboratory of Chemical Bio-
dynamics. Hie primary objec t ive i s to assess the 
p o s s i b i l i t i e s for s e l e c t i v e photochemical manipu
la t ion oi w ry large molecules of major biochem
ical i n t e r e s t . The reac t ion uhich i e s u l r s in 
c ros s - l i nk ing of U\A by psora len was chosen for 
t h i s s tudy. Psoralens are widely used t o t r e a t 
p s o r i a s i s :uid v i t i l i g o . They have a lso been used 
to locate nuc lease-pro tec ted regions of VtiA in 
chronutin xid regions of secondary s t r u c t u r e in 
s ing le - s t r anded UNA and KXA, to study DK-\ r epa i r 
inech;misi;£», and in o the r a p p l i c a t i o n s . I t i s thus 
important to cha rac t e r i ze ti'.e psoralen-ISC\ photo-
ivac t ion -is a c l i n i c a l and biochemical tool and 
to explore the use oz pulsed r a d i a t i o n for manipu
l a t i on ^i the r eac t ion . 

Psoralen i s a p lanar dye irwlecuie which s l i p s 
between the base -pa i r planes of double-stranded 
ft\A. Ifpon absorpt ion o£ uv l i g h t , a double bond 
is opened; and the dye a t t aches to a LI\A base 
forming a "uionoadduct." 'iVhen t h i s XiOl entile subse
quently absorbs a photon, i t can a t t ach to a base 
on the cotyleinentary s t r and . The two IKA strands 
a re thus permanently t i e d by s t rong chemical bends. 
The nKilecid.es cannot r e p l i c a t e and c e i l growth 
i s s topped. 

e a r l i e r , Johnston e t a l . l descr ibed the use 
of s i n g l e , 15 ns pulses cf uv l i g h t frcci a fre
quency-doubled ruby l a s e r to generate psoraler.-
1K\ GK-noadcucts in a nti-xture of T-i EKA. and - l ' -
amincmethy 1 - 4 , 5 ' , S- t r imethylpsoralen (AMT1 with
out s i g n i f i c a n t product ion of c r e s s - l i n k s . The 
l a t t e r a r e formed only with a d d i - i c n a i pulses of 
l i g h t . This r e s u l t was i n t e r p r e t e d i n terjns cf 
a model in which c ro s s l i nks can only be formed 
v ia t he absorp t ion o£ a chatcn. by an. appropr ia te 

jwrnoadduct. Such a monoadduct appears only a f t e r 
a delay (long compared t o t h e l a s e r pulse-width) 
following the i n i t i a l absorp t ion of a photon by 
AMT; and the delay r ep resen t s the time requ i red 
for the exc i t ed A>fT t o form a monoadduct capable 
of fu r the r pho to reac t ing . This time delay has 
now been measured and a mechanism for c ross -
l inking i s p roposed . 2 

To measure the time de lay , samples conta in ing 
T4 DNA and AMI are subjec ted t o two l a s e r pulses 
separa ted by a va r i ab l e time i n t e r v a l . Cross-
l inking i s monitored as a function of t he time 
between p u l s e s . Experiments involving l a s e r s 
are done in t h i s l abora tory . The t h i r d harmonic 
of a Nd: YAG l a s e r and a n i t rogen l a s e r are used. 
Sample ana lys i s i s performed in Hea r s t ' s labora
toiy . 

The degree of c ros s l ink ing i s cha rac t e r i zed 
by the r a t i o ds / (ds + ss ) p l o t t e d as a function 
of time delay in Fig. 5. A d i s t i n c t r i s e in the 
level of c ross l ink ing i s seen a t a delay of about 
1 us . A p lo t of log CO.423 - ds / (ds + s s ) ) vs 
time delay , where 0.423 i s the p la t eau l e v e l of 
ds / (ds + ss) for long time delays and gives a 
s t r a i g h t l i n e , i nd ica t ing a f i r s t - o r d e r p rocess . 
The slope of t h i s l i n e v i e l d s a r a t e constant of 
(7.9 i 2.2) ^ 10 5 s ' l , or a 1/e l i f e t ime of 
1.3 + 0 .3 us . 

I t i s most l i k e l y t h a t t h i s delay i s caused 
by a conformational change in the DNA in the 
region of the monoadduct. After formation of the 
i n i t i a l cyclobutane b r i d g e , some movement could 
be requi red t o achieve the alignment of bonds 

o^ _ _ _ . _ 

**»-- -~-^-U r-L.^i: - 1 

Fig. 5 . Crossi inking as a function of time delay 
between the two l a s e r p u l s e s , cor rec ted for 
f luc tua t ions in Nd-YAG l a s e r intensi t> ' using 
c a l i b r a t i o n curves shewing the dependence of 
so lu t ion t ransmit tance and quantum y i e l d of mono-
addi t ion on i n t e n s i t y . Crossl inking i s measured 
as the r a t i o ds / (ds * s s ) , where ds and ss are 
the peak heights of double- and s ing le - s t r anded 
LHA. peaks in the u l t r acen t r i fuge t r a c i n g . The 
do t t ed extension between 0 and 100 ns i s an ex
t r apo la t i on based on f i r s t order k i n e t i c s . 

(XBL 813-8417) 
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between the unreacted end of the psoralen and 
the second pyrimidine base needed for completion 
of the crosslink. The time neasured is of the 
order required for formation of a base pair or 
for the single-strand helix-to-coil transition. 
Similar motions may be taking place following 
formation of a monoadduct. I t is known that the 
formation of a cyclobutane bridge introduces 
extra angle strain as long as the psoralen and 
pyrimidine moieties remain paral lel . This con
formational change involving some unstacking 
probably occurs in. the region of the psoralen 
immediately after photoreaction to relieve angle 
strain. 

As can be seen in Fig. 5, not a l l of the 
psoralen molecules capable of crosslinking require 
the 1 us time delay. The crosslinking resulting 
from a single laser pulse can be ascribed to in
tercalation complexes which, because of their 
nucleotide sequence or other special condition, 
do not require a large conformational change be
fore crosslinking can occur. This phenomenon is 
discussed separately by Johnston and Hearst.3 

A * * 
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RESEARCH PLANS FOR CALENDAR YEAR 1981 

The primary emphasis of research plans for 
1981 i s to understand the p o s s i b i l i t i e s fo r and 
l i m i t a t i o n s of s e l e c t i v e photochemical p rocesses . 
Par t of t he e f f o r t s a re devoted t o the study of 
relaxation of selectively excited states to 
thermally heated states , part to chemical dynamics 
of the unrelaxed states, and part to the chemistry 
of the comparable thermal systems. 

Research will include: 

Spectroscopy and Kinetics of High Vibrational 
States! High overtone spectra of the C-H stretching 
motions of simple molecules in the visible region 
will continue tc be studied. These spectra re
veal the nature of coupling among vibrational 
modes and of collisionless intramolecular energy 
transfer for high vibrational s tates. The chem
istry of these highly excited molecules will be 
observed. Bond selective vibrational photochem
istry will be attempted, following single photon 
absorption into specific quantum states of these 
and more complex molecules in both gases and 
liquids. 

Energy Transfer of Molecules on Surfaces. 
Ini t ia l experiments show that the vibrational re

laxation of CO adsorbed on s i l i ca gel is orders 
of magnitude faster than for CO in matrices or 
pure liquid. Experiments are being extended to 
shorter time scai.es (a few nsec) and to alumina 
and metal surfaces. The i r laser-excited vibra
tional fluorescence technique is used. 

Radical-Radical Reactions and Combustion 
Chemistry. Accurate values of the rate constants 
for radical-radical reactions are essential for 
the modeling of combustion processes. The use 
of laser flash kinetic spectroscopy for quantita
tive measurements of these combustion rates has 
recently been demonstrated in this laboratory. 
Accurate absolute radical concentration measure
ments are made simply by measurement of the laser 
power absorbed when radicals are produced by laser 
photodissociation. Approximate rate constants for 
H + HCO and HCO + ICO have been determined by moni
toring HCO absorption following fonnaldehyde pho
tolysis. The measured rates are ne order of 
magnitude larger than those previ »usly predicted 
and used for combustion modeling. It is proposed 
to refine the experimental systcn to produce rate 
constants as a function of temrrature with better 
than 20$ accuracy. The potent xL surface for the 
H + HCO reaction is being invt -. tigated by H. F. 
Schaefer's group. The combined results should 
produce an excellent model fcr this unusually fast 
reaction and should make po?-ible accurate es t i 
mation of rate constants fo. ex^erimentally in
accessible conditions. 

Many radicals nay be produced in high con
centration by photolysis with uv excimer laser 
lines. It is also possi le to study reactions 
between two molecular c :ited species. Mew types 
of reaction products r be expected for the same 
reasons that photoche- cully accessed reaction 
paths lead to differt t products than do thermal 
reaction paths. 
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d. Physical Chemistry with Emphasis on Thermodynamic Properties* 

Kenneth S. Pitzer, Investigator 

1. RELAT1VISTIC EFFECTS ON COVALENT BONDING FOR 
HEAVY ATOMS AS EXEMPLIFIED IN T1H 

P h i l l i p A. Chr i s t iansen and Kenneth S. P i t z e r 

In recent years severa l r e l a t i v i s t i c e f f e c t i v e -
p o t e n t i a l formalisms have been p r o p o s e d . 1 " 5 In 
most of t he se , r e l a t i v i s t i c c o n t r i b u t i o n s , except 
for s p i n - o r b i t , are introduced i n t o the molecular 
c a l c u l a t i o n s via the e f f e c t ! " 0 p o t e n t i a l s (EP). 
The s p i n - o r b i t e f f e c t s a re auded l a t e r as some so r t 
of p e r t u r b a t i o n . However, for molecule" coi "ining 
seme of the s i x t h row elements such us Tl or Pb the 
s p i n - o r b i t con t r i bu t ions may be s u b s t a n t i a l l y 
l a rge r than c o r r e l a t i o n e f f e c t s and p e r t u r b a t i o n 
methods may be inadequate. For such cases i t seems 
p re fe rab le t o include the s p i n - o r b i t e f f e c t s in the 
SCF s t e p of the c a l c u l a t i o n . This i s the procedure 
employed in t he two-component molecul-: ' spinor 
formulation of Lee, Ermler, and P i t z e r . 1 In t h i s 
proo_.*.ure, the molecular SCF computations are done 
d i r e c t l y in u-u> coupl ing. 

In t he present work, we have extended the molec
u l a r sp inor formalism of Lee, e t a l . in two impor
t a n t ways. F i r s t , we have general ized the i*-u SCF 
procedure t o include a mul t iconf igura t io i . SCF t r e a t 
ment (MCSCF). This permits t "o include the major 
e f f e c t s of e l e c t r o n c o r r e l a t i o n and t o obta in 
proper d i s s o c i a t i o n Ln a l l c a s e s . In a d d i t i o n , we 
have replaced the previous ly used Phil l ips-Kleinman 
type EP formalism 6 with the much more accurate EP 
formalism developed by C h r i s t i a n s e n , Lee, and 
P i t z e r . ' 

For a f i r s t t e s t of our procedure, we chose the 
tha l l ium hydride molecule . Tor which good spec t ros 
copic data are a v a i l a b l e . 8 TUI i s p a r t i c u l a r l y 
i n t e r e s t i n g due t o the la rge ?\/z - P3/2 spin-o~bi t 
s p l i t t i n g for the s ing le 6p e l e c t r o n . Since the 
lower energy (by near ly 1 eV) p j /2 sp inor i s 
dominated by T c h a r a c t e r , p a r t i a l promotion to 
P3/2 i s presumably required t o form a s t rong bond 
with hydrogen which forms only sigma bonds. 

In our molecular c a l cu l a t i ons we t r e a t e x p l i c i t l y 
only t he outermost 13 e l ec t rons of tha l l ium ( the 
5d, 6s e l ec t rons and the s i n g l e 6pi /2 e l e c t r o n ) . 
The r e l a t i v i s t i c con t rac t ion of t he 6s atomic 
spinor causes a s u b s t a n t i a l energy gap between the 
6s and 6p atomic spinor ene rg ies ; hence, the bonding 
in T1H i s somewhat s i m i l a r t o t h a t in LiH, NaH, e t c . 
Previous ca l cu l a t i ons for the ground s t a t e s of the 
l i g h t a l k a l i metal dimers and hydrides^ ind ica te 
t h a t one obt;. Ins a good approximation t o t he 
experimental bond energ ies by c o r r e l a t i n g only t he 
two valence e l ec t rons us ing a r e l a t i v e l y small 
MCSCF wavefunction. 

l\'e computed t o t a l molecular energies for t he 
ground s t a t e of T1H us ing , (a) s i n g l e determinant 
( e s s e n t i a l l y c lo sed - she l l Dirac-Fock) , (b) two 
determinant ( to ob ta in proper d i s s o c i a t i o n ) , and 
(c) five determinant MCSCF wavefunctions formed 
from two-component sp ino r s . In the f ivo-detenninant 
c a l c u l a t i o n , var ious p l a u s i b l e conf igura t ions were 
introduced in to explora tory c a l c u l a t i o n s and the 
five most important were used in the f ina l c a l cu l a 
t i o n s . The in te rnuc lea r separa t ion was va r i ed 
from 3 t o 15 atomic u n i t s ( a . u . ) . The mathematical 
d e t a i l s of our c a l c u l a t i o n s arc given in Refs. 10 
and 11. Spectroscopic cons tan ts for the s ing le 
determinant and MCSCF wavefunctions a rc l i s t e d in 
Table 1 along with s ing le determinant values from 
previous c a l c u l a t i o n s and the ex\x?rimcntal v a l ue s . 
P lo ts of our d i s s o c i a t i o n curves a re given in 
Fig . 1. 

With our five determinant MCSCF wawfunct ion we 
were able to ob ta in more than SS'i of the experimen
t a l d i s s o c i a t i o n energy. Although s i m i l a r c a l c u l a 
t i o n s ^ for the l i gh t a l k a l i metal dimers frequent
ly ob ta in 90?

o or more of the hond energy, we be l i eve 
tha t the combination of a somewhat poorer b a s i s 
s e t and the smaller energy d i f fe rence between the 
Tl 6s and 6p spinors (compared t o tha t between the 
a l k a l i metal valence s and inne r - she l l p e l e c t r o n s ) 
could e a s i l y explain the d i f f e r e n c e . I t i s t he 
largf1 s-p separa t ion whic1 - allows us t o t r e a t cor
r e l a t i o n in T1H as though the re were only two 
valence e l e c t r o n s . 

In the p r inc ipa l bonding spinor from our f ive 
conf igura t ion c a l c u l a t i o n s , the 6 p ^ o t o op]/? 
popula t ion r a t i o i s approximately 0 . 6 o . However, 
t h i s r a t i o shows a marked rad ia l dependence r e l a 
t i v e to the Tl o r i g i n , varying from about 0.5 a t 
the Tl nucleus to about 3.5 ar i n f i n i t y . (The 
r a t i o corresponding to a n o n - r c l a t i v i s t i c sigma 
o r b i t a l i s 2 . 0 ) . In the region near the H nuc leus , 
the r a t i o is such t ha t the Tl con t r ibu t ion to the 

Table 1. Spectroscopic cons tan t s for Till. 

Present 
Single 

MCSCF Conf. 
Single 
Conf . 3 

Single 
Conf . b 0xp C 

% W 1.96 1.93 1.84 7 . 8 7 1.87 

D e CeV) 1.66 0.93 1.55 - 1.97 

u e Ion ) 1330 1450 1450 1500 1391 

This work was supported by the D i r e c t o r , Office of 
Energy Research, Office of Basic Energy Sc iences , 
Chemical Sciences Divis ion of t h e U.S. Department 
of Energy under Contract No. W-7405-ENG-48. 

13 e l e c t r o n c a l c u l a t i o n s employing P h i l l i p s -
, Kleinman type r e l a t i v i s t i c EPs from Ref. 1. 
jOne-center Dirac-Fock, Ref. 13. 
re fe rence 8. 
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I :ig. 1. Dissociation curves for single configura
tion (SC), double configuration (DC), and five 
configuration (MCSCF) calculations for the ground 
state of T1H. The ininimuti in the experimental 
curve is also indicated (+) . (XJJL 814-8977)) 

spinor is more than three-quarters sigmn. Since 
the contribution from the hydrogen is almost 
exclusively Is the bond appears to be principally 
sigma in character. Also, our results indicate 
somo ionic character (Tl+H") with about 0.3 extra 
electron population on the hydrogen, in close 
agreement with the earlier calculation. 1 

Q 
Very recently, Pyper has claimed that the TT 

component of the p]/2 spinor will have a significant 
bonding interaction with the hydrogen atom; he calls 
this an "orthogonal t r ip le t bond." We tested this 
proposal by making another two-configuration cal
culation excluding the p^/i spinor, but with no 
other change. The resulting energy i s almost 
exactly that expected from the fractional sigma 
bond allowed by the p i / 2 spinor. Thus, the 
orthogonal t r ip le t interaction makes no significant 
contribution to the bonding in Till. Other evidence 
is cited in Ref. 11 which independently leads to 
the conclusion that the orthogonal t r iplet interac
tion is not important in molecules such as GaH, InH, 
or T1H. 

1. Y. S. Lee, IV. C. ErnT.er, and K. S. Pitzer, 
J. Chem. Phys. Tb> 3 6 ° (1980). See also references 
cited therein. 
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Chan. Phys. Lett. 57, 83 (1978). 
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8. These studies are sunmarized by K. P. Huber and 
G. Herzberg, Molecular Spectra and Molecular 
Structure, IV. Constants of Diatomic Molecules. 
Van Nostrand Reinhold Co., New York, (1979). 
9. N. C. Pyper, Chem. Phys. Lett. 73, 385 (1980). 
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(1972). 
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2. ELECTRONIC STRUCTURE AND DISSOCIATION CURVES 
FOR THE GROUND STATES OF Tl 2 AND Tl2 + FROM 
RELAT1VISTIC EFFECTIVE POTENTIAL CALCULATIONS 

Phillip A. Christiansen and Kenneth S. Pitzer 

Although dissociation energies and other 
spectroscopic parameters for the ground states of 
most of the group III homonuclear diatomic mole
cules have been determined experimentally,! to our 
knowledge this is not the case for TI2. Based on 
the failure to observe any TI2 signal in Tl vapor 
at approximately 900 K Drowart and Honig, suggest 
an upper limit to the bond energy of Tl 2 of 0.9 eV. 
The only positive experimental data concerning TI 2 

appear to be the spectra of Ginter et al.,3 which 
include emission bands in the range 15,300 to 
16,000 cm'l and absorption bands in the range 
23,000 to 23,500 an"1 for Tl vapor at about 1600 K. 
Unfortunately, for the present, a detailed inter
pretation of the spectra appears unfeasible; and 
there is no assurance that any of these bands 
involve the ground state of Tl 2. There is con
siderable interest in the properties of Tl 2 in 
relation to recent experiments on paTity non-
conservation in transitions in atomic thalliun.4 

Since, for many purposes, it can be considered 
to have only a single valence electron (due to the 
relativistic contraction, the 6s shell is sub
stantially lower in energy), and because of the 
large spin-orbit splitting, almost 1 eV between 
the 6pi/2 and 603/2 spinors, Tl is a particularly 
interesting subject for heavy clement bonding 
studies. Bonding between heavy atoms must be de
scribed in terms of spinors which are usually 
combinations of spin-orbitals of differing angular 
symmetry. This mixing of sigma, pi, etc., spin-
orbitals is the result of the spin-orbit coupling 
as given by the Dirac equation. The thallium 6piy2 

spinor is composed essentially of 6p sigma and pa 
type spin-orbitals with coefficients of JTJ% and 
•/2/3 respectively. One can show that a molecular 
spinor formed as a sun or difference of two such 
atomic spinors on different centers, retaining the 
overall g or u symmetry, must be either sigma-
bonding and pi-antibonding or else sigma-antibonding 
and pi-bonding. For this reason, one would not 
expect the pjyj spinors alone to form substantial 
molecular bonds in Tl 2. Furthermore, in contrast 
to simple molecular orbital theory, this mixture 
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of bonding and antibonding character in our molec
ular spinor model for px/2 bonds makes a prediction 
of the relative stabilities of the bonds in the 
corresponding ions difficult. Thus, it is not 
obvious whether Tl2 + should be more or less strongly-
bonded than TI2. 

Using the relativistic effective potentials and 
basis sets, generated for our T1H studies (the 
mathematical details are given in Refs, 5 and 6), 
potential energy curves were computed for the 
lowest Ot, 0 U, and l u states of TI2 which dissociate 
to grouna state atoms. For the 0 U and l u states, 
these were single configuration calculations. For 
the Op state, this requires two configurations, the 
difference being a double exciterini from a l/2g to 
1/2U spinor. Plots of the disso-., ition curves 
for these three states are shown in Fig. 2. As 
can be seen these curves show very little bonding 
character, and in fact the l u curve shows no mini
mum in this approximation. 

Although there is no clear experimental evidence 
that the TI2 ground state is substantially bound, 
there is evidence that TI2* is stable.7 For further 
comparison, we have computed curves for the lowest 
l/2g and 1/2U states of Tl2 + using single configura
tion wavefunctions. Since no electron pairs are 
formed during bonding, we expect that correlation 
corrections for Tl2 + will be relatively small. 
Plots of these two curves are given in Fig. 3. 
The D e and R~ values are 0.S8 eV and 3.84 A for 
l/2g and 0.06 eV and 3.50 A for 1/2U» respectively. 

Although further correlation corrections will 
certainly increase the well depths for the 0«, Oj}, 
and l u states of TI2 we expect the corrections will 
be fairly small because of the relatively large 
bond lengths and because the molecular spinors are 
distorted only slightly from primitive combinations 
of atomic spinors. (Indeed, further calculations 
on the Oi state using an eight configuration MSCSF 
wavefunction lowered the potential minimum by only 

I80U-. 
5.0 6.0 7.0 8.0 9.0 10.0 11.0 

Bond Length (bohr) 
12.0 13.0 

Fig. 3. Dissociation curves for the lowest l/2„ 
and l/2n states of Tl2+. (XBL 814-8974) 

about 0.01 eV.) Nevertheless, the shallowness of 
the wells and the minimal separation between the 
three curves make impossible for the present any 
detailed conclusions regarding the dissociation 
energies, the locations of the minima, and even the 
relative order of these three states. 

The underlying cause for such weak bonding is 
il lustrated in Fig. 4 where we have plotted the 
potential curves for Ot, 0 U and l u states of TI7 
along with curves for the corresponding ^E+, 
3 - 3 ** 
z„ and n u terms without spin-orbit coupling. 

These la t ter curves were computed as before but 
with the individual P1/2 and P3/?, etc. components 
averaged to eliminate the spin-orbit effect. Thus, 
other re la t iv is t ic effects were retained. The 
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Fig. 2. Dissociation curves for the Og, Og, and l u 

states of Tl? which dissociate to ground-state 
atoms. (XBL 814-8975) 
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£g, Eg and Hu curves have been placed a t t h e 
proper energies with reference t o the t r u e P i / ? 
and 2 P3/2 atoms and our ca l cu l a t ed curves for the 
0" 0* and 3 U molecular s t a t e s . I t i s evident 
t ha t in the absence of the s p i n - o r b i t e f f e c t , TI2 
i s a well-bound molecule in any of the *£*, 3Z~ o r 
X ! u s t a t e s . However, the po t en t i a l minima for these 
s t a t e s a r c well above the energy for a p a i r of 
~P\/2 atoms. JJencc, the absence of s t rong bonding 
in 1I2 appears to a r i s e from the s p i n - o r b i t term 
and is a purely r e l a t i v i s t i c e f f e c t . 

Kith th.e in t roduct ion of the s p i n - o r b i t term, 
the h.*r •5'." and h u s t a t e s y i e l d l g , 0* and 2 U 

r c J a t i v i s t i c s t a t e s in addi t ion t o chc 0* O u , and 
1., s t a t e s which d i s s o c i a t e to ground s t a t e atoms. 
Although we did not compute fu l l p o t e n t i a l curves 
for these add i t iona l s t a t e s , s i n g l e conf igura t ion 
c a l c u l a t i o n s in t h e bonding region indicated t ha t 
the r e spec t ive energies were well above those for 
the lowest t h r e e s t a t e s . However, in view of the 
higher energ ies for t h e i r d i s soc i a t ed atoms, the 
l g , Oy, and 2„ s t a t e s may be more s t rong ly bound 
wi th smaller R c and l a r g e r D e and u. c values than 
for the lower energy s t a t e s . The t e n t a t i v e R e 

values a r e 3 .02 , 3 .26, and 3.30A for the l g , O j , 
and 2 s t a t e s , r e s p e c t i v e l y . 

While we sec poss ib le assignments and, t he r e fo r e , 
no c o n f l i c t with the experimental spec t ra a t t r i b u t e d 
t *n-, ( i t i s not worthwhile t o suggest d e f i n i t e 

i c n t s u n t i l our c a l c u l a t i o n s for exci ted 
. ;, - completed. At t h a t t ime , we expect t o 
d isc i . 1 the spec t r a l i n t e r p r e t a t i o n and 
va r ious a ^ e c t s of t he bonding in these spec ies . 
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3 . PHASE EQUILIBRIA FOR HIGHLY LNSYMMETRICAL 
PLASMAS AND ELECTROLYTES 

Kenneth S. P i t z e r 

The c l a s s i c a l Debye-Huckel equat ion ind ica tes 
s e p a r a t i o n i n t o two phases for a plasma o r 
e l e c t r o l y t e wi th a h igh ly unsymmetrical charge 
p a t t e r n , such as t he s o l a r plasma including h ighly 
ionized i r o n . Pol lock and A lde r 1 showed t ha t t he 
Debye-HUckel equat ion gave t l i i s r e s u l t for s o l a r 

cond i t ions and d iscussed i t s impl ica t ions fo r t he 
s o l a r neu t r ino dilemma. They a l s o noted t h a t Debye-
Huckel theory was not v a l i d for the i r o n - r i c h 
phase; thus a b e t t e r theory i s needed for r e l i a b l e 
p r e d i c t i o n of t he phase behavior o f s o l a r plasma. 

While t he extension of Debye-Huckel theory t o 
be presented below i s approximate, i t i d e n t i f i e s 
t he major co r r ec t i on needed and shows t h a t the 
i nd i ca t i on of phase s epa ra t ion was f a l s e . The 
present theory i s based on c l a s s i c a l ( r a t h e r than 
quantum) mechanics for the t r a n s l a t i o n a l motion 
of the ions ( including d i s soc i a t ed e l e c t r o n s ) ; in 
t ha t domain, no phase s epa ra t ion i s expected. 

In a tivo-component system the p o s s i b i l i t y o f 
phase sepa ra t ion i s determined by the sign of the 
second d e r i v a t i v e of t he Gibbs energy with respec t 
t o the f r ac t ion of one component. Thus we wish t o 
ob ta in for a mixture wi th a fixed t o t a l of N 
p a r t i c l e s 

3

2 G 3 2 G i d

 + 3 V X 

ax ax ax 

where G is the Gibbs energy on an idea l gas (or 
ideal so lu t ion) b a s i s and G** i s t he excess Gibbs 
energy. The ideal term i s always p o s i t i v e , and i f 
i t dominates, no phase s epa ra t ion i s p o s s i b l e . But 
i f t he second d e r i v a t i v e of the excess Gibbs energy 
becomes s u f f i c i e n t l y n e g a t i v e , i t may exceed the 
p o s i t i v e value of the idea l term and separa t ion 
into two phases may occur . 

I t proves e a s i e r t o d i s cus s i n i t i a l l y the excess 
i n t e r n a l energy E e x . One then c a l c u l a t e s the 
excess Helmhol2 energy by i n t e g r a t i n g t h e thermo
dynamic r e l a t i o n s h i p [3(A/T) /3(1/T) Iv = £ f r o m z e r o 

in 1/T to the f ina l va lue and t h e r e a f t e r one adds 
the term VP = -V(DA/3V)x t o obta in G. 

The r a d i a l d i s t r i b u t i o n funct ions provide t h e 
bas i s for understanding the present problem. The 
excess i n t e r n a l energy of t he system i s given by 
the equation 

E™ - 2 ' V ^ c . C j jT u J j g i j r 2 d r CZ) 

where c^ , Cj a re the concent ra t ions of t he p a r t i 
cu la r species and V i s the t o t a l volume for N 
p a r t i c l e s . Also u j j i s the i n t e r p a r t i c l e p o t e n t i a l , 
in t h i s case the coulombic p o t e n t i a l z iz j e ^ / r ^ j . 
While Debye and Huckel developed t h e i r theory in 
o the r terms, i t may be r e s t a t e d in t h i s form wi th 
the r e s u l t s 

gt. = 1 - ( Z j Z ^ / W H e ' ^ / r ) (3) 

K 2 = (4ire 2/kT) £ Z i

2

C i (4) 

E e x = G e x = I a v < 3 / l g i T ^ 

This expression for g^j i s a l i n e a r approximation 
of a Boltzmann exponential in which the exponent 
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is the last term in Eq. (3). Thus, the simple 
Debye-Httckel treatment fails i f this exponent 
becomes larger than one for any appreciable range 
in r . 

For the solar plasma, i t is reasonable to assume 
that the iron is +24, i . e . , retaining only the pair 
of Is electrons undissociated, but the exact degree 
of ionization is not important. We also assume 
T = 1.7 x 107 K (1.5 keV) and P = 10$ Mbar. The 
radial distribution functions on a Debye-Huckel 
basis are shown on Fig. 5. The H*-e", H+-H+, and 
e"-e" functions depart only slightly from unity and 
are omitted. The Fe + 2 4 -e~ and Fe + 2 4 -H + functions 
exceed 2 and drop below zero, respectively, only 
at small r; hence, the error in these cases is 
moderate. However, the Fe + 2 ' '-Fe +24 function becomes 
large and negative over a major range in r, and 
this leads to a large and spuriously negative value 
of the integral in Eq. (2) for this term. A nega
tive value of gjj i s , of course, physically impos
sible, and i t arises only from the linear approxi
mation in Eq. (3). 

At very low concentration of iron, the factors 
cp e in Eq. (4J and c j in Eq. (2) are so small 
that l i t t l e error is contributed by the Fe-Fe terms 
to the reciprocal length K or the total excess 

energy in Eq. (5). However, the second derivative 
with respect to the fraction iron essentially 
removes the c£ factor, and that term assumes full 
importance in comparison with the other terms in 
Eq. (2). A greatly improved approximation is 
obtained by a simple substitution of zero for the 
false negative value of g. Thus, if g^j is zero 
at r j , - , the corrected excess internal energy 
becomes 

1 J n 
(6) 

where the integral covers only that region where 
g. . < 0. 

In view of the approximate nature of this basic 
procedure, approximations were made in the expres
sion for r ' and in the conversion from E c x to G c x , 
but i t was verified that these approximations 
would not significantly affect the final results. 
While the cm-ve D-H on Fig. 6 for the simple Debyc-
Huckcl equation shows a negative curvature from 
small x up to about 0.4 or 0.5, the "corrected" 
curve shows a substantial positive curvature across 
the entire composition range. Thus no phase sep
aration is expected. Certain other approximations 
were explored and are discussed in the report of 
this work2 but do not affect the over a l l conclusion. 

Fig. 5. Radial distribution functions in solar 
plasma according to classical Debye-Hiickel theory. 
The negative regions are physically impossible and 
are removed in the corrected calculation. 

(XBL 814-8973) 
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Fig. 6. The Gibbs energy for iron-hydrogen plasma 
under solar conditions. The curves are explained 
in the text. (XBL 814-8978) 
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1. E. L. Pollock and B. J . Alder , Nature 275, 
41-43 [1978). 
2. K. S. P i t z e r , Proc. Nat. Acad. Sc i . 77, 3105 
(1980), LBL-10590. 

4. DISSOCIATION KNERCII-S OI: MOLECULES WITH VERY 
HEAVY ATOMS FROM MASS SPECTROMETRY 

Kenneth S. P i t zc r 

The d i s s o c i a t i o n energies of many molecules 
inc lud ing heavy atoms have been measured by mass-
spcct roinct r ic methods. In the " t h i r d law'1 method 
of t r e a t i n g t he d a t a , t he p a r t i t i o n functions a rc 
r equ i red . Thus, the e l e c t r o n i c p a r t i t i o n function 
of the molecule i s needed. For molecules with 
very heavy atoms, r c l a t i v i s t i c e f f e c t s y i e ld la rge 
s p i n - o r b i t s p l i t t i n g s and in some cases t h i s reduced 
the e l e c t r o n i c p a r t i t i o n function by a s i g n i f i c a n t 
fac tor . This i s i l l u s t r a t e d below for the two 
cases Pb;?1 and B i L i 2 . 

In each of these c a s e s , l i g h t e r analogs Si2 and 
SbH have 3 £ " ground s t a t e s ; hence, t he assumption 
inadel»2 0 f a n e l e c t r o n i c m u l t i p l i c i t y of 3 was 
reasonable , prima f a c i e . However, for Bill, i t i s 
known^ t h a t the J = 1 component of *E i s 4917 cm 
higher in energy than the J = 0 component. Thus, 
the case c or r c l a t i v i s t i c no ta t ion 1 and 0 + i s 
more app rop r i a t e , and t h e r e i s a s i n g l e 0 + ground 
s t a t e . Even a t the temperature of experiment, 
1100 K, t he popula t ion of t he doubly degenerate 1 
s t a t e i s l e ss than U . This s p i n - o r b i t s p l i t t i n g 
i s e s s e n t i a l l y a proper ty of the bismuth atom, and 
i t should not be much d i f f e r e n t in BiLi. Thus the 
e l e c t r o n i c p a r t i t i o n function should be reduced 
from 3 t o 1 and the function - ( G T - H£)/T reduced 
by R In 3 . The e f fec t of t h i s change i s shown in 
Table 2 which inc ludes both the o r i g i n a l and r e 
vised values of iA\° of d i s s o c i a t i o n from the t h i r d 

law. In a d d i t i o n , t he temperature dependence o f 
t he equi l ibr ium cons tant y i e l d s a l e s s p r e c i s e 
value of AH a t the temperature of t he experiment, 
and t h i s can be converted t o zero Kelvin. This i s 
ca l l ed the second law r e s u l t and i s not af fected 
by t h i s change i n molecular parameters . While t h e 
2nd law value for BiLi s t i l l d i f f e r s from the more 
p r e c i s e 3rd law value by more than the apparent 
u n c e r t a i n t y , the dev ia t ion i s reduced by 10 kJ 
mol"l by t h e use of the co r r ec t e l e c t r o n i c m u l t i 
p l i c i t y . 

In the case of Pb2, t h e r e are recent spec t ro 
scopic data from Bondybey and E n g l i s h 4 which con
firms the ground s t a t e as 0^ , a s i n g l e s t a t e . 
While there i s no e x p l i c i t va lue for the energy of 
e x c i t a t i o n to the lg s t a t e ( the o the r component of 
3;:"), i t i s expected t o be comparable t o the sp in-
orBit s p l i t t i n g ( 3 P j - 3 P Q ) in t he atomic s p e c t r i n , 
7819 c m - 1 . Thus, i t i s expected t h a t the l g 

populat ion a t 1000 K w i l l be n e g l i g i b l e . For Pb;?, 
t he re i s a l s o a small r e v i s i o n 4 in the v i b r a t i o n * 
frequency, 110 ins tead of 119 cm~*. These two 
changes y ie ld t he r e s u l t s shown in Table 2 . The 
t h i r d law r e s u l t for Pb2 now agrees very well with 
the second law value and gives much g r e a t e r 
assurance of the cor rec tness o f the new se l ec t ed 
va lue of 83 ± 1 kJ/mole (0.86 i 0.01 eV). 

S imi la r ly large s p i n - o r b i t s p l i t t i n g s may be 
expected for o ther molecules with very heavy atoms; 
t h u s , one should be caut ious in adopting the 
e l e c t r o n i c p a r t i t i o n function of a l i g h t e r analog. 

1. K. A. Gingerich, D. L. Cooke, and F. M i l l e r , 
J . Chem. Phys. 64, 4027 (1976). 
2. A. Neubert,~FI. R. I h l e , and K. A. Gingerich, 
J . Chem. Phys. 73, 1406 (1980). 
3 . K. P. Huber and G. Herzberg, "Molecular Spectra 
and Molecular S t r u c t u r e IV. Constants of Diatomic 
Molecules ," Van Nostrand Reinhold, New York (1979). 
4. V. E. Bondybey and J . H. Engl ish , J . Chem. Phys. 
67, 3405 (1977). 

Table 2. Revision of t he d i s s o c i a t i o n energies of Pb ? and BiLi. 

Pb. BiLi 

Approximation temperature 

Original AHJ of diss. (3rd law) 

Revised &HQ of dissoc. (3rd law) 

ss. 

Selected value 

Selected value in eV 

1000 1100 K 

74 ± 1 135.7 ± 1.1 kJ mol 

82.5 ± 1 145.7 ± ? kJ mol 

84 ± 2 160 + 7 kJ mol 

83 ± 1 150 * 5 yj mol 

0.86 ± .01 1.55 ± 0.05 eV 
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RESEARCH PLANS TOR CALENDAR YEAR 1981 

The r e l a t i v i s t i c quantum chemistry program for 
molecules including very heavy atoms w i l l be ex
tended from diatomic molecules to polyatomic 
molecules with non- l inea r s t r u c t u r e s . This w i l l 
allow more meaningful models of c a t a l y t i c behavior 
to be explored in addi t ion to s t a b l e molecules. 
While t h i s extension of ca l cu l a t i ona l methods wil l 
be the most important ob jec t ive for next year, 
fur ther c a l cu l a t i ons wi l l be ca r r i ed out for 
d i a t o n i c molecules of p a r t i c u l a r i n t e r e s t . 
R e l a t i v i s t i c e f f ec t s were shown t o g rea t ly reduce 
the bonding between atoms of T l , but fur ther work 
is needed t o y i e ld firm p red i c t i ons of the e x c i f d -
s t a t e as well as ground-s ta te p r o p e r t i e s of Tl?-
The diatomic molecules Pb? and Pt? a re a l so of 
g rea t i n t e r e s t and c a l c u l a t i o n s for one or both 
of them are planned. There is nov-. a great in te res t 
in the r e l a t i v e l y small r e l a t i v i s t i c ef fec t in the 
energy d i f fe rence between s i n g l e t and t r i p l e t 
methylene. We hope t o handle t h i s problem by more 
approximate methods of su f f i c i en t accuracy where 
no heavy atoms a r e involved. 

An experimental program was i n i t i a t e d in 19H(> 
for measurement of t he thermodynamic p rope r t i e s of 
extremely concentrated aqueous e l e c t r o l y t e s , 
including systems cont inuously misc ib le to the 
fused s a l t . The appara tus , now nearing completion, 
wi l l be t e s t ed and probably modified to overcome 
unexpected problems. Measurements on systems nf 
p a r t i c u l a r i n t e r e s t wi l l then proceed, hopefully 
in t he l a t t e r pa r t of 1981 and continue in to li><s;. 
Exploratory s tud i e s for improved t h e o r e t i c a l 
methods for these systems wi l l a l so be ca r r i ed 
forward as time al lows. These extremely con
cen t ra ted systems have received very l i t t l e 
a t t e n t i o n , hence t h e i r explora t ion is of consider
able s c i e n t i f i c i n t e r e s t . They arc relevant to the 
behavior of concentrated br ines of geological or 
i n d u s t r i a l s i gn i f i cance . Related aqueous e l e c t r o 
ly te research for systems of more moderate concen
t r a t i o n wi l l continue with support from the 
geoscience program *n the Earth Sciences Uivision 
at LBL. 

1980 PUBLICATIONS ANT' REPORTS 
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e. Chemical Dynamics Studies* 

Bruce H. Mahan, Yuan T. Lee, and John S. Winn, 
Investigators 

1 . OITICAL SPIiCTRIJM AND KAMATIVT. LIFETIME OH 

si.vf;i.irr o r 
Bruce H. Malian and Anthony O'Keefe 

Highly r e a c t i v e , small organic ca t ions are 
of great s ign i f i cance in both as t rophys ica l 
processes and combustion chemistry. Such species 
a re extremely d i f f i c u l t to study under con t ro l l ed 
labora tory cond i t ions , and information about thorn 
is fragmentary and often con t rad ic to ry . Our re 
cen t ly completed s tud ies of Gl + and CD+, using 
l a s e r induced f luorescence ( U l \ ) , have produced 
a s i g n i f i c a n t amount of unambiguous information 
about these i ons . 

Hie apparatus used in tJiese s tud i e s lias been 
descr ibed in d e t a i l e lsewhere .1 The ions were 
produced through the e l ec t ron impact i on iza t ion 
and d i s s o c i a t i o n of CH4 and CD4. The CH+(CD+) 
produced in t h i s fashion c o n s t i t u t e s - 5% of the 
t o t a l ion product , n e c e s s i t a t i n g high mass s e 
l e c t i v i t y in our s t u d i e s . The A*!] *• X l l + system 
of the ion was s tud ied under c o l l i s i o n - f r e e con
d i t ions using a pulsed dye l a s e r with a shor t 

1C nsecj pulse dura t ion . Although t h i s sys-
U'" has been seen in op t i ca l emission s t u d i e s , 
only the lowest few r o t a t i o n a l l eve l s have been ob-
K-rveJ. The LIT- s tud ies discussed here detected 
riajiy r o t a t i o n a l components and have r e s u l t e d in 
3i\ accura te determination of e l e c t r o n i c term 
values for t h i s system. Representa t ive po r t ions 
0? the (0,0) bands for both 01* and CD* are sham 
iri F igs . 1 and 2 r e s p e c t i v e l y . The l ines have 
boon marked according to t h e i r p o s i t i o n in the P, 
Q, or R branch of the band. Molecular cons tan ts 
were obtained from these da ta for both CH+ and 
CD*. 

The shor t durat ion of the pumping l a s e r 
pu lse permits an unambiguous determination of 
the r a d i a t i v e l i f e t ime of t he A l rI s t a t e of the 
ion. We have measured the r a d i a t i v e l i f e t ime of 
the v = 0 l eve l of the Alii s t a t e for both Of1" 
and CD*. The r e s u l t s for the CH+ bandhead shown 
i n F ig . 3 a re s i g n i f i c a n t l y l a r g e r than those ob
ta ined by less r e l i a b l e experimental techniques^ 
but a r e in good agreement wi th ab i n i t i o ca l cu la 
t i o n s . 5 

1. F. J . Grieman, B. H. Mahan, A. O'Keefe, and 
J . Winn, "Discussions of t he Faraday S o c i e t y , " 
No. 71 [1981). 

This work was supported by t he D i r e c t o r , Office 
of Energy Research, Office of Basic Energy 
Sciences , Chemical Sciences Divis ion o f t he 
U. S. Department of Energy under Contract No. 
W-7405-ENG-48. 

Fig. 1. LIF spectrum of the (0,0) band of t he 
A-X system of CH*. (XBL 808-11411) 

2. A. E. Douglas and G. Herzberg, Can. J . Res. 
20. 71 (1942). 
5. A. Antic"-Jovanovie*, W. Bojovic", D. S. Pesic", 
and S. Weniger, J . Mol. Spec. 75 , 197 (1979). 
4 . P. Erman, Ap. J . 213, L89"7l977). 
5. M. Yoshimine, S. Green, and P . Thaddeus, Ap. 
J . 183, 899 (1973). 
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Fig. 2 . LIF spectrum of the (0,0) band of the 
A-X system of CD*. (XBL 808-11413) 
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C'H* 
Decoy of A (n(v*0> 
L.I.F. From R 3 Line 
of the A-X Transition 

Lifetime = 315 £ 25 nsec 
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/^ 

Pig . 3. Semilogaritlimic p lo t of the f luorescence 
i n t e n s i t y vs time for CH+ Aln v = 0. F i 4 < P o r t i o n s o f ^ ( 7 7 ) ^ ( 4 5 ) b f f l l d s o f 

(XBL SU8-114ICJJ ^ C X B L a 0 8 . n 4 1 2 ) 

2. INTERNAL STATE DISTRIBUTION OF ELECTRON IMPACT 
IONIZED C0 + 

Bruce H. Mahan and Anthony O'Keefe 

Within energy c o n s t r a i n t s , the d i r e c t e l e c 
t ron impact i o n i z a t i o n of a molecule w i l l popu
l a t e many v i b r a t i o n a l and e l e c t r o n i c l eve l s of 
the r e s u l t i n g ion . For most ion-molecule reac
t i o n s t u d i e s , t h e e x c i t e d e l e c t r o n i c s t a t e popula
t ions of t he r e a c t a n t ion can be e a s i l y monitored, 
but exc i t ed v i b r a t i o n a l s t a t e populat ions are 
much more d i f f i c u l t t o a s c e r t a i n . The use of 
l aser - induced f luorescence t o probe popula t ion 
d i s t r i b u t i o n s of ground o r metas table e l e c t r o n i c 
s t a t e s p re sen t s a convenient approach t o t h i s 
problem. 

We have measured the r e l a t i v e populat ions 
for seve ra l v i b r a t i o n a l l eve l s of C0 + produced 
by e l e c t r o n impact i o n i z a t i o n . Most v i b r a t i o n a l 
popula t ion of the X 2 E + s t a t e r e s u l t s d i r e c t l y 
from the i on i za t i on and follows a r e g u l a r Franck-
Condon p r o f i l e . A s i g n i f i c a n t f r a c t i on of the ion
i z a t i o n leaves the CO* in t he f i r s t exc i t ed e l e c 
t r o n i c s t a t e , 2 n . This populat ion i s spread out 
over s eve ra l v i b r a t i o n a l l eve l s and quickly f luo
resces t o the X 2 £ + s t a t e . The d i s t r i b u t i o n r e 
s u l t i n g from t h i s cascading should be r a t h e r broad, 
based, upon c a l c u l a t i o n s of branching r a t i o s for t he 
f luorescence .* 

We have used our ion t r a p t o confine C0 + under 
c o l l i s i o n free condit ions and have s tud ied the 
v i b r a t i o n a l s t a t e d i s t r i b u t i o n us ing l a s e r i n 
duced f l u o r e s c e n c e . 2 We have found a s u b s t a n t i a l 
popula t ion r e s id ing in high v i b r a t i o n s of the 
X2Z* s t a t e . The r e l a t i v e i n t e n s i t i e s of t he ob
served bands can be used to map out the e n t i r e 
popula t ion d i s t r i b u t i o n i f they are sca led by 
known or ca lcu la t ed Franck-Condon f a c t o r s . Por
t i ons or two bands observed, the (7,7) and (4 ,5) 
bands, a r e presented i n Fig. 4. Nei ther of these 
bands has been observed i n previous emission s tud i e s 

i n d i c a t i n g t h a t much of t he popula t ion in these 
l eve l s r e s u l t s from the d i r e c t i o n i z a t i o n p r o c e s s . 

1. R. F. Holland and W. B. Maier I I , J . Chem. 
Phys. Sf£, 5229 (1972). 
2. J . S. Winn, In p r e s s : "Molecular Ions : 
E lec t ron ic and Geometric S t r u c t u r e , " Proceedings 
of t h e NATO Advanced Study I n s t i t u t e (1981). 

3. C0LLIS1QNAL HEATING OF ROTATIONAL STATES OF 
N 2

+ 

Bruce H. Mahan and Anthony O'Keefe 

Conventional high pressure ion sources and 
flow tube systems make use of t he many c o l l i s i o n s 
an ion o r r a d i c a l experiences to help r e l a x any 
exc i t ed e l e c t r o n i c , v i b r a t i o n a l , and r o t a t i o n a l 
s t a t e s the ion may possess . Active ion s to r age 
dev ices , such as an r f t r a p , have been shown t o 
d r ive t he motion of the contained ion- . Recent 
s t u d i e s of ions i n a t r a p of t h e type used i n our 
lab revea led a ve loc i t y d i s t r i b u t i o n c o n s i s t e n t 
with a t r a n s l a t i o n a l temperature of s e v e r a l 
thousand degrees Kelvin .1 We have u t i l i z e d t h i s 
dr iven motion t o i n t e r n a l l y e x c i t e molecular ions 
by inducing c o l l i s i o n s wi th an i n e r t buf fer gas . 
To monitor the e f f ec t of c o l l i s i o n s on the r o 
t a t i o n a l and v i b r a t i o n a l d i s t r i b u t i o n s , we record 
l ase r - induced f luorescence s p e c t r a of an ion as a 
funct ion of buf fer gas p r e s s u r e . 

A convenient system t o study t h i s e f f e c t wi th 
i s t he N2 ion , us ing the B 2£ - X2E t r a n s i t i o n as 
a monitor . This e l e c t r o n i c t r a n s i t i o n has been 
s tud i ed p rev ious ly ;2 and, under c o l l i s i o n - f r e e 
c o n d i t i o n s , t h e r o t a t i o n a l temperature of t h e 
t rapped ions i s e s s e n t i a l l y room teiqperature 
(300 K), The v i b r a t i o n a l temperature i s apparen t ly 
much h i g h e r , r e f l e c t i n g t he Franck-Ccndon over lap 



264 

of the ion with the ground state neutral molecule. 
The effect of collisions of the N?+ with Ar is 
seen in Fig. 5, where a, b , c, and d correspond to 
0, 5, 25, and 50 collisions, respectively. Be
cause the ions possess a large amount of transla-
tional energy, the usual estimates of ion-molecule 
collision rates are not accurate, and the col
lision numbers cited above provide only upper 
bounds to the true value. 

The presence of a long sought E+ state of 
N£+ has been recently cited as the cause of a 
reported perturbation in several high rotational 
levels (N1 = 30, 3XJ of the B2£ s t a t e . 3 Using 
the collisional heating effect, we have been able 
to pump substantial population into the levels in 
(luation. Our studies'! demonstrate that there i s , 
in fact, no significant perturbation present which 
cannot be attributed to other causes. 

Work is in progress to study this heating 
effect in other molecular ions, especially W* 
which, while isoclectronic, is not homonuclear. 

365 392 
Wavelength (nm) 

Fig. 5. LIF spectra of N2+ B2Z - X2Z (0,0) band. 
Figures a, b, c, and d show the rotational dis t r i 
bution of N2 after 0, 5, 25 and 50 collisions 
respectively. (XBL 8011-7450) 

1. R. D. Knight and M. H. Prior, J . Appl. phys. 
50, 3044 (1979). 
2T F. J. Grieman, "Laser Induced Fluorescence of 
Trapped Molecular Ions," Ph.D. thesis, 
LBL-10021 (1979). 
3. J . Dufayard, thesis, L'Uhiversite Scientifique 
et (.fedicale de Grenoble (1977). 
4. B. H. Mahan and A. O'Keefe, LBL-12026. 

4. ELECTRONIC STATE COMPOSITION OF ION BEAMS 

Bruce II. Mahan and Steven G. Hansen 

Open shell atomic and molecular ions are 
often produced under ionizing conditions that lead 
to excited electronic s ta tes , many of which are 
optically metastable. Collision studies that use 
ion beams produced by such conditions cannot be 
properly interpreted without knowledge of the ex
tent of such electronic excitations. As described 
in previous reports from this group, we have used 
beam attenuation measurements to analyze ion state 
compositions. This technique relys on the dif
ferences in diarge transfer cross sections between 
different electronic states. 

We have recentlyl extended these analyses by 
measuring, not only attenuations, but also the 
total luminescence produced by an ion beam tra
versing a scattering gas. An example of the type 
of data obtained in these experiments, is shown 
in Fig. 6. This figure shows plots of total 
luminescence (normalized to the total beam current) 
versus lab energy for 0+ ions traversing a scat
tering cell of, respectively, CO, N2O, and H2S. 
The 0 + was produced either by electron impact on 
C02(X) or by a microwave discharge through 02 
(circles). The relevant states of 0+ are the 4s 
ground state and the 2D metastabij s ta te . With 
CO and N2O, the charge transfer reaction from 
0*('D) to low-lying vibrational levels of the ex
cited ions C0+ (A2TI) and N20+(A). For H2S, charge 
exchange from the ground state of 0* to the ex
cited state of h^S* is more favorable. Attenua
tion measurements had shown previously that the 
microwave discharge source produces ground state 
O* almost exclusively, while the electron impact 
source produces a significant amount of 0 +( 2D). 
The data in Fig. 6 are consistent with our expecta
tions as to the relative amounts of these s ta tes . 

This method was used in a similar fashion to 
probe the electronic state composition of F* 
beams. Ground state F+, 3p> j s separated by 2.5 
eV from a metastable !D state and by 5 eV from 
a metastable Is s ta te . Total luminescence studies 
from various gases, suranarized in Table 1, indicate 
indicate that a l l sources produce ground state F+ 
almost exclusively. 

1. S. G. Hansen, Ph.D. thesis, LBL-11208. 
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];ig. 6. Plot of total luminescence in thousands of photons/sec/nA of 
beam current vs lab kinetic energy for 0 + produced by electron impact on 
CC>2(x) and microwave discharge (circles) through 02 using CO, N?0, and 
H 2S as collision partners. (XBL 807-10772) 

Table 1. Total luminescence intensity measured for the indicated ions 
colliding with the indicated collision partners' at 25 el". 

The values are normalized. 

160 Electron Impact On 

CF„ NT, SHA 

u Wave + + 

Discharge Ne 160 eV Ar 100 ev 
CF.:N0 2:1 I-lcc. Impact Elec. Iinpact 

N2 9.4 9.6 8.6 10.7 6.0 0.9 
coz 96 98 98 92 9.7 0.2 
CO 63 64 65 64 1.2 5.2 
C?H2 

4.1 4.9 3.8 - - -
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RESEARCH PLANS FOR CALENDAR YEAR 1981 

We have begun s tud i e s of the fragmentation 
processes important in the product ion of Ql*. 
Using i so tope enr iched r eac tan t molecules , we plan 
t o i n v e s t i g a t e the energy d i sposa l pathways t h a t 
play important ro l e s in the formation of t h i s ion . 
In a d d i t i o n , we w i l l a t tempt to monitor the r e 
s idence l i fe t i ine of ions in our t r ap as a func
t i o n of v i b r a t i o n a l l e v e l . Such da ta w i l l pro
vide information on both the n a t u r a l l i f e t ime of 
e x c i t e d v i b r a t i o n s i n molecular ions and on the 
v a r i a t i o n i n r e a c t i v i t y of the ion with v i b r a t i o n a l 
e x c i t a t i o n . 

Work has begun in the r eac t ion dynamics of 
S + with D"2. The r eac t i on S + (D 2 ,U) SD+ i s 0.9 eV 
endothermic but should have dynamical fea tures 
i n common with the well s tud ied 0*(H2,H)QH* sys
tem. Prel iminary r e s u l t s show a d i r e c t mechanism 
producing SD + but with a lower c ross - sec t ion than 
t h a t seen in the 0 + system. The r e l a t i v e ve loc i t y 
o r c e n t e r l i n e d i s t r i b u t i o n of SD+ shows a maximum 
near the s p e c t a t o r s t r i p p i n g v e l o c i t y . Non-reac-
t i v e S + s c a t t e r i n g by D 2 appears to be very e l a s t i c 
in n a t u r e . These and o the r aspects of t h i s system 
w i l l be in i ' e s t iga ted fu r the r . 
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LBL Reports 

1. F. J . Grieman, B. H. Mahan, A. O'Keefe, and 
J . S. Winn, "Laser Induced Fluorescence of Trapped 
Molecular Ions : The Of1' A -̂II + Xlz + System," In 
p r e s s : Discussions of the Faraday Society No. 71 , 
LBL-11534. 

2. B. H. Mahan and A. O'Keefe, "Rota t iona l Exc i ta 
t i on and Radiat ive Lifetimes of N 2 V LBL-12026. 

3 . F. J . Grieman, B. H. Mahan, and A. O'Keefe, 
"The Laser Induced Fluorescence Spectrum of Trapped 
BrCN Cat ions , " In p r e s s : J . Chem. Phys . , 

4 . Steven George Hansen, "Ion-Molecule I n t e r 
act ions in Crossed Beams," Ph.D. t h e s i s , 
LBL-11208. 

Invi ted Talks 

1. F. J . Grieman, B. H. Maha.i, A. O'Keefe and 
J . S. Winn, "Laser Induced Fluorescence Studies of 
Mass Selec ted Molecular I o n s , " T h i r t y - f i f t h 
Symposium on Molecular Spectroscopy, Ohio S t a t e 
Univers i ty , Colunbus, OH, June 16-20, 1980. 

2. B. J . Mahan, A. O'Keefe, and J. S. Winn, 
"Laser Induced Fluorescence Studies of CH+ (CD*) 
Aljl *• Xlz*," T h i r t y - f i f t h Symposium on Molecular 
Spectroscopy, Ohio S t a t e Univers i ty , Columbus, OH, 
June 16-20, 1980. 
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f. Theory of Low-Energy Atomic and Molecular Collision Processes* 

William H. Miller, Investigator 

1. COLLISION INDUCED ABSORPTION SPECTRA FOR GAS 
PHASE CHEMICAL REACTIONS IN A HIGH POWER IR LASER 
FIELD+ 

Ann E. Orel and William H. M i l l e r 

Our e a r l i e r work 1 has shown how high power 
inf rared l a s e r s can a f fec t t he mechanics of reac
t i v e c o l l i s i o n s , for example, of the type A + BC -* 
AB + C. This work i nves t i ga t e s another aspect of 
t h i s c o l l i s i o n induced absorpt ion (CIA) p roces s , 
namely, t he absorpt ion spectrum of the l a s e r which 
r e s u l t s from the c o l l i s i o n a l system. For systems 
which absorb only during the r e a c t i v e c o l l i s i o n 
p rocess , observat ion 01 t h i s CIA i s e s s e n t i a l l y an 
" in f ra red spectroscopy of the t r a n s i t i o n s t a t e , " 
the observat ion and a n a l y s i s of which would provide 
d i r e c t information about the r e a c t i o n mechanics in 
the t r a n s i t i o n s t a t e region of the p o t e n t i a l energy 
sur face . 

Calcula t ions were c a r r i e d out using a prev ious ly 
developed c l a s s i c a l model- for t r e a t i n g the molecu
la r and the l a s e r systems in a dynamically cons is 
t en t way. Examples of d i r e c t and of complex-
forming r eac t i ons were s t u d i e d , and the c o l l i s i o n -
induced absorpt ion spec t r a show s i g n i f i c a n t 
d i f fe rences between the two r e a c t i o n s . All c a l 
cu l a t i ons were ca r r i ed out on a Harr i s 51ash Four 
minicomputer funded by a National Science Foundation 
Grant CHE79-20181. 

e l e c t r o n i c degrees of freedom of the molecular 
system and those of the l a s e r i t s e l f . This makes 
numerical c a l c u l a t i o n s r e l a t i v e l y easy wi th in a 
c l a s s i c a l t r a j e c t o r y approach. 

The s p e c i f i c system inves t iga ted i s a c o l l i n e a r 
model of the following laser- induced r e a c t i o n 

Figure 1 shows the r eac t ion p r o b a b i l i t y ca lcu la t ed 
for t h i s reac t ion as a function of i n i t i a l t r a n s -
l a t i o n a l energy. The dot ted l i n e is the r e s u l t 
wi th no l a s e r p r e s e n t , and one sees that the 
reac t ion has a c l a s s i c a l threshold of - 3 . 8 eV. 
The o the r curves are the r e s u l t s obtained with a 
l a s e r , and one sees t ha t the r eac t ion i s affected 
d ramat i ca l ly . The s t r u c t u r e in the laser - induced 
cross s ec t ion can be explained in terms of a simple 
Franck-Condon argument. Al l c a l c u l a t i o n s were 
ca r r i ed out on a Harr is Slash Four minicomputer 
funded bv a National Science Foundation Grant 
QE79-20181. 

Brief vers ion of J . Chem. Phys. 72, S139 (1980). 
1. A. E. Orel and W. H. M i l l e r , CTiem. Phys. Le t t . 
47, 562 (1978); J . Chem. Phys. 70, -1393 (1979). 
77 See , for example, E. Bar-Ziv, and S. Weiss, 
J. Chem. Phys. 64, 241, 247 (1976). 

2. CLASSICAL MODEL FOR LASER-INDUCED ELECTRONICALLY 
NON-ADIABATIC COLLISION PRQCESSESt 

Ann E. Orel and William H. .Miller 
,1 The c l a s s i c a l model we have developed (and 

app l i ed 2 ) for t r e a t i n g the i n t e r a c t i o n of IR l a s e r s 
with the heavy p a r t i c l e mechanics of molecular 
systems has been general ized t o incorporate 
e l e c t r o n i c a l l y non-adiaba t ic processes induced by 
v i s i b l e l a s e r s . This i s a "completely c l a s s i c a l " 
model because, not only a r e t he heavy p a r t i c l e 
degrees of freedom ( i . e . , t r a n s l a t i o n , r o t a t i o n , 
and v ib ra t ion ) modeled c l a s s i c a l l y , but so a r e t he 

This work was supported by t h e Di rec to r , Office of 
Energy Research, Office o f Basic Energy Sc iences , 
Chemical Sciences Divis ion of the U.S. Department 
of Energy under Contract No. W-7405-ENG-48. 

F ig . 1. Total r eac t i on p r o b a b i l i t y for H + LiF -> 
HF + Li a s a funct ior of the i n i t i a l t r a n s l a t i o n a l 
energy E t r , from a q u a s i c l a s s i c a l t r a j e c t o r y c a l 
c u l a t i o n . LiF i s i n i t i a l l y i n i t s ground v i b r a 
t i o n a l s t a t e . The dot ted curve i s t h e l a s e r - f r e e 
r e s u l t . The o the r two curves a r e for a l a s e r 
frequency hw = 6.2 eV, the l a s e r power being such 
t ha t VQI^O = 0-01 eV ( s o l i d curve) and 0.008 eV 
(dashed cu rve ) . (XBL 802-8045) 
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Brief vers ion of J . Chem. Phys. 73, 241 (1980). 
1. W. H. M i l l e r , J . Chem. Phys, 69, 2188 (1978). 
2. A. E. Orel and IV. H. M i l l e r , CEas. Phys. Le t t . 
57, 362 (1978); J . Chem. Phys. 70, 4393 (1979); 
Tb'id. ( to be pub l i shed ) . 

th resho ld of t he r e a c t i o n , i . e . , t he "zero poin t 
energy cor rec ted" b a r r i e r h e i g h t . 

One sees t h a t unimolecular r a t e s as f a s t as 10 s 

s e c - 1 can occur a t energ ies ^ 8 kcal/mole below the 
c l a s s i c a l th resho ld . All c a l c u l a t i o n s were c a r r i e d 
out on a Har r i s S lash Four minicomputer funded by 
a Nat ional Science Foundation Grant CHE79-20181. 

1. REACTION PATH MODEL FOR TUNNELING IN THE 
I ISC * HCN UNIMOLtCULAR ISOMER IZATION1" 

Stephen K. Gray, William 11. M i l l e r , Yukio Yamaguchi 
and Henry F. Schacfer I I I 

The recent ly developed r e a c t i o n path llamiltonian 
model^ is applied to the unimolecular i somerizat ion 

Brief ve r s ion of J . Chem. Phys. 73, 2733 (1980). 
1. W. II. M i l l e r , N. C. Handy, and~J. E. Adams, 
J . Chem. Phys. 72, 99 (1980). 
2 . W. II. M i l l e r , J . Am. Chem. Soc. 101, 6180 
(1979). 

HXC •* NCN 

The reaction path, and the energy and force constant 
matrix along it, are calculated at the SCF level 
with a large ("double zcta plus polarization") 
basis set. The microcanonical rate constant k(E) 
Tor the reaction is computed within the "RRKM plus 
tunreling" model^ in the energy region near and 
beloi-' the classical threshold. 

Figure 2 shows k(E) as a function of energy E 
relative to the classical barrier height V Sp. The 
arrow on the energy scale indicates the classical 

lO 1 0 

3 10' 

1 r | — i " ' I I - I ' • I 

-

\ / 
classical 
threshold 

-

1 1 1 i i i i J . i 

I0 6 -

, w O 2 4 6 L 
E - V s p (teat/mole) 

Fig. 2. Microcanonical rate constant for zero total 
angular momentum for the reaction HNC -*• HCN, as a 
function of total energy relative to the barrier 
height. The classical threshold, which is indi
cated, includes the effect of zero point energy of 
the transition state; i.e., it is the vaiue E = 
V s p + 1/2 [hw2(0) + hu 2(0)]. (XBL 806-9866) 

4. MODEL STUDIES OF M3DE-SPECIFICITY IN 
UNIMOLECULAR REACTION DYNAMICS* 

Boyd A. Waite and William H. Miller 
Essentially exact quantum mechanic .1 «. ilculations 

are carried out to determine the energies ^nd life
times of the quasi-bound states for a system of two 
(non-linearly) coupled oscillators, one of which is 
harmonic, the other being able to dissociate. For 
weak coupling the system displays mode-specificity, 
i.e., the unimolecular rate constants are not a 
raonotonic function of the total energy. However, 
incre* -jed coupling and frequency degeneracy tends 
to destroy mode-specificity. A somewhat surprising 
result is that, for a given coupling, the degree of 
mode-specificity is roughly independent of the 
energy. This in marked contrast to the fact that 
there is an energetic threshold for the onset of 
"stochastic trajectories" of the corresponding 
classical system; i.e., there seems to be no rela
tion between statistical/mode-specific behavior of 
the unimolecular rate constants and stochastic/reg
ular classical trajectories. In order to be able to 
treat more physically relevant models--i.e., those 
with more than two degrees of freedom, a semiclassi-
cal model is constructed and seen to be able to 
reproduce the accurate quantum mechanical rates 
reasonably well. 

Figure 3 shows the unimolecular decay rates 
(i.e., inverse lifetimes) of the quasibound states 
versus their energy for the uncoupled case. This 
shows complete mode specificity; i.e., the rate 
depends not only on the total energy but on how the 
energy is partitioned between the two modes. 
Figure 4 shows a case for which there is efficient 
coupling between the two modes, and here the rate 
constants are appioximately a function only of the 
total energy of the system. One interesting aspect 
of these results is, as noted above, that the degree 
o£ mode-specificity does not appear to be a sensi
tive function of energy. All calculations were 
carried out on a Harris Slash Four minicomputer 
funded by a National Science Foundation Grant 
CHE79-20181. 

Brief version of J. Chen. Phys. 73, 3713 (1980). 
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Pig. 3. Rate constants, k = F/h, for unimolecular 
decay versus total energy E, for the quasi-bound 
states of the two-oscillator system. This case is 
for no coupling between the two modes. 

(XBL 806-10267) 

5. FURTHER DEVELOPMENT OF THE REACTION PATH 
FORMULATION OF POLYATOMIC REACTION DYNAMICS1" 

William H. Miller 

Several developments and new applications of the 
recently developed reaction path Hamiltonian model* 
for polyatomic reaction dynamics are described: 
(1) The original form of the Hamiltonian is trans
formed so that the coupling between vibrational 
modes normal to the reaction path appears in the 
potential rather than in the kinetic energy of the 
Hamiltonian. This is easier to deal with in sane 
applications. (21 It is shown that the unified 
statistical model 2 takes an extremely simple form 
within the reaction path Hamiltonian model. Also, 
a generalized version of the unified statistical 
model is derived that permits an arbitrary number 
of "bottlenecks" (flax minima) along the reaction 
path, (3) A gencjalized Langevin equation^ is 
derived for motion along the reaction path. This 
is an equation of motion for only c.ie degree of 
freedom, the reaction coordinate, but it experiences 
"friction" and "random" forces that are due to 
coupling with the vibrational modes normal to the 
reaction path. 

Abstracted from ACS Symp. Series. 
1. W. H. Miller, N. C. Handy, and J. E. Adams, 
J. Chem. Phvs. 72, 99 (1980). 
2. W. H. Miller, J. Chem. Phys. 65, 2216 (1976). 
3. 5-e, for example, S. A. Adelman and J. D. Doll, 
J. Chem. Phys. 61, 4242 (1974); J. Chem. Phys. 64, 
2375 (1976). 
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Fig, 4. Same as Fig\>re 3 , except for coupling 
between the two modes. (XBL 806-10273) 

RESEARCH PLANS TOR CALENDAR YEAR 1981 

Polyatomic Reaction Dynamics. The approach 
based on the r eac t i on path Hamiltonian o f fe r s t he 
p o s s i b i l i t y of an ab i n i t i o treatment of many 
aspec ts of r eac t i on dynamics in small polyatomic 
systems. More accurate t reatments of the tunnel ing 
dynamics in the unimolccular d i s s o c i a t i o n of 
Formaldehyde, 

H,' • R , + CO 

and some other similar examples are planned. This 
work is in collaboration with quantum chemical 
calculations by H. F. Schaefer's group for the 
potential energy surfaces. 

Plans are also to pursue and develop the 
generalized Langevin model mentioned in article 5 
above. This should make it possible to model a 
complex reaction by treating a small sub-system 
fully dynamically and the remainder of the system 
as a statistical "bath." 
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Mode-Specific Chemistry. Further studies are 
planned on the features responsible for mode-
specificity in chemical reactions. An interesting 
example would be the formaldehyde dissociation 
above, i.e., to see if the dissociate rate depends 
on whether the vibrational energy in H?C0 is 
initially in a C-H stretch, C-0 stretch, the out-
of-plane bend, etc. 

Semientpirical Valence Bond Model. The diatomics-
in-molecules (DIM) model for constructing electronic 
potential energy surfaces has been quite useful in 
some interesting cases: Hj, Fty, ®^2> e t c ! ' ] u t 

this approach bogs down when applied to much more 
complicated systems. Plans are underway to develop 
a semiempirical valence bond model, also based on 
diatomic input, which is similar in many ways to 
the DIM model but capable of much more general and 
fascile application. 
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g. PholMtoclron S p*cfro*copy* 

David A. Shirley, Investigator 

Introduction. The main research theme in this 
program is electron spectroscopy, with emphasis on 
spectroscopic studies based on synchrotron radia
tion research in the 6-4000 eV range r supported by 
research with laboratory sources. Emphasis is 
given to new types of experiments, based on new 
effects. The projects completed in 1980 divide 
naturally into two groups: fa) surface science 
research and (b) gas-phase research. These are 
discussed separately below. 

Overview ol Surface Science Research 

Photoelectron diffraction provided the main 
focus of our 1980 surface-science research 
(articles 1-4). A new method of analysis--Fourier 
transformation photoelectron diffraction (FTPD)--
was conceived and tested on theoretical scattering 
curves, yielding peaks at perpendicular interlayer 
distances (article 1) and establishing an analogy 
with EXAFS. FTPD was applied to data from adsorbate 
chalcogenides on nickel (article 2). The analogy 
of photoelectron diffraction with surface EXAFS was 
also pursued through temperature-dependence studies 
(article 3). Finally, the f i r s t two applications 
of photoelectron diffraction to moleculer adsorbates 
were completed and analyzed (article 4). 

Near-edge studies of the C(ls) photoelectron 
current from adsorbed 00 yielded the f i r s t observa
tion of a core-level "shape resonance" and estab
lished a substrate dependence (article 5). Another 
absorption edge-EXAFS study was init iated, this 
one on the sulfur K-edge, newly accessible to study 
on a new beam line a t SSRL (article 6), Finally, 
XPS and UPS studies of samariun metal clusters 
showed the f i r s t unambiguous evidence for size-
dependent valency changes (article 7). 

1. FOURIER-TRANSFORM ANALYSIS OF NORMAL PH0T0-
ELECTRDN DIFFRACTION DATA FOR SURFACE-STRUCTURE 
DETERMINATION'f 

Z. Hussain, D. A. S h i r l e y , C. H. L i , * and S. Y. 
Tong s 

Following t h e p r e d i c t i o n by Liebsch t h a t d i f 
f r ac t i on e f f e c t s a r e p resen t in photoemission from 

This work was supported by t h e D i r e c t o r , Office of 
Energy Research, Office o f Basic Energy Sc iences , 
Chemical Sciences Div is ion of t he U.S. Department 
o f Energy under Contract No. W-740S-ENG-48. A l l 
p r o j e c t s except 1 , 6 , 9, and 11 were performed a t 
t he Stanford Synchrotron Radiat ion Laboratory, 
which i s supported by t he NSF Grant No. DMR 
77-27489, i n cooperat ion wi th t h e Stanford Linear 
Accelera tor Center. One of us (J .G.T.) 
acknowledges support from an NSF p redoc to ra l 
fe l lowship . 

adsorbate-atoni core l e v e l s , such e f f e c t s have been 
observed i n s eve ra l experimental con f igu ra t i ons . 
I n each c a s e , comparison of experimental r e s u l t s 
wi th curves der ived from microscopic theory based 
on c e r t a i n surface s t r u c t u r e s showed good agreement, 
thereby e s t a b l i s h i n g photoe lec t ron d i f f r a c t i o n (PD) 
as a technique for s t r u c t u r e de te rmina t ion . In 
this a r t ic le , we propose a direct and explic 1 
method for analysis of normal photoelectron f-
fraction (NPD) data which is independent of m.iel 
calculations. 

First , we note some similarities between NPt 
and EXAFS, in which both differ from LEED. The 
intensity-versus-energy (I/E) curve in NPD i s 
similar in appearance to either a LEED I/V curve 
or an EXAFS absorption curve. However, like the 
la t te r , NPD is atcu-specific. Just as in EXAFS, 
where multiple scattering effects are unimportant 
and/or average out and single-scattering theory 
prevai ls , 2 the modulation pattern in NPD at higher 
kinetic energies depends largely on single back-
scattering. Finally, in NPD, as in EXAFS, the 
periodicity in k space of the sinusoidal modulation 
increases with decreasing dj_ where the theoretical 
curves are calculated over a small range of dj_. 
These similarities suggest that Fourier transforma
tion of NPD I/E curve might yield distances directly, 
as in EXAFS. 

Figure 1(a) shows the theoretically calculated 
normalized NPD intensity, x(k), plotted against k 
for ( / f x A) R30° Se(3d)-Ni(001) system. Figure 
1(b) shows F(r) , the magnitude of Fourier transform 
of the x(k) shown in Fig. 1(a). Four prominent 
peaks occur in F(r) , at 2.83 A, 4.49 A, 6.66 A and 
8.66 A. The last three peaks fal l within 0.08 A, 
of distances corresponding to dx + b , dĵ  + 2b, and 
dj_ + 3b, where dj_ = 2.51 A i s the perpendicular 
distance from Se to the f i rs t Ni(l l l ) surface layer, 
used for calculating x(k) in Fig. 1(a); and b =• 
2.033 A i s the interlayer spacing in Ni ( l l l ) . 
Figure 2 shows the distances Zp, derived from F(r) , 
plotted against the input "structural" distances 
Zg for a l l three d± values. We conclude from this 
plot that: 

1. The agreement between Zp and Zg i s excellent 
for the 2nd, 3rd, and 4th interplanar distances; 
i . e . , d i + nb, with n = 1, 2, 3. 

2. The f i rs t interplanar distance, d^, is high 
by about 0.3 A in a l l three cases. Among the pos
sible reasons for this discrepancy are a different 
effective potential for electrons in the overlayer-
substrate region, effects of multiple scattering, 
and the choice of g(k). 

3. Of nost importance, the derivatives of Zp 
with respect to Zg are near unity, and the dominant 
peaks iji Zp arise only from nonnal interplanar 
distances. Thus, Zp faithfully yields these dis
tances and no others. 
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Fig, 1. (a) Theoretically calculated normalized 
NPD intensity versus k for (/T * i<3) R30" Se(3d) 
NiClll) with di = 2.51 A and inner potential V0 = 
0 eV. (b) Magnitude of the Fourier transform 
)F(r)| according to Eq. (1) of the data in [a] . 
Schematic representation of the adsorption geometry 
is shown in the inset. (XBL 8011-2362) 

A parallel analysis for the p(2x 2) Se/Ni (001) 
system, which is not shown here, also yields similar 
resul ts . These results suggest that i t i s probably 
possible--given good data and careful analysis--to 
derive dx values (probably from the 2nd, 3rd and 
4th peaks) accurate to ~ 2\ by Fourier transforma
tion of NPO data. 

In comparing Fourier-transform NPD with surface 
EXAFS, a complementarity i s obvious: the deter
mination of both d i from NPD and the nearest-
neighbor distance from surface EXAFS would be 
especially desirable. NPD has the advantages over 
surface EXAFS that XOO is about an order of magni
tude larger and that there is no contribution to 

Fig. 2. Fourier-transform derived distances Zp 
plotted against input structural distances Zs for 
three di values of 1.93 A (circles) , 2.22 A 
(triangles), and 2,51 A (squares) (see inset in 
Fig. 1(b)). A linear curve with slope = 1.0 i s 
drawn to faci l i tate comparison between Zp and Zs-

(XBL 8011-2364) 

the interference term from the source atom phase 
shift, which cancels in the direct and scattered 
waves.^ 

In seems clear that Fourier transformation of 
NPD I/E curves will yield normal interplanar 
spacings. In seeking a qualitative explanation, 
we note that scattering of photoelectrons from a 
state propagating normally into the substrate into 
one propagating normally outward is favored. There
fore, the magnitude of photoelectron diffraction 
modulations is greater by a factor of 3 - 5 for 
normal emission as compared to non-normal emission.* 
Further tests are needed, including experimental 
data sets extending to high kinetic energies. 

1Brief version of LBL-11686; to be submitted to 
.Physical Review Letters. 
Tpermanent address: Departnent of Physics, 
National Tsing Hua University, Hsinchu, Taiwan, 
.Republic of China, 
permanent address: Surface Studies Laboratory and 
Department of Physics, university of Wisconsin, 
Milwaukee, Wisconsin 53201. 
1. A. Liebsch, Phys. Rev. Lett. 32, 1203 (1974); 
Phys. Rev. B 13, 544 (1976). ~~ 
2. E. A. Stem, Phys. Rev. B 10, 3027 (1974). 
3. P. A. Lee, Phys. Rev. B 157"5261 (1976). 
4. S. D. Kevan et al., PhysTRev. B 20, 4133 
(1979). — 
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2. NORMAL PHOTOELECTRON DIFFRACTION OF c(2*2)0(ls)-
Ni(001) AND cC2x2)S(2p)-Ni(001), WITH FOURIER 
TRANSFORM ANALYSIS* 

D. H. Rosenblatt, J. G. Tobin, M. G. Mason,* R. F. 
Davis, S. D. Kevan,5 D. A. Shirley, C. H. Li," and 
S. Y. Tong* 

Normal photoelectron diffraction (NPD), which 
has produced accurate structural determinations of 
ordered atomic1 and molecular2 overlayers on metal 
surfaces, was utilized to study the c(2x2) oxygen 
and sulfur overlayers on Ni(OOl). In an NPD 
experiment, the photoemission intensity of an 
adsorbate core level is measured normal to tho 
surface as a function of photon and, consequently, 
photoelectron energy. The intensity-kinetic energy 
curve thus generated is compared to theoretical 
calculations to make the structure determination. 
The inportant structural parameter in NPD is d^, 
the perpendicular spacing between the adsorbate 
layer and the top substrate layer. 

Angle-resolved photoemission spectra of the 
0(ls) level Were taken at photon energy intervals 
of 3 eV over the range 550 eV < h\> < 740 eV. In 
Fig. 3, the experimental NPD curve derived for the 
O(ls) level from the c(2*2)0 overlayer on Ni(001) 
is shown, along with two theoretical curves for 
oxygen in a fourfold hollow site above the nickel 
surface at d^ » 0.90 A and 1.76 A. These curves 
show the closest agreement with our data of all d^ 
spacings tested, and of the two, the lower curve 
Cdj. = 0.90 A) clearly gives the better fit, 
because three peaks match almost exactly while two 
others differ only by 3 eV. Thus, the oxygen is 
found to be situated above the fourfold hollow 
site with d̂  * 0.90 ± 0.04 A (with a Ni-0 bond 
length of 1.98 A). Figure 4 shows the experimental 
NPD curve for the S(Zp) level in c(2x2)S - Ni(001), 
derived from photoemission spectra taken over the 
range 200 eV < hv < 370 eV. The theoretical cal
culations shown are for the fourfold hollow site 
fdi * 1.30 A ) , the twofold bridge site (dj. = 1.80A), 
and the atop site (di * 2.19 AT. The best aereement 
between theorv and experiment is found for the 
fourfold hollow site, with the sulfur atoms situated 
1.30 ± 0.04 A above the nickel surface. 

The calculations shown in Figs. 3 and 4 are 
quite involved, due to the importance of multiple 
scattering of the final state photoelectron wave 
in the energy region studied. These complications 
have motivated us to apply a Fourier transform 
analysis to the experimental data to isolate the 
single scattering effects. A Fourier transform of 
NPD experimental data might be sensitive to the 
one-dimensional structure normal to the crystal 
face.3 Recently, our group has applied the Fourier 
transform technique to calculated NPD curves with 
much success.3 This work represents the first 
attempt to use Fourier transform analysis on 
experimental NPD data. The function XfJO " 
(I-I0)/Io> where I is the NPD intensity and I 0 is 
the estimated atomic background, was determined 
for the 0(ls) and S(2p) levels, and then Fourier 
transformed. The result for the S(2p) level is 
shown in Fig. 5, where tlie magnitude of the Fourier 
transform for the sulfur system is shown to yield 
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Fig. 3. NPD curve for 0(ls) electrons fron 
c(2x2)S - Ni(001), compared with theoretical 
curves for d± = 0.90 and 1.76 A for the experimen
tal geometry shown. (XBL 8010-2112) 

two major peaks at 3.02 and 4.83 A. NPD and LEED 
analyses yielded di - 1.50 A, and the interlayer 
spacing for Ni(001) is b = 1.76 A. These two peaks 
can therefore be attributed to the distances 
di + b - 3.06 A and di + 2b = 4.82 A. There is 
no peak in the real-space distribution function for 
dj. * 1.30 A, probably because our NPD data do not 
extend to high enough kinetic energy. The agree
ment for the two main peaks is very good considering 
the limited data range. The 0(ls) data also 
yielded good results; the Fourier transform yielded 
peaks at 2.70 and 4.33 A, in good agreement with 
the NPD and LEED results of di + b - 2.66 A and 
dl + 2b = 4.42 A. 
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c(2x2)S-Ni(00l) 
V0=l4eV 
E* = l70eV 

o. 

1 

40 80 120 160 
Electron kinetic energy (eV) 

200 

Fig. 4. NPD curve for Sf2n) electrons from 
c(2x2)S - Ni(OOl), compared with theoretical 
curves for dx = 1.30, 1.80, and 2.19 A for the 
experimental geometry shown. (XBL 8010-2113) 
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d±=l.30A b=l.76A 
dx+b=3.06& 

d J+2b=4.82A 

Fig. 5. Magnitude of the Fourier transform of the 
function X(k) = (I - I 0)/I o for S(2p) NPD data 
from c(2* 2)S - Ni(OOl). (XBL 8010-2116) 

3. TEMPERATURE DEPENDENCE OF NORMAL EMISSION 
PHOTOELECTRON DIFFRACTION AND ANALOGIES WITH EXAFS1' 

S. D. Kevan.T J. G. Tobin, D. H. Rosenblatt, R. F. 
Davis, and D. A. Shirley 

Our group has addressed the characterization of 
normal emission photoelectron diffraction (NPD), 
in which the photoemission intensity of an adsorbate 
core level is measured normal to the surface as a 
function of photon (and thus kinetic) energy.1 In 
NPD, an intensity-energy curve similar to a low 
energy electron diffraction (LEED) I-V curve is 
generated which, when compared to theoretical 
curves, may yield a surface structure. Given its 
genesis, photoelectron diffraction is usually 
conceptualized by its relation to LEED, and the 
same general accuracies and limitations are usually 
perceived to be associated with the two methods. 

In this study, we take the view that while this 
comparison to LEED is valuable, an equally en
lightening comparison of normal photoelectron 
diffraction to extended x-ray absorption fine 
structure''3 (EXAFS) can be made. We note that, 
while the til'D intensity-energy curves resemble 
LEED-I-V cui-ves, their calculated behavior actually 
mimics EXAFS data, with dj., the interplanar spacing 
between the overlayer and the outermost substrate 
layer, being the important structural parameter, 



275 

rather than the nearest neighbor distance, l̂ j,. 
This result, first observed by Li and Tong' and 
emphasized elsewhere,1>5 is illustrated in Fig. 6. 
In the top three curves, the calculated selenium 
3d normal emission angle resolved photoemission 
CARP) intensity for the pt2x2) Se-Ni(OOl) system 
is plotted for three different values of dj,. The 
oscillation frequency is seen to increase monotoni-
cally with dj. in much the same way as EXAFS oscil
lation frequencies increase with nearest-neighbor 
distances. The lower curve in Fig. 6 shows our 
experimental data. The match to the 41 " 1.55 A 
calculation reported previously1 is evident. The 
registry of the selenium layer with the nickel 
surface was found to be relatively unimportant in 
determining the calculated result:* nearly the 
same curve was obtained for different local site 
geometries, if they were compared at the same dj.. 

Empirically, NPD data thus behave similarly to 
EXAFS data with the important difference that the 

-i | i | i | i | i I i r~r-

Ni(00lhp(2*2)-Se 0e-=O° 

i i i i i i i i , i 
20 40 60 80 100 120 140 

Electron kinetic energy (eV) 
Fig. 6. Top three curves: calculated selenium 3d 
intensity as a function of electron kinetic energy 
for p(2«2) Se-Ni(001) at three different values of 
di as defined in the text, after Tong and Li. 
Bottom curve: experimental result. 

(XBL 7911-13241) 

structural sensitivity is to dx r£-...er than fy^. 
In the context of investigating this analogy 
further, we report in this article new temperature-
dependence results on the Se-Ni(DOl) model system. 
Taken at face value, these data are of interest in 
furtiier characterizing the system. Of more general 
interest, however, is their value in characterizing 
the NPD phenomenon; in fact they constitute more 
evidence for the NPD-EXAFS analogy. 

Figure 7 shows two different NPD data sets 
accumulated at T = 120 K for the p(2x2) Se-Ni(OOl) 
system. The upper curve was accumulated using an 
unannealed overlayer prepared by exposing to H2Se 
at l?1' K, while the lower curve was accumulated 
after an anneal at 450 K. Both surfaces yielded 
p(2*2) LEED patterns, though that of the annealed 
surface was sharper. While the same general 
structure is observed in the curves, a systematic 
and monotonically increasing shift of peak positions 
to lower energy is evident in the upper curve. The 
amplitude of oscillation is also larger in the 
lower curve. The data in that curve are in good 
agreement with our previous data,1 and are best 
fitted as before by a calculated curve with &± = 
1.55 A, corresponding to the accepted four-
coordinated hollow site adsorption geometry. The 
most likely explanation for the shifts observed in 

Photon energy (eV) 

Fig. 7. Comparison of NPD curves for frozen and 
annealed p(Z*2) Se-Ni(OOl). Note the systematic 
shift of peak energies. (XBL 805-1071) 



276 

the upper curve is that dj. has increased slightly, 
leading to slightly more rapid oscillations. Since 
the higher-energy peaks disperse more rapidly with 
d i , the higher energy regions are further out of 
phase. Indeed, i f we hid limited our stuoy to 
hv < 160 eV, the pronounced shift seen in Kig. 7 
would have been difficult to discern. The lesson 
is the same as in EXAFS:6>' ?i extended data range 
permits more accurate and higher resolution NPD 
studies. From two independent methods, we estimate 
the shift in dj_ to be approximately 0.06 - 0.10 A, 

To investigate the temperature dependence of the 
cross section modulations, we studied the NPD of 
c(2*2) Se(3d)-Ni(C at a series of temperatures. 

Most thermal diffuse scattering mechanisms are 
interpreted in terms of a Debye-Waller factor: 8 * 9 

I * exp - ( (Ak • A r r > 

which diminishes the fraction of coherently 
scattered particles. Assuming a Debye model for 
vibrational frequencies and amplitudes, and also 
that the vibrations are isotropic, this equation 
is reduced to the form familiar from x-ray dif
fraction studies:8'9 

0.0 

I ̂  exp -
\ mk/ J CD 

with m - the atomic mass, ks = Boltzmann's constant, 
T = the absolute temperature, and 6 = the Debye 
temperature. 

It is necessary to isolate the scattering con
tribution by subtracting the smooth atomic back
ground, I 0, from the intensity, I. 

In Fig. 8, we show the dependence of 
In [(I - lolAo! o n temperature for the two photon 
energies corresponding to the two peaks in the 
c(2x2) Se-Ni(OOl) cross section. Aside from 
substantial random scatter, an approximately linear 
plot is obtained. The functional form of Eq. (1) 
is therefore obeyed, although the Debye model 
per se is inappropriate. It is instructive to 
replace 9 in Eq. (1) by an effective temperature 
8ef£> t n e n u s e i* t 0 fit ̂ e data. If effective 
temperatures are derived from the slopes of linear 
least squares fits to the data at the two peak 
energies, the results are 6eff = 135 K and 133 K 
for photon energies of 149 and 192 eV, respectively. 
A consistent, but probably less accurate, value 
°f eeff = 1 2 s K w a ^ derived from the amplitude of 
the minimum at hv = 174 eV. 
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Ni(OOI)-c(2x2)Se-
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^ 0 e f t =l35K 
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0 e f f l33K 
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2C0 400 600 800 1000 

T ( K ) 
Fig. 8. Plots of ln((I - I Q ) / I 0 ) vs. absolute 
temperature for 149 and 192 eV photon energy. 

(XBL 805-1073) 
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G. Tobin, M. G. Mason,^ D. A. Shirley 
H. Li,"* and S. Y. Tone* 

Recent results indicate that an anele-resolved. 
photoemission technique, called normal emission 
photoelectron diffraction (NPD), can be applied to 
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precise surface structural determination of atomic 
overlayer systems in a way analogous to low energy 
electron diffraction (LEED). In this report.. 
measurements of c(2*2)CO-Ni(001) and (/3 * A)R30° 
CO-Ni(lll) provide the first experimental evidence 
that NPD can be used for structural determinations 
of molecular adsorbates. As a consequence, the 
NPD technique may be readily applied to systems 
subject to primary LEED beam damage or to those 
which exhibit poor or no lateral ordering--systems 
which have been problematical for LEED intensity 
analysis in the past. Most importantly, NPD 
greatly simplifies the structural problem relative 
to LEED by offering the possibility of locating the 
position of each atomic species in the adsorbate 
independently, allowing determination of atomic 
positions at smaller dr (the perpendicular spacing 
from the top substrate layer) first in an "inside-
out" manner. As a result, the magnitude of the 
structural search for an n-atomic adsorbate molecule 
is reduced from I n, an in LEED, to nl, where I is 
the number of structural possibilities considered 
for each atom. 

Experiments were performed with synchrotron 
radiation in the range 300 eV < hv *£ 650 eV, and 
calculations used a multiple scattering algorithm2 

with inner potentials of 11.2 and 10.5 eV for 
Ni(O01) and NiClll), respectively. The calculations 
were done for CO with the generally accepted 
orientation^ (C-end down and the bond axis parallel 
to the surface normal), in the top, bridge, and 
hollow sites, with the C-Ni interplanar distance 
(dkj^) and the CO bond distance (dko varied at 
steps of 0.1 A in a systematic search for the best 
fit to the experimental result* (hereafter referred 
to as the NPD fit). The calculations show2 that 
the C(ls) NPD curve peak energy positions disperse 
with dk,. but not with dLj, whereas the reverse is 
observed for 0(ls). These theoretical results 
imply that each d* value can be determined in a 
separate NPD measurement (i.e., C(ls) for d^. and 
O(ls) for dco), an expectation that is verified in 
CO by this experimental study, and which may be 
expected to carry over analogously to other molecu
lar systems. The reason for this "structural 
separability" lies in the localized nature and 
phase coherence of the NPD process. For example, 
in CO, the phase difference between direct and 
O-atom forward-scattered Cfls) photoelectron waves 
is nearly independent of df^, whereas the substrate 
back-scattered C(ls) wave picks up phase in 
traversing the distance 2dQ^ yielding substantial 
sensitivity*2 

The results of the above discussion are mani-* 
fested in the experimental results. For C(ls) NPD 
in the CO-Ni(OOl) system (Fig. 9), the best NPD 
fit is obtained by fixing d ^ = 1.13 A (the free-
molecule value) and varying d^^, yielding dp^ -
1.8 A (the LEED-derived value4). Experimental and 
theoretical curves for this structure are compared 
in Fig. 9 (inset), and the plot of AE = E(theor.) -
E(exper.) versus NPD peak number (E values are NPD 
peak energies), for various values of d^;, shows 
quantitatively that only d ^ * 1,8 A is fully 
consistent with both theory and experiment. More
over, O(ls) studies (Fig. 10) in the same 

/1 \j i 
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t > I 2 3 4 

C(ls) NPD curve observed peak number 

Fig. 9. Plot of iE = E(theory)-E(experijnent) 
versus NTD curve peak number for the C(ls) level 
in c(2x2) CO-Ni(ODl) with fixed CO bond length and 
various carbon-nickel spacings. A comparison of 
calculated ( d ^ = 1.8 A, d ^ = 1.13 A) and experi
mental NPD curves is shown in the inset. 

(XBL 8012-2435) 

Electron kfielic energy CeV) 

Fig. 10. a) Calculated NPD curves for the O(ls) 
level in c(2x2) CO-Ni(OOl) for fixed carbon-nickel 
spacing and various CO bond lengths, b) Comparison 
of the experijnental result to the best-fit calcula
tion from (a). (XBL 8012-2436) 
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CO-Ni(001) system show not only dL, dispersion 
in the calculated curves (Fig. 10aj, but that 
the best NPD f i t i s obtained by fixing 
dij,. = 1.8 A and varying dju, yielding dL. = 1.13 A 
(Fig. 10b). As shown by the experimental curve in 
Fig. 10b, however, our measurements were limited 
to Fjc < 100 eV because of generally poor radiation 
flux and resolution above the O(K) - edge, Thus? 

although consistent with the LEED resu l t , 4 our d£g 
results would be greatly improved by an 0(ls) 
study over a wider kinetic energy range. 

Figure 11 summarizes the extension of these 
CO-Ni studies to ( A x A)R30° CO-Ni(lll). The 
C(ls) NPD results confirm previous indications 
that the CO adsorbate molecule is bonded in the 
twofold bridge position on N i ( l l l ) . 5 Aside from 
the region near E]r = 90 eV, an excellent NPD fit 
is obtained for dk,, = 1.27 A, corresponding to 

the bridge-bonded s i t e , while poor f i ts are obtained 
for other values of dL... Limited energy range 
O(ls) results are alsif'ihoMi. As with CO-Ni (001), 
a reasonable f i t is obtained for the isolated 
molecule value of dgg = 1.13 A. I t should be 
emphasized that , based upon the poor quality of 
the LEED superstructure spots, a precise LEED 
analysis of the system would have been impossible. 

(VSxya R30° CO-M(III) 

r . I . I , 1 _ 

ZO 60 IOO WO 180 
Electron kinetic energy feV) 

Fig. 11. Comparison of the best-f i t calculation 
to experiment for both C(ls) and O(ls) levels in 
( A x A)R30° CO-Ni(lll). (XBL 8012-2437) 
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5. SUBSTRATE-DEPENDENT C(ls) SHAPE RESONANCE IN 
CO OVERLAYERS ON Ni(lll) AND Ni(001)+ 
R. F. Davis, S. D. Kevan.f D. H. Rosenblatt, 
M. G. Mason,1 J. G. Tobin, and D. A. Shirley 

In the c(2x2)CO-Ni(001) molecular adsorbate 
system, an intensity resonance in the angle-
resolved photoemission (ARP) overlayer level 
derived from the 40 molecular orbital has been 
assigned to the adsorbed-molecule analogue of the 
well-known gaseous CO valence-shell shape resonance 
(SR).* The angular peaking^of photoelectrons 
along the molecular axis (M) at the SR energy can 
serve as a direct "beacon" identifying molecular 
adsorbate orientation if adsorbed molecules possess 
resonances similar to those predicted for free 
molecules. In this connection, adsorbate core 
levels are distinctly advantageous for orientation 
studies because their spatial localization elim
inates ambiguities due to initial-state siibstrate 
effects. We report the first observation of 
adsorbate core-level ARP resonances, for the C(ls) 
level in c(2^2)CO-Ni(001) and ( A x A)R30° 
CO-Ni (111). Although these resonances are similar 
to the predicted oriented-molecule core-level SR,2 
there is strong evidence for both substrate 
perturbations and substrate specificity. 

The experimental geometry and crystal orienta
tions are summarized in Figs. 12(a) and 12(b), 
respectively. Synchrotron radiation in the range 
300 eV < hv < 360 eV was employed in conjunction 
with our rotating hemispherical-analyzer spectrom
eter. The C(ls) resonance is clearly seen in 
Fig. 12(c) for normal emission from CO-Ni(lll), 
where some normalized photoemission energy distri
bution curves (EDCs) are plotted for a range of 
photon energies, sweeping through the resonance 
maximum at hv = 31Z eV. In Fig. 13, we show a 
region of the energy-dependent C(ls) cross-section 
curve for both systems, obtained from EDC peak 
areas. Although the resonances are peaked at 
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286 290 294 
Binding energy (eV) 

Fig. 12. (a) Experimental arrangement, showing 
typical orientations of the vector potential A, 
the outgoing photoelectron direction p, the crystal 
normal n, and the incident photon beam direction 
hv. All three vectors were confined to the plane 
o£ incidence C<J> -= 0° or 180°), with % - ^0?,?) and 
6, = £(n,A"). (b) Experimental orientation of the 
crystals. The [100] and [211] directions are in 
the $ = 0° azimuth, (c) C(ls) photoemission EDCs 
for Ni(ll l) + 2L 00. (XBL 808-11120) 

hv = 311 eV for both systems, the intensity maximum 
relative to the "atomic-like" background near 
hv = 335 eV (where the curves are normalized) i s 
attenuated by a factor of two for OO-Ni(OOl) 
relative to CO-Ni(lll). 

The characterization of this resonant behavior 
is aided by previous orientation studies, which 
yielded M II n for 00 overlayers on both sub
strates . »̂  Consequently, we have deteriiined that 
the resonance has properties very similar to those 
for the SR predicted in the C(ls) cross-section in 

0 

^/-CO-NKII I) 

9p=0°, %=IO° 

CO-Ni(OOI) 

300 320 340 360 
Photon energy (eV) 

Fig. 13. Relative C(ls) photoemission cross-
section for GO-Ni(lll) and CO-Ni(OOl). 

(XBL 808-11119) 

gaseous CO. For an oriented CO molecule, the SR 
photoemission intensity should be sharoly maximized 
in 6 when the three vectors A, p , and M (or n in 
the present case) are aligned.'' Figures 14a and 
14b show that the adsorbate resonance has this 
property. In Fig. 14a, the 8&-dependence of the 
near-resonance cross-section for CO-Ni(lll) is 
shown to yield the maximum intensity when A i s in 
closest alignment with fixed p and n. The en-
dependence of the C(ls) intensity at hv = 3U eV 
is shown^in Fig. 14b for both systems, indicating 
that as p i s brought to near alignment with fixed 
n and A, the intensity reaches a maximum. 

However, comparison of the resonant behavior for 
CO-Ni(lll) and CO-Ni(OOl) allows us to identify 
important differences between the predicted gas-
phase and observed adsorbed-molecule SRs. These 
constitute substrate or condensed-phase effects, 
two of which are summarized below: 

(1) The resonance intensity difference of a 
factor of two between the two rickel faces 
obviously cannot be accounted for by any isolated 
molecule theory and must indicate a strong dif
ferential substrate effect, very likely resulting 
from the known difference in CO adsorption s i te 
geometries, i . e . , atop s i t e for Ni(001) and two
fold bridge s i t e for Ni ( l l l ) . 
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Fig. 14. Relative C(ls) cross-section: (a) e^-dependence near the 
resonance maximum energy for CO-Ni(lll), (b) 6p-dependence at hv = 311 eV 
for CO-Ni(lll) and CO-NifOO?.), with 6„ varied in both azimuths. For 
comparison, the two curves are normalized at 8p = 0°. (XBL 808-11118) 

(2) For CO-Ni(OOl), the 8 p angular distribution 
shown in Fig. 14b is peaked in intensity when p is 
exactly between A" and $, but for Ni(ll l) the entire 
curve is shifted 10° awav_ from Ni(OOl) and the peak 
is on the other side of n. This unexpected result 
for CO-Ni(lll) is consistent with a substrate-
induced shift of the ARP^intensity maximum, away 
from the molecular axis M (and thus from n ) , a 
shi*t which could be syuuietry masked for Ni(OOl) 
but not for the three-fold symmetric [111] axis on 
Ni ( l l l ) . 

The adsorbate shape resonance i s highly sensi
tive to molecular orientation and photon energy. 
However, the unanticipated substrate effects 
observed imply that future theoretical treatments 
of adsorbate SR phenomena must take into account 
the position of substrate atoms to faci l i ta te a 
meaningful comparison with theory. 
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6 . K-EDGE STRUCTURE AND EXAFS ON SULFUR I N VARIOUS 
C0ALS+ 

Z. Hussain, J . J . Barton, E. Urabach, and D. A. 
Shirley 

Sulfur is an important contaminant in fossil 
fuels. Although present only in low concentrations 
(typically 4% by weight or less ) , sulfur causes 
problems in essentially every process that uses 
coal. Catalysts are poisoned, and thus deactivated, 
by sulfur. Containers are corroded, and even 
simple combustion i s complicated by the conversion 
of sulfur in coal to pollutant SO2. Any process 
for coal conversion or combustion must contain a 
strategy for dealing with the constituent sulfur. 
On the other hand, very l i t t l e is understood about 
the chemical structure of coal. This i s particular
ly true of properties and structure measured 
in s i tu; i . e . , non-destructively. In the case of 
sulfur, an absence of viable in si tu methods of 
analysis obviates development of an optimum strategy 
for sulfur removal with any real confidence. 

Among the in-situ methods that have not been 
applicable to sulfur in the past is near-edge x-ray 
absorption and extended x-ray absorption fine 
structure (KCAhS) because the sulfur K-edge l ies 
at 2470 eV. Radiation at this energy is unavail
able at the conventional synchrotron radiation beam 
lines because i t is not adequately transmitted 
through a window thick enough to support 1 atm 
pressure. During the past year, Z. Hussain fcas 
been involved in helping to commission a double-
crystal ultrahigh-vacuum monochromator a t the 
Stanford Synchrotron Radiation Laboratory (SSRL) 
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to provide monochromatic radiation in the 800-
4000 eV energy range--a heretofore inaccessible 
region of the electromagnetic spectrum. The 
monochromator is now operational and the sulfur 
K-edge is accessible for the f i r s t time. In this 
ar t ic le , we describe a preliminary set of results 
on the photoelectric K-edge excv.tat.ion of sulfur 
in iron sulfides and in a variety of standard 
coals . 1 The samples were studied as single chunks 
by detecting total electron yield as a function of 
incident photon energy. 

The iron sulfide edge-structure spectra are 
shown in Fig. IS. These compou.Kts were studied 
because a large fraction of the sulfur in coal is 
typically present in pyr i t i - form. Systematic 
variations in the near-edge structure are clearly 
present. There appears to be adequate spectral 
sensitivity to facil i tate characterization of the 
particular form of iron sulfide under study, 

although more work is needed to confirm this 
tentative conclusion. 

Figure l'j shows EXAFS structure, on an expanded 
energy scale, for tiw same compounds. A good 
spectral contrast rat io is aoparent, and enough 
osc i l la t ion are visible to indicate that a Fourier 
transform world yield reliable iron-sulfur and 
perhaps sulfur-sulfur distances. 

The near-edge absorption spectra of sulfur in 
coal are shown in Fig. 17. Ihe f i rs t surprise in 
these spectra, in light of the low-abundances of 
sulfur, is that the "edge jump ratio" above back
ground is so large. The explanation lies in the 
fact that, except for iron and trace impurities, 
su! A i r is by far the heaviest element present in 
ccaj.. At 2470 eV the oscillator strengths of 
absorbing K-edges of carbon, nitrogen, and oxygen 
are very low. There is enough variation in the 

PHOTON ENERGY (*V) 
Fig. 15. Sulfur K-edge absorption spectra, showing 
near-edge structuret in three iron sulfide samples. 

(XBL 812-8059) 

*****-

Fig. 
PHOTON EHERGY (eV) 

16. Extended x-ray absorption fine structure 
(EXAFS) above the sulfur K-edge ii» three iron 
sulfide samples. (XBL 812-7906) 
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Fig. I"1. Near-edge structure of sulfur K-edge in seven coals, and 
extended x-ray absorption fine structure (EXAFS) in one coal type. 

(XBL 812-7907) 

spectra to show that sulfur K-edge structure i s a 
promising technique for "fingerprinting" the 
chemical structure of sulfur in coal in s i tu . In 
one case EXAFS structure i s already visible. 

In conclusion, sulfur K-edge absorption spectra 
in coal provide both sensitivity and a good range 
of dependence on chemical structure. I t appears 
that we have the basis of a useful spectroscopic 
method for in s i tu characterization of sulfur in 
fossil material. 

Brief version of LBL-11811; to be submitted to 
Phys. Rev. B. 
1. We are indebted to H. Heinemann, MMRD, for the 
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Pennsylvania State University College of Earth and 
Mineral Sciences, for the other coal and iron 
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7. PARTICLE SIZE INDUCED VALENCE CHANGES IN 
SAMARIUM CLUSTERS+ 

M. G. Mason,* S. T. Lee,* G. Apai,* R. F. Davis, 
D. A. Shirley, A. Franciose.S and J. H. Weaver^ 

We report the first example of an unambiguous 
change in electronic configuration with particle 
size. This finding has been accomplished by 
measuring both core and valence level photoemission 
from samarium clusters on carbon substrates. 
Several characteristics make Sm uniquely suited for 
this study. The^free Sm atom ground state is 
divalent [fXe)4fD6s2], in contrast tc the trivalent 
[4f 5(6sSdH ground state of the bulk metal. These 
states are separated by 2.2 eV in the atom, but the 
predicted separation is only ~ 0.2 eV in metallic 
Sm.l At the surface of the metal, the change in 
local symmetry and reduced coordination number 
generates a perturbation of the Fermi level and the 
valence bands large enough so that both divalent 
(2+) and trivalent (3+) signals are observed in 
condensed-phase photoelectron spectra of Sm. 2 

Furthermore, because of the localized nature of the 
4f electrons, the core-level spectra show a large 
C2+) - (3+1 separation of 7.6 eV (Ref. 2) and the 
4f 5 and 4f 4 multiplet structures of the 4f photo-
emission final state are very diagnostic of the 
initial 4f° and 4f 5 configurations,3 respectively. 

The clusters were prepared by vapor deposition 
of Sm on the carbon substrates. Coverages were 
monitored by a quartz crystal oscillator and 
checked by neutron activation. In separate 
measurements, it was shown that this procedure 
gives rise to nucleation and growth processes very 
similar to those observed in the transition and 
noble metals. Core-level photoemission spectra 
were measured with monochromatic Al Ka radiation 
and the valence region was investigated using 
h\j = 60 eV synchrotron radiation. 

Because of their large photoemission cross-
section, the Sm(3d3/2) > ̂ 5 / 2 ) lines arc relative
ly easy to measure with good statistics at low Sm 
concentrations. Figure 18 shows these spectra for 
various coverages, including the bulk metal. The 
predominance of the 2+ species at low coverages ._ 
remains almost constant to a coverage of 3-4 * 10 
atoms/cm2 (the break point), where there is a 
sharp rise in the 3+ intensity with increasing 
coverage. Figure 19 shows a plot of the 3ds/2 
(3*)/(2+) intensity ratio as a function of coverage, 
showing quantitatively that Sm exists primarily in 
the divalent ground state at coverages below the 
sharp break point (and thus at small cluster size). 
A mean particle size estimation at the break point 
coverage is 25 ± 10 A, which also corresponds to 
the coverage range where photoemission spectra of 
noble and platinum group metals begin to show 
"bulk-like" characteristics.5 At higher coverages 
(~ 10" 16 atoms/cm*), the clusters are no longer 
discrete but have coalesced to form a semi-
continuous film with a very high ratio of surface 
to volume. The stabilizing effect cf a surface for 
the divalent species2 causes the (3+)/(2+) ratio to 
remain below that of the bulk metal even at these 
high coverages where the transition and noble metals 
have achieved most of their bulk-like properties. 
The approximate surface/bulk atom ratio is shown 

•J 1 1 1 ! 1 L _ i_J 
1120 IIOO 1060 1060 

Binding energy feV) 

Fig. 18. Al Ka photoemission spectra of the 3d 
region of carbon supported samarium clusters at 
various coverages (atoms/cm2), showing divalent 
(2+) and trivalent (3+) signals for each 3d l ine . 

(XBL 811-7773) 

along the top of Fig. 19 for comparison with the 
data; however, the break in the curve is too sharp 
to be due to this ratio alone. 

For these clusters, valence region photoemission 
intensity was too weak to be measured accurately 
with Al KB. radiation. However, the spectra shown 
in Fig. 20 for hv - 60 eV clearly identify the 
same trends in the 4f levels as in the 3d core 
levels, thereby constituting direct evidence of a 
cluster size dependence in the electronic configura
tion. In these valence spectra, peaks C, D, and E 
are due to the 4f 4 final-state multiplets produced 
by ionization of 4f 5 in trivalent Sm. Peaks A and 
B are primarily due to the 4f s multiplets from 
divalent Sra, with some contribution to A from the 
sd valence bands. At low coverages, the 3+ photo
emission signal is observed to be weak, becoming 
significant far coverages in the raid 1 0 1 5 atoms/cm? 
region. 
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Fig. 19. 3ds/2 intensity ratio of Sm(3+) to Sm(2->0 
as a function of coverage and estimated surface to 
bulk atom rat io. QiBL 811-7772) 

In summary, both core-level and valence region 
spectra show a predominance of the atonic-like 
divalent s ta te a t small particle size; and, with 
increasing size, the bulk-like 3+ state is formed 
but a large divalent contribution from the surface 
remains. Depending on the magnitude of the energy 
required to induce changes in the 4f level occupancy, 
many of the other rare-earth metals should exhibit 
analogous size dependence phenomena. 

Brief version of LBL-11810; to be submitted for 
^publication. 
TPermanent address: Research Laboratories, Eastman 
.Kodak Company, Rochester, NT 14650 
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Physical Sciences Laboratory, University of 
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Fig. 20. hv = 60 eV photoemission spectra of the 
4f and valence band region of carbon supported 
samarium clusters at various coverages (atoms/cm^), 
after the carbon valence band background has been 
subtracted. (XBL 811-7774) 
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8. DEVELOPMENT OF A MONOCHRCMWIC LIGHT SOURCE IN 
THE 800-1500 eV RANGE 

Z. ftissain, E. Uiibach, J . Barton, and D. A. Shirley 

A serious constraint on experimental spectroscopy 
is the limited energy range over which suitable 
light sources are available. Before the advent of 
high energy accelerators, intense tunable light 
sources were available only for energies up into 
the ultraviolet range. During the 1970s, synchro
tron radiation with appropriate monochromators has 
extended this range considerably. 

In the United States, there are now several 
synchrotron radiation sources. The most complete 
energy range is covered at Stanford Synchrotron 
Radiation Laboratory (SSRL); the hard ultraviolet 
is covered from about 5 eV to 800 eV; and the x-ray 
range from 3200 eV to 40,000 eV. A new double 
crystal monochromator has been developed by 
J. Stb'hr at SSRL, and the range 1950 eV to 4Z0O eV 
is covered with a pair of germanium crystals. The 
work on the sulfur K-edge reported in ar t ic le 6 
was carried out on this instrument. 

With the explicit goal of closing the gap in 
available photon energies, a crystal of beryl--a 
naturally occurring mineral--was carefully selected 
by one of us (Z.H.J and cut to provide a pair of 
monochromator crystals. With these crystals, the 
monochromator should provide highly monochromatic 
light of good intensity from 805 eV (the d spacing 
of 15.92 A in beryl corresponds to 775 eV) to 
2100 eV, with the intensity at higher energies 
being attenuated by the Al K-edge at ~ 1S40 eV from 
natural aluminum in the beryl. At this writing, 
(December, 1980), the instrument has been tested 
and found to perform extremely well. 

To assess the inherent resolution capabilities 
of the beryl crystals, rocking curves were measured 
at several photon energies. Table 1 shows the 
results. Clearly, line widths below 1 eV can be 
expected throughout this whole energy range. 

The f i rs t example of an extended x-ray absorption 
fine structure (EXAFS) curve in this range is shown 
in Fig. 21, which depicts the electron yield curve 
above the sodium K-edge in crystalline sodium 
chloride. We conclude that the beryl crystal 
monochromator provides an excellent light source in 
the new energy range 800-1500 eV. 

NA K EDGE. NACL 

PHOTON ENERGY IN EV 

Fig. 21. Electron yield curve from crystalline 
NaCl, using the beryl crystal monochromator at SSRL. 

(XBL 812-8058) 

Overview of Gas-Phase Research 

Using the time-of-flight photoelectron analyzer, 
,'hotoelectron angular distributions have been 
carried out on many species and are in the process 
of analysis. In a benchmark experiment, electron 
asymmetries were observed following excitation of 
the Xe 4d shell. This is the first such study at 
high photon energies (up to hv = 340 eV), the first 
comprehensive stud)' on an inner shell, and the 
first case in which radiation-induced Auger electron 
intensities were observed (article 9). In addition, 
photoelectron asymmetries from molecular orbitals 
of many small molecules have been observed as 
functions of photon energy (article 12). 

Molecular beam-synchrotron radiation photoioniza-
tion studies were carried out on Ne2 and He clusters 
(article. 10, with Y. T. Lee). Finally, the molecu
lar beam photoelectron spectrometer was completed, 
and it has yielded the highest-resolution molecular 
photoelectron spectra ever observed (article 11, 
with Y. T. Lee). 

Table 1. Rocking curve results for beryl crystals. 

Photon energy (eV) Line width (eV) 

810 

1000 

1250 

1500 

0.34 

0.55 

0.65 

0.85 

9 . PHOTOELECrRON AND AUGER ELECTRON ANGULAR 
DISTRIBUTIONS: ALIGNMENT OF X e + ( Z D 5 / 2 ) i 

S. H. Southworth, P . Kobrin, C. M. Truesda le , 
D. L ind le , S. Owaki, and D. A. S h i r l e y 

I t has been shown t h e o r e t i c a l l y t h a t photo-
ion i za t i on of an atomic subshe l l wi th angular 
momentum j > 1/2 can produce an alignment in t he 
ion s ta te , i . e . , the magnetic sublevels are 
populated unequally with the result that Auger 
electrons are ejected with anisotropic angular 
distributions. In the two-step model of the Auger 
process, the decay of the excited ion s tate is 
separated from the excitation step. Alignment of 
the ion state is described by the alignment tensor, 
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which is determined by the photoionization (electric 
dipole) matrix elements, the photoionization 
matrix elements a)so determine the angular distri
bution of the photoelectron. The angular distribu
tions of the Aii£er electrons depend on the alignment 
tensor (the excitation step) and also, in general, 
on transition matrix elements of the Coulomb 
operator (the decay step). Thus, measurements of 
photoelectron and Auger electron angular distribu
tions are sensitive to atomic electron structure 
and dynamics. We have used synchrotron radiation 
to measure angular distributions of Xe 4d subshell 
photoelectrons and the resulting Auger electrons 
and find them consistent with the predictions of 
theoretical calculations. 

The measurements were made on the soft x-ray 
branch line at the Stanford Synchrotron Radiation 
Laboratory using a time-of-flight (TOF) electron 
spectrometer.3 Two TOF detectors are operated 
simultaneously, one positioned to accept electrons 
ejected at 0° relative to the photon polarization 
vector and the other at 54.7°. Comparison of the 
intensities of electrons ejected at the two angles 
determines the asymmetry parameter 8, which com
pletely characterizes the angular distribution. 
Figure 22 shows the TOF spectra of Xe recorded at 
70.9 eV photon energy. A major advantage of the 
TOF technique is that all of the ejected electron 
peaks are recorded simultaneously, giving 8 values 

for all of the accessible photoelectrons and Auger 
electrons. 

Figure 23 shows the measured 8 values for the 
Xe 4d subshell, the measurements of Torop et al.,4 

the theoretical results of Kennedy and Manson^ 
using Hartree Fock wavefunctions, the relativistic 
Dirac Fock calculations of Ong and Manson," and the 
relativist^c, many-electron RRPA theory of Johnson 
and Huang.7 The measurements confirm the oscil
latory nature of the angular distribution profile. 
This oscillation is primarily a nonrelativistic, 
one-electron effect,5 due to a centrifugal barrier 
and a Cooper minimum in the 4d -*• ef channel. 
However, the DF and RRPA theories more accurately 
predict the position of the Cooper minimum near 
200 eV. 

Figure 24 shows the 8 values measured for the 
Auger transition8 

Xe+(4d95s25p6, 2D S, 2) - Xe 2 +(4d 1 05s5p 5, ̂ J + e" . 

Also shown in the Fig. 24 is a theoretical 8 curve 
for an Auger transition of the type 

Xe+(4d95s25p6, \ V 2 ) - 3fe*T(xS0) + e" 

CHANNEL NUMBER 

Fig. 22. Time-of-flight photoelectron and Auger 
electron spectra of xenon recorded at 70.9 eV 
photon energy. (XBL 808-11201) 

The theory is based on a calculation of the align
ment tensor for Xe+(2Ds/2) using Hartree Fock 
wavefunctions. The strong asymmetry (8^0) near 
the ionization threshold is due to the centrifugal 
barrier in the 4d -+- ef channel, while the asymmetry 
at high energy occurs near the Cooper minimum. 
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Fig. II. Experimental and theoretical *" ' photo
electron angular distributions of Xe4d subshell. 
Circles, this work; X's reference 4. 
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10. PHOTOIONIZATION MASS SPECTROMETRY OF Ne2 AND 
OF He CLUSTERS"*" 

D. J. Trevor, J. E. Pollard, W. D. Brewer,* 
S. H. Southworth, C. M. Truesdale, Y. T. Lee,§ 
and D. A. Shirley 

We present the first measurements of the photo
ionization yield of Ne£ and He^ from Ne2 and He 
clusters, respectively. Structure observed in the 
photoionization efficiency of Ne2 indicates the 
importance of spin-orbit interactions in auto-
ionization at large internuclear distances. A 
lower bound to HeX dissociation energy was obtained 
from the energy of its observed threshold. The 
existence of the simplest van der Waals molecule, 
He2, has been the subject of much work in recent 

years. The very small direct ionization of He 
clusters produced in our beam made it impossible 
to prove whether the supposed molecule, He2, exists. 

The photoionization experiments on Ne2 and He 
clusters were performed at SSRL with our recently 
developed supersonic molecular beam photoionization 
mass spectrometer. The measurements were made by 
crossing the monochromatized photon beam with a 
differentially pumped supersonic molecular beam. 
The resulting ions were extracted, mass analyzed , 
and detected with a quadrupole mass spectrometer. 
The vacuum of this apparatus was isolated from that 
of the rest of the beam line by an ultra thin 
(1500 A) Al/Si window. 

The photoionization yield of Ne? recorded at a 
resolution of 0.8 A FhHM is shorn in Fig. 25. N22 
was prepared by expanding Nc gas at 77 K and 20'i0 
torr through a 20 urn aperture. The threshold 01 
NeJ production was taken to be the energy at which 
its signal rose above background in a scan at 2.5 A 
FNHM (insert, Fig. 25). The observed appearance 
potential was 20,21 ± 0.05 cV, which serves as an 
upper bound to the adiabatic ionization potential 
of Ne2- Combining this value with the atomic 
ionization potential (21.565 eV) 1 and the van der 
Waals well depth (0.004 eV},2 1.36 ± 0.05 eV is 
obtained for a lower bound to the NeJ dissociation 
energy. This value is in excellent agreement with 
previous spectral line shape studies by Connor and 
Biondi5 (1.35 eV). However, it is significantly 
larger than the electron impact value of 0.69 ± 0.2 
eV.* 

The photoionization efficiency of Ne2 increases 
very slowly above threshold due to an unfavorable 
Frank-Condon factor. This results from the large 
difference in equilibrium intemuclear distance 
between the neutral molecule and the ion. The 
dominant mechanism for production of Ne2 is auto-
ionization. The large internuclear distance in the 
vertical transition region samples the autoionizing 
molecular Rydberg sta*os close to their atomic 
limit. The energies of the atomic 2 p3/2 n s > nt* 
and 2 pl/2 f l S' n^ s t a t e s are indicated m the upper 
part OJ. Fî ,. 23. 11 ̂  observed iuteiuaizing molecu
lar states are only slightly shifted from their 
atomic dissociation limit. The molecular states 
associated with the indicated atomic levels account 
for the majority of the observed signal. Figure 26 
shows schematic potential energy curves for the 
state with 2P5/2 6 s + *Sn and 2P]/2 65 + 2So atomic 
limits. The lowest Oj and lu Rydberg states have 
the core configuration of the ground ionic state 
and similar potential energy curves. Therefore, 
only high vibrational levels which should vibra
tional^ autoionize can be excited. However, 
vibrational autoionization is efficient for only 
small changes in vibrational quanta, severely 
limiting its effectiveness near the molecular 
threshold. Consequently, autoionization of molecu
lar Rydberg states, with P3/2 "s atomic limits is 
not expected to be competitive with fluorescence 
or dissociation. This is demonstrated in our data 
by the very weak intensity observed in the regions 
of the 2P3/2 5s and 6s states. 

The Ou state with Pjy2 6s + SQ atomic dis
sociation products has an ionic core configuration 
similar to the B^Hg excited ionic state. The long 
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Fig. 25. Photo ionization efficiency of Nej measured with a resolution of 
0.8 A FNHM, Plotted, in the upper portion, are the energies of the dipole 
allowed atomic transitions for Ne. The insert shows a scan near threshold 
with 2.5 A FWHM resolution. (XBL 802-8338) 

INTERNUCLEAR DISTANCE (Aj 

range minimum and the different ionic core con
figuration , coupled to the ground ionic core by 
spin orbit interactions, greatly enhance this 
state's autoionization rate. The states of this 
type appear ES intense peaks in the photoionization 
efficiency. 

There are several molecular Rydberg states with 
B 2 n g core and 2Pi/2 nd dissociation limits. As in 
the case of the 2V\fz ns, these states efficiently 
autoionize and appear as intense features in the 
photoionization efficiency. However^ in contrast 
to the P3/2 ns states, some of the "P3/2 nd 
molecular Rydberg states also have B2IL, cores and 
thus competitively autoioni^s. 

The photoionization yield of He2 from cur helium 
beam between 545 A and 495 A at 0.8 A resolution is 
shown in Fig, 27. The beam conditions were 700 torr 
of He gas at 4.2 K expanded through 20 urn aperture. 
The spectrum is dominated by sharp autoionization 
structure from molecular Rydberg states with atomic 
limits of lsf^Sx^np with n > 3. The signal 
arising from direct ionization was less than 1% of 
that observed at the resonances. This very small 
direct ionization cross-section made it impossible 

Fig. 26. Schematic molecular potential energy 
curves of Ne2> Ne2 (in the region of the 6s Rydberg 
states) and Ne2- (XB1 809-11810) 
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Fig. 27. The photoion yield of HeJ from a 700 torr, 4.2 K He beam, mea
sured with a photon resolution of 0.8 A FWHM. Also plotted are the 
energies o£ the dipole allowed atomic transitions for He. (XBL 809-11803) 

to prove whether the He£ originated from the sup
posed molecule Hez or from dissociative ionization 
of larger cluster. No signal for He* could be 
detected above our background of about 0.1 counts 
sec - 1. By comparison, the He£ signal was about 
4 counts sec"* at the resonances, and the He + 

signal was typically 3000 counts sec" beyond 
threshold. The background pressure in the ioniza
tion region was estimated to be 6 * 10~ 7 torr. 
This low number density excludes the possibility 
of He2 being produced solely by chemi-ionization. 
Additional experiments at 77 K and higher back
ground pressures confirmed these estimates. The 
most likely source of the observed He^ signal was 
dissociative photoionization c larger clusters. 

The positions of the autoionization resonances 
are observed to be slightly red shifted from the 
atomic states. These shifts indicate that the 
autoionizing states are attractive a*.. laTge inter-
nuclear distances. The wavelength offset for this 
scan was determined by aligning the atomic ioniza
tion potential with the onset indicated in the 
figure. The accuracy of this procedure is estimated 
to be ± 0.3 A, indicating the shifts are not 
experimental artifacts. 

irief version of LBL-11249. 
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Festkorperphysik Freie Universitat Berlin, 1 
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11 . NEW HIGH RESOLUTION PHOTOELECTRON SPECTROMETER* 

James E. P o l l a r d , Dennis J . Trevor , Yuan T. Lee, 
and David A. Sh i r ley 

We have developed a new instrument which s i g n i 
ficantly advances the state-of-the-art in molecular 
photoelectron spectroscopy. By introducing the 
sample gas in the form of a supersonic molecular 
beam, we have found that the Doppler and rotational 
broadenings observed in conventional spectrometers 
are largely eliminated. This makes possible the 
study of spectral features such as spin-orbit 
sp l i t t ings , Jahn-Teller effects, and rotational 
transitions which would be obscured in a room 
temperature sample. To take advantage of this 
potential for high resolution, i t was necessary to 
design an energy analyzer having a theoretical 
resolution better than 10 meV (FWHM), as well as 
good sensitivity and a high signal-to-noise ra t io . 
Ours i s an optimized double monochromator, con
sisting of a 180° hemispherical deflector (10.2 cm 
mean radius), a 90° spherical sector pre-analyzer, 
and a system of electrostatic lenses. The detector 
consists of a 40 mm microchannel plate with a 
resistive anode position encoder for multichannel 
data collection. When used in conjunction with a 
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rare-gas resonance lamp and a differentially pumped 
supersonic beam source» this analyzer allows high 
resolution data to be recorded in a reasonable 
length of time. In the tests performed thus far, 
we have been operating in a single channel mode; 
but, with the installation of the nearly completed 
multichannel detection system, a gain in collection 
efficiency by a factor of 10 to 15 should be 
realized. 

The He la photoelectron spectrum of Ar shown in 
Fig. 28 demonstrates the attainable resolution and 
characteristically low background of this apparatus. 
The design resolution is 0.004 eV FKHM in the 
absence of contributions from the lznewidth of the 
photon source. Higher count rates are obtained by 
increasing the pressure in the lamp, although the 
resolution degrades to 0.010 eV BUM for Ar, The 
spectrum of Oj shown in Fig. 29 was taken under 
these conditions, and the observed resolution is 
0.011 eV, only 105 larger than that seen for Ar. 
Due to the rotational cooling the two spin-orbit 
components of each vibrational level are much better 
separated than can be achieved with a sample at 
room temperature. Figure 30 shows the v' = 1 
transition in the spectrum of H;? with rotational 
structure partly resolved. The Doppler broadening 
which amounts to 0.020 eV at room temperature is 
nearly absent here. 

Mi ,„„ ll II J 
Binding «n«'W W 

Fig. 29. Photoelectron spectrum of the first band 
( M g ) of O2 taken at 0.5 eV pass energy using 
He la (584 A] radiation. Pure O2 was expanded 
from 1000 torr through a 70 urn-diameter nozzle. 

(XBL 809-11855) 

Brief version of LBL-11250. 
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Fig. 28. Photoelectron spectrum of Ar taken at 
0.5 eV pass energy using He la (584 A) radiation. 

(XBL 809-11856) 

Fig. +30. Photoelectron spectrum of the v* = 1 level 
of f*2 taken at 0.5 eV pass energy using He la 
(584 A) radiation. Pure H2 was expanded from 1200 
torr through a 70 imi-diameter nozzle. 

(XBL 8011-12798) 
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1 2 . PHCTOELECTRflV ANGULAR DISTRIBUTION OF SMALL 
MOLECULES+ 

C. M. Truesdale , S. H. Southworfh, P . H. Kobrin, 
D. W. Lind le , and D. A. Sh i r ley 

We have made a survey of photoe lec t ron angular 
d i s t r i b u t i o n s fo r the i o n i c s t a t e s of H2, deuterium 
( D 2 ) , NO, N 2 0 , C 0 2 , CS 2 , OCS, and H 2 0 a t photon 
energies of 18-30 eV us ing the VUV continuum 
r a d i a t i o n a v a i l a b l e from the 8° beam l i n e loca ted 
a t the Stanford Synchrotron Radiat ion Laboratory 
(SSRL) . The highly po l a r i zed (97V) source with 
a time s t r u c t u r e ( 0 . 3 nsec p u l s e w id th , 780 nsec 
r e p e t i t i o n per iod) i s used t o ob ta in photoe lec t ron 
spec t ra of small molecules by the time of f l i g h t 
(TOF) method. A d e t a i l e d d e s c r i p t i o n of t he 
apparatus i s given in Kef. 1. Two d e t e c t o r s s imul
taneously measure t he i n t e n s i t y of the e j e c t e d 
e l e c t r o n s . The d e t e c t o r s a r e p laced a t 0° and 
54.7° (magic angle) t o t he p o l a r i z a t i o n vec to r of 
the photon beam, and a comparison of t h e i r i n t e n 
s i t i e s determines the asymmetry parameter 8. The 
t r a n s i t i o n amplitudes t o t he f i n a l continuum 
channels and t h e i r i n t e r f e r ence determines t he 6 
parameter fcfoich completely cha rac t e r i z e s t he 
photoe lec t ron angular d i s t r i b u t i o n . A schematic of 
the geometry used i n the experiments i s shown i n 
F ig . 3 1 . 

In the d ipole approximation when 100% po la r i zed 
l i g h t i s u sed , t he equat ion t h a t desc r ibes the 
angula r d i s t r i b u t i o n i s given by t h e equat ion 

do ,_ • 
l ' 2 ^ U< 6 0 0 C5 COS a-_l) 

where a(e) is the total photoionization cross-
section, a is the angle between the observation and 
polarization vector, and do/dn (e,a) is the dif
ferential cross-section. Our 6(e) calculations 
must be corrected for the 3% unpolarized conponent 
of the radiation and the efficiencies of the two 
detectors in measuring photoelectrons with various 
kinetic energies. 
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Examples of the variation of 6 and the cross-
section a with photon energy are shown for three 
ionic states of H 20 in Figs. 32-37. The water 
molecule has the electronic ground state valence 

2 2 7 2 configuration 2a, lb- 3a. lb, . The 2a, 
orbital derives most of its character from the 0 2s 
with some contribution from the Is orbitals of 
hydrogen. The lb 2 orbital arises from the bonding 
of the 0 2p to the H Is orbitals. The 3aj orbital 
is essentially described by the bonding of the 0 2p 
to the H Is orbitals. Most of the character of the 
Va\ orbital is described by the non-bonding orbitals 
of the O 2p. Roche and Salahub have used a multiple 
scattering theoretical mouel3>4 to describe the $ 
parameter and the cross-section for the H 20 molecule 
and the 0 atom.5 There is very good agreement with 
their calculations. This gives strong evidence for 
the orbital picture described above. 

For the other molecules studied, the theoretical 
calculations show only qualitative agreement with 
experijnent. The principal value of these eaTly 
measurements will probably be the calibration of 
the accuracy of several early theoretical estimates. 
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publication. 
1. M. G. White et al.. Rev. Sci. Instrum. 50, 1268 
(1979). ~ 
2. C. N. Yang, Phys. Rev. 74_, 764 (1948). 
3 . D. D i l l and J . L. Dohmer, J . Chem. Phvs. 61., 
692 (1974). 
4. J . S i e g e l , D. D i l i , and J . L. Dehraer, J . Chem. 
Phys. 64 , 3204 (1976). 
5. H. Roche and D. Salahub, J . Electron Spect rosc . 
Rel . Phen. 19_, 273 (1980). 

F ie . 31 . Schematic of experimental s e tup . 
(XBL 7910-4225) 
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7 _ i 
Fig. 32. Asymmetry parameter for the Bj^lbi) 
state of H 20 versus photon energy (B.E. = 12.6 eV). 
The solid curves in Figs. 32-37 were calculated by 
Roche and Salahub. (XBL 8012-12879) 
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state of H2O versus photon energy (B.E. = 14.7 eV). 
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Fig. 35. Cross-section for the Bj state of HjO . 
versus photon energy. (XBL 8012-12882) 

H20 

Fi; . 34. 
state of 

25 3B 

PHOTON ENERGY (EV> 

2 -1 
Asymmetry parameter for the B2(lb2) 

H2O versus photon energy (B.E.-18.5 eV). 
(XBL 8012-12881) 

25 30 35 

PHOTON ENERGY CEVJ 

2 
Fig. 36. Cross-section for the Aj state of H2O 
versus photon energy. (XBL 8012-12883) 
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Fig. 37. Cross-section for the B2 state of H7O 
versus photon energy. (XBL 8012-1J884) 
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RESEARCH PLANS FOR CALENDAR YEAR 1981 

Photoelectron diffraction will be further 
studied and will be compared with surface EXAFS for 
elucidation of surface structures. Sulfur and 
other elements with K edges in the 800-4000 eV 
range, recently made accessible at SSRL, will be 
studied as adsorbates. Angle-resolved photo
emission will be applied further to valence bands 
of noble-metal systems. Electron energy loss 
measurements on surfaces will be initiated. 

Gas-phase studies will include photoelectron 
asymmetry measurements in atoms and molecules and 
Auger-electron asymmetry measurements in atoms. 
High-resolution molecular-beam photoelectron 
spectroscopy will be applied to several atomic and 
molecular systems. 
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1. PRBRRV PRODt£T IDENTIFICATION AND DYNAMCS 
OF 0 + C2H4 

R. J . Baseman, R. J . Buss, and Y. T. Lee 

A major effort in chemistry research in re
cent years has been directed toward clarification 
of the complex reaction mechanisms occurring in 
combustion systems because a thorough under
standing of these chemical processes should enable 
the development of fuel efficient and nonpolluting 
energy sources. Accurate information on the ele
mentary reactions that occur in flames has often 
proven elusive because the species of interest 
are exceedingly reactive and cannot be isr 'a ted 
without secondary reactions. Investigate r 

these reactions under single collision conditions 
in crossed molecular beams can permit unequivocal 
observation of the primary reaction protects and, 
at the same time, provide valuable dyns.. cal in
formation about the reactive encounter. 

The reaction of oxygen atoms with ethylene is 
particularly interesting as a prototype of oxy-
gen/olefin systems. The more recent studies! of 
this system have identified two major channels, 
the products being CH3 + HCO, and H2 + C2H2O. We 
have undertaken the study of 0 + C2H4 in order to 
clarify our understanding of the reaction .rechan-
ism and dynamics. 

The apparatus was our crossed bean machine 
with rotatable quadrupole mass spectrometer, in 
which we intersected supersonic beams of 0 atoms 
and ethylene. The oxygen atoms were generated2 

in an rf plasma and were measured to have a peak 
velocity of 2.37 * 10 s cm/sec and a velocity 
spread of about 2S% HflU. The olefin beam, which 
was produced by expansion of C2H4 from a 0.1 mm 
orifice in a quartz tube, had a peak velocity of 
8.1 x 104 cm/sec with a velocity spread of 205 
FNHM. Laboratory angular distributions were ob
tained for reactive product signal at m/e 43, 42, 
and 29. These distributions were found to be ex
actly superimposable within the errors of the ex
periment. Thus, we can conclude that the H atom 
elimination channel giving C2H3O (mass 43) is the 
primary product and that m/e 42 and 29 are merely 
fragments produced in the electron bombardment 
ionizer. The intensity of the m/e 42 signal which 
was the greatest of the three was used for the 
analysis. In the laboratory angular distribution 
of m/e 42 shown in Fig. 1, i t can be seen that the 
product peaks near the center of mass as expected 
when the very light H atom has been ejected. Vel
ocity distributions of the product were obtained 
at 10 angles by the cross correlation time of 
flight method, and the direct convolution method3 
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cf Energy under Contract No. W-7405-ENG-48. 
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Fig. 1. Laboratory angular distribution of m/e 42 
signal from 0 + C2H4. Solid line is a calculated 
best f i t . Error bars are one standard deviation. 

(XBL 802-8221) 

was used to analyze the data with the assumption 
that the product translational energy and the 
center of mass angular distributions were sep
arable. The contour map of product flux which 
produced a best f i t to the data (Fig. 2) shows 
that the product i s not distributed symmetrically 
about 90° in the center of mass reference frame. 
The reaction must, therefore, occur extremely 
rapidly, the mean lifetime of the i n i t i a l adduct 
being less than a rotational period. 

The in i t i a l approach of 0(3?) to C2H4 oc
curs on a t r ip le t surface and i t i s reasonable 
to postulate that the intermediate wil. be the 
t r ip le t biradical CH2CH2O. This intermediate is 
expected to be very weakly bound (0 to 10 
kcal/mole) with respect to loss of H atom. The 
major channel which has been previously reported, 
formation of IKD • CH3, requires a hydrogen mi
gration that is expected to have a very large bar
r i e r on a t r ip le t surface. The forraa*l3i of 
H2 + ketene, previously reported to be a minor 
channel, involves a three- or four-centered elim
ination which should also require the surmounting 
of an impressive energy barrier. I t is quite rea
sonable, then, that the H atom elimination i s the 
dominant channel, and i t i s expec 1 that this be
havior will bj typical of the family of oxygen 
atom/olefin reactions; simple bond rupture will 
tend to prevail over hydrogen migrations or multi-
center elimination. 
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C 2 H 4 C H z C H Q f H 

Fig. 2. Contour map of m/e 42 product flux showi 
on the canonical Newton diagram. (XBL 802-8219) 

1. J. R. Kanofsky and D. Gutman, Chan. Phys. 
Lett. 15, 236 (1972); and B. Blunenberg, K. 
Hoyermann, and R. Sievert, Sixteenth Symposiun on 
Combustion, p . 841, The Combustion Inst i tu te , 1976. 
2. S. J . Sibener, R. J. Buss and Y. T. Lee, Rev. 
Sci. Instr. 51, 167 (1980). 

2. REACTION DYNAMICS OF O + ACETYLENE 

R. J . Basanan, R. J . Buss, P. Casavecchia, and 
Y. T. Lee 

Acetylene molecules show a great affinity for 
oxygen atoms, the thermal rate constant being 
k = 6.7 * 1013 exp(-4000/RT) cc m o l - V l . While 
there remains some disagreement concerning the rela
tive crosf sections for different reactive chan
nels , various researchers 1 have converged on a 
single qualitative description of the reaction. 
The major product is believed to be CO + Ofe and a 
second channel, that of the hydrogen atom elimina
tion to fowl C2HO, i s thought to occur. We have 
begun our investigation of the reaction 0 + C2H2 
by measuring the relative cross section for the 
two channels and by examining the dynamics of the 
H-atom channel. 

The crossed molecular beams apparatus has 
been previously described. The oxygen beam was 
a supersonic je t produced by expansion of a SI 
02/He mixture in which was maintained an rf 
plasma discharge. The acetylene beam was a super
sonic expansion of pure C2H2 that was delivered 
through a dry ice acetone bath to remove acetone 
contaminant. The mean collision energy was 7.9 
kcal/mole with an energy spread of 40 FWtl. The 
angular distribution of m/e 41 signal is shown iji 
Fig. 3. The product i s seen to peak at the nominal 
center of mass angle; i t s intensity here was 3000 
counts per second. Angular scans of m/e 28, 
which can arise from ionization of CO product or 
from fragmentation of C2HO product in the ionizer, 
reveal that the H atom elimination channel is much 
more important than has previously been thought. 
The cross section for CO production is less than 
that of the H atom channel under these reaction 
conditions. 

Velocity distributions of the m/e 41 signal 
were obtained at 9 angles using the cross corre
lation time of flight method. Deconvolution of 
the angular and velocity data using the method of 
Siska generated the contour map shown in Fig. 4. 
The product is seen to be sideways scattered in 
the center of mass reference frame. If the reac
tion proceeds with attack by oxygen perpendicular 

6C 
LAB ANGLE, 9 

Fig. 3. Angular distribution of m/e 41 from the 
reaction O + Cjlfe. The solid line shows best f i t . 
Error bars are one standard deviation of the mean. 

(XBL 7912-13561) 
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\ 0(3P)'C2H2 - • CzHO*H 

Fig. 4. Contour map of mass 41 product flux shown 
with the canonical Newton diagram. CXBL 802-8222) 

to the C-C bond and hydrogen loss is rapid, the 
resulting angular distribution would be predom
inantly sideways peaked. 

The product translational energy distribution 
peaks a t 8 kcal/mole with about 304 of the avail
able energy appearing in translation. The cen
trifugal barrier to H atom elimination is ex
pected to be low because the hydrogen mass i s 
small; thus, the large fraction of the energy in 
product translation suggests the presence of a 
potential energy barrier in the exit channel. 

The 0( 3P) approaches C2H2 on a t r ip le t sur
face and might be expected to form a t r ip le t b i -
radical adduct. Recent calculations by Harding2 
show that the barrier to hydrogen migration in 
this t r ip le t species should be large, about S3 
kcal/mole, and that loss of hydrogen atom should 
be the dominant process. Our experimental finding 
that C2HO i s a major product i s in qualitative 
agreement with these calculations. 

* * f: 

1. J. R. Kanofsky, D. Lucas, F. Pruss, and D. 
Gutman, J. Phys. Chem. 78, 311 (1974); B. 
Blunenberg, K. Hoyeimann, and R. Sievert, Symp. 
(Int.) Combust., 16th, 841 (1977). 
2. L. D. Harding, to be published. 

3. VIBRATIONAL EFFECTS IN PROTON AND CHARGE 
TRANSFER IN THE Hj • Ar SYSTEM 
F. A. Houle, S. L. Anderson, and Y. T. Lee 

Theoretical studies of charge transfer and 
proton transfer processes in the (Ar-l^)* system, 
reactions (l)-(4) below, 
H 2 • AT*-* H* + AT AB = - 0.15 eV (1) 

JL, • Ar*- ArH* + H AE = - 1.45 eV (2) 
Ĥ  + Ar -> Ar+ + H2 aE = +0.15 eV (3) 

Hj' < AT * Arii* + H AE = - 1.30 eV (4) 

indicate that , although these reactions are di
rect , they involve several potential surfaces 
which are very close in energy. Transitions be
tween these surfaces during the course of a col
lision are found to be very important, especially 
in reaction (2) where the reagents do not corre
late to ground state products. The probability 
of undergoing such transitions depends strongly 
on vibrational motion of H2 or H| as the system 
moves through an avoided crossing region. The 
transitions, or lack of them, will dictate the ob
servable branching ratios between reactions (1) 
and (2) or (3) and (4). Experimental testing of 
the theory by measurement of integral and dif
ferential cross sections has been frustrated by 
the difficulty of producing reagents in known 
internal energy s ta tes , so much of the published 
work is restricted to Ai* ( 2P3/4, 2 Pi/?) + 

H2(V = 0 ) . 1 In this report, we describe the re
sults of the f i r s t experiments in which the effects 
of both vibration and kinetic energy on Ar+ and 
ArH'f formation from Hj + Ar have been examined. 

The experimental technique used in this work 
was developed in this laboratory.2 Briefly, i t 
uses a He discharge lamp (Hopfield continuum), a 
vacuum ultraviolet monochromator, radiofrequency 
ion guides (15 httz), a scattering ce l l , a quadrup-
ole mass spectrometer, and a Daly detector. Ions 
are formed within the ion guides by photoioniza-
tion of a supersonic neutral beam. Photoioniza-
tion permits generation of an ion beam having a 
well-characterized distribution of vibrational 
s ta tes . The ions are then guided through a dif
ferentially pumped region, accelerated to the de
sired collision energy, and passed through a scat
tering ce l l . All reactant and product ions are 
subsequently collected, mass analyzed, and de
tected. Variation of ionizing wavelength and col-

.. l ision energy allows determination of integral 
reaction cross sections as a function of vibra
tional state and kinetic energy. 

Figure 5 compares relative cross sections 
for v * 0-4 at several center-of-mass energies. 
Preliminary determinations of absolute values in
dicate that a t low kinetic energies ( < 1 eV) the 
charge transfer and proton transfer cross sections 
are similar in magnitude, in agreement with pre
vious work on both H2 + Ar* and Ar * H?*. The 
most important features to note are: (1) the very 
small charge transfer cross section for v - 0 
compared to v > 0, and (2) the strong resemblance 
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Fig. 5. Vibrational state dependence of proton 
and charge transfer cross sections at several 
kinetic energies: 1V( ) , 3V( ) , 
6V( • ) and 9V'( ) . (XBL 880-12891) 

between the vibrational dependence of both reac
tions at kinetic energies > 3 eV. 

Theoretical treatments of lcng range charge 
transfer have shown that both energy Tesonance and 
favorable Franck-Condon overlaps enhance the 
process. The vibrational dependence shown in 
Fig. 5 is entirely consistent with th i s , except 
that energy resonance seems to be the controlling 
factor: the H£ (v = 0) * Ar reaction is the only 
one that is non-resonant. I ts cross section is 
very low despite reasonable Franck-Condon factors 
and the availability of up to 9 eV of kinetic 
energy, as shown in Figs. S and 6. These results 
seem to argue against the importance of transla-
tional-to-internal energy conversion in promoting 
charge transfer. In fact, the cross section for 
v = 0 falls with increasing kinetic energy. 

The undulations in the cross section for 
HJ (v - 0) charge transfer are very interesting. 
The mass combination is such that the effective 
width increases from 0.1 to 0.3 eV are not a r t i 
f icial ly wide although the dips at -2 .5 and S eV 
may be much sharper. Similar structure has been 
observed in our laboratory for DJ ( v 1) t to * 
Ar + •*• D2, but not for any other vibrational states 
of Ht or Dt. The origin of the variation in cross 
section with kinetic energy, which has not been 
predicted theoretically, is not known, but may 
reflect aspects of an intimate collision process. 

0 1 2 3 4 5 6 7 8 9 
CM KINETIC ENERGY (eV) 

Fig. 6. Kinetic energy dependenca of charge 
transfer between H$(v = 0) and Ar. The points 
are the experimental data, and the solid line is 
the result of a 3-point smooth of the points. 
The maximum of the cross section is approximately 
1.5 A2. (XBL 8012-12890) 

Theoretical treatments of the proton transfer 
channel have shown that only Hj + Ar correlated to 
ArH+. Since Hj (v = 0) has l i t t l e probability of 
undergoing charge transfer (a transition to an un-
reactive surface), i t might be expected that di
rect proton transfer would be more facile for this 
state than for the higher vibrational s ta tes . In 
fact, at a l l energies vibration enhances proton 
transfer. Furthermore, the strong resemblance be
tween the vibrational dependences for charge and 

.proton transfer suggests that above - 3 eV, both 
channels involve passage through a common region 
of the potential energy surfaces available to the 
system. Failure to do so may result in largely 
nonreactive scattering. Regardless of the details 
of the collisions, i t i s not likely that proton 
transfer results from simple motion on the Hj + Ar 
surface. 

1. K. Tanaka, J . Durup, T. Kato and I. Kbyano, 
J . Chan. Phys. 73, 5S6 (1980); W. A. Chupka and 
M. E. Russell, J7 Chem. Phys. 49, 5426 (1968). 
2. S. L. Anderson et a l . , to Be published. 
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4 . COMPARISON OF VIBRATIONAL ENERGY EFFECTS ON 
THE REACTIONS OF D£ WITH H 2 AND Hj WITH D 2 

5. L. Anderson, F. A. Houle, D. Gerlich and 
Y. T. Lee 

The reaction H, + H, ->• a t + H with i t s iso 
topic variants has Been extensively studied. I t 
is exoergic and has been shown to occur by a 
direct mechanism, with no evidence for a barrier .* 
The reaction cross section is large (ca. 100 A2) 
at thermal energies and falls rapidly with in
creasing collision energy.1 This system i s quite 
complex due to the existence of a number of low 
lying potential energy surfaces (PES). Particu
larly important is an avoided crossing parallel 
to the reaction coordinate in the entrance chan
nel. This spl i t s the entrance channel into two 
regions, each corresponding to one charge state 
of the reactants; say Hj + D2 and H2 + Dj. There 
is a barrier between the two regions, which 
rapidly decreases as the reagents approach, a l 
lowing the possibility of mixing of the two charge 
s ta tes . Unfortunately, nearly a l l the experimental 
work to date has uti l ized Hj prepared by elec
tron bombardment, which populates a broad d i s t r i 
bution of Hj vibrational s ta tes . Since the charge 
s |a te mixing and surface hopping behavior in 
H2 + H2 are expected to be strongly influenced by 
reagent vibration, the broad distribution of i n i t i 
a l states largely obscures the detailed reaction 
dynamics. 

We have carried out a series of experiments 
in which we measure the dependence of the various 
reaction cross sections on reagent charge s ta te , 
isotopic composition, vibrational s ta te , and col
lision energy. The experimental method has been 
described previously. 2 Photoionization i s used 
to select the reagent ion vibrational s ta te . The 
ions are allowed to react with the neutral re
agent ion vibrational s ta te . The ions are allowed 
to react with the neutral reagent in a scattering 
cell . The use of guided beam ion optics allows 
a l l the product ions to be collected and counted by 
a mass spectrometer detector. 

We have measured D2H production cross sec
tions from both the Hi" + D? and T>z + It, charge 
s ta te . Figure 7 compares the cross sections as 
a function of reagent ion vibrational s ta |e for 
a number of cm collision energies. For H2 + D2, 
nominally a proton transfer reaction, vibrational 
excitation inhibits the reaction at low collision 
energies, but enhances i t at energies above -1.4 
eV. The D$ + H2 Catom transfer) channel shows 
no vibrational effect at low collision energies. 
At energies from - 1 to 3 eV there is substantial 
vibrational enhancement, followed by a sharp vi-
brationally enhanced fall-off at energies greater 
than 3 eV. Earlier observations 3 of vibrational 
inhibition of the reaction H| + H2 + Hj + H at 
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Fig . 7. Comparison of I^H* product ion from Hj + D 2 

and Eft + H ? . (XBL 808-10864) 

low energies are seen to result from a combination 
of the "proton" and "atom" transfer. 

At low and intermediate energies, the produc
tion of B2H+ from the H? + D2 and DJ + H2 charge 
states occurs with similar cross section; and, at 
intermediate energies, the cross sections have 
comparable vibrational enhancement, suggesting 
similar dynamics. This observation i s consistent 
with suggestion of facile charge s tate mixing in 
the entrance channel to the reaction3,4 and sug
gests that mixing J.S nearly complete even for vi-
brationless reagents. Measurement of the energy 
dependence of the cross section for charge ex
change of lb with H2 supports the idea of a la?-g 
range charge transfer process. The cross section 
is quite large and relatively independent of en-
?rgy, as is expected for a long range interaction. 
A drop in cross section at low collision energy 
i s probably due to competition with the reactive 
channel. 

The fact that considerable differences are 
observed in the reaction of the H| + D2 and Dj + H2 

charge states at high collision energies shows 
that , a t least for the collisions with small im
pact parameter which lead to reaction, charge 
transfer no longer mixes the charge states effi
ciently. 

Collision Induced Dissociation. We have mea-
sured "cross sections for H+ and D* production in 
collisions of D2 and W. The cross sections 
show considerable vibrational enhancement as well 
as reduction in threshold with ion vibrational 
excitation. The cross sections increase from 
threshold to above 5 eV, where there i s a leveling 
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off. The thresholds are consistent with the Dj 
dissociation energy of 2.69 eV, when consideration 
is taken of the resolution broadening of our data. 
Ratios of the D* to the H* production channel 
for several D| vibrational states were obtained. 
At energies above - 5 eV the rat io is 3 within ex
perimental error. This suggests that CID i s oc
curring through s ta t i s t i ca l decay of intermediate 
complexes, which are most likely to be D̂  and 
D2lv. This is consistent with the results of 
Durup and Durup8 who studied CID of Dj + D2 by 
crossed beam techniques. Below 5 eV, the ratios 
show evidence of non-statistical behavior. 

Finally, i t is observed that the shape, mag
nitude, and vibrational enhancement of the falloff 
of the Dj + H2 -• P2H* + H (atom transfer) cross 
section at energies >3 eV is very similar to the 
observed CID cross sections. This suggests that 
the falloff is due to competition between CID and 
D2H* production. The fact that l i t t l e , if any, 
competition i s observed between CID and D2H pro
duction from H$ + Do (proton transfer) further 
supports the idea that there is l i t t l e mixing be
tween the two reagent charge states at energies 
> 3 eV. 

1. S, L. Anderson et a l . , In press: J . Chem. Phys. 
2. S. L. Anderson, D. Gerlich, F. A. Houle and 
Y. T. Lee, LBL-10000 (1979), p. 341. 
3. W. A. Chupka, M. E. Russell, K. Refaey, J . Chem. 
Phys. 48, 1S18 (1968); I . Koyono, K. Tanaka, J . 
Chem. FWys. 72, 4858 (1980). 

S. , INTERACTION POTENTIALS FOR Br('P + Ar, Kr, 
Xe^S) 

Piergiorgio Casavecchia, Guo-zhong He, Randal K. 
Spark, and Yuan T. Lee 

This study is a continuation of a previous 
investigation from this laboratory on elastic 
scattering of F-Ne, Ar, Kr, Xe, and Cl-Xe. A 
newly designed higher resolution version 1 of the 

original universal crossed molecular beams ma
chine is used. The collision energy was varied 
by adjusting the Br velocity by changing the 
bromine atom rare gas carrier, employing the 
seeded beam technique, and keeping the Br source 
nozzle temperature a t - 1800 K. The beam was 
collimated in a differential pimping region to 
an angular spread of 1.0°. The target rare gas 
is a pure beam a t room temperature, defined to an 
angular divergence of 1.9°. Under our geometri
cal arrangement, the collision volume is always 
contained in the viewing angle of the detector, 
which has an angular resolution of 1.0°. The 
velocity distributions of the beams are char
acterized by conventional "single shot" tirae-of-
flight (TOF) measurements. Table 1 gives the 
beam characteristics and center-of-mass collision 
energies. As an example, one experimental result 
1(0) of Br scattered off Xe is presented in Fig. 8. 
Comparison of calculated 1(0) with experimental 
1(0) provides the basis for evaluation of the 
interaction potentials. The results were obtained 
for Br-Xe, Kr, Ar system and plotted in Fig. 9 for 
the Br-Xe system. While the Br-Xe Xl/2 potential 
(c = 0.645 kcal/mole, r m = 380 A) shows a stronger 
interaction than the 1 + potential of Kr-Xe, the 
Br-Kr (c = 0.460 kcal/mole, r_ = 3.90 A) and, 
Br-Ar (c = 0.380 kcal/mole, r m = 3.73 A) X 1 ' 2 po
tentials are closer to the corresponding rare gas 
pair. The i V 2 potential for a l l three systems i s 
found to have a more b.iallow e, a slightly larger 
r m , and a more repulsi.e wall than the 1-Z* poten
t i a l of the corresponding rare gas pair. 

I t should be noted that there exists quite 
a good agreement between the slope of the repul
sive inner wall of the ground state curves es t i 
mated from diffuse spectra 1 >2 and derived from 
the experiments described in this ar t ic le . What 
our study adds is the absolute scale of the in-
ternuclear distance. 

1. R. K. Spark, Ph.D. thesis , University of 
California, Berkeley (1379); M. F. Golde and A. 
Kvaran, J . Chem. Phys. 72, 434 (1980); J . Chan. 
Phys. 7Z, 442 (1980). 
2. J.Tellinghuisen et a l . , J . Chem. Phys. 65, 
4475 (1976). ~~ 

Table 1. Beam characteristics and center-of-mass collision energies. 

Br beam 
Seeded Mixture T/K 

Stagnat ion 
Pressure 

( t o r r ) 
Madi 

Number 

Peak. 
v/10* 
cm/s 

(FWHM) 
A v / v B r - X e Br-Kr Br-Ar 

94 B r 2 + 91% Xe 1206 700 8 .1 7.86 17 4 .2 3 .8 2 .9 

7.78 B r 2 + 92.3S Ar 3017 820 10.5 12.42 15 9 .8 8.4 -
6.3% Br , + 938 He 8505 1000 9 .1 20.86 17 26.4 - 14.8 

Xe 
Kr 

298 
296 

200 
300 

17.3 
17.6 

3.08 
3.81 

10 
10 

296 300 17.3 5.55 10 
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Fig. S. laboratory angular distributions of scat
tered Br for the Br(2P) + Xe[}S) system at three 
collision energies. Solid circles are data points, 
and the solid curves are calculated from the best 
f i t potentials, averaging over angular and vel
ocity distributions of experimental conditions. 
Dashed and dashed-dotted curves represent the rel
ative contribution to 1(0) of the X*/2 and I 3 /2 
potentials according to Eq. (1). Typical error 
bars are £ 2 standard deviations of the mean. 

(XBL 804-9352) 

3 4 5 6 
INTERNUCLEAR DISTANCE r{A) 

Fig. 9. Interaction potentials of Brf^P^) + 

Xe(lSn). Note the scale change at V(r) highe 
than 0.1 kcal/mole. (XBL 804-6977) 

6. ON THE PHOTODISSOCIATION OF NITROMETHANE AT 
266 nm+ 

H. S. Kwok, G.-2. He, R. K. Sparks, and Y. T. Lee 

Nitrcmethane is one of the high yield clean 
liquid fuels; i t s detonation characteristics have 
been studied quite extensively. Recently, there 
has also been some interest in the photodissocia-
tion of nitromethane because of the possibly im
portant role played in atmospheric chemistry. The 
absorption spectrum of nitromethane in the UV 
region consists of a main band peaking at 190 run 
with a relatively large cross section of ~2 * lU'l? 
cm2 and a much weaker band at around 270 nm uith 
almost a 600 times smaller cross section. The 
transition is believed to be a n •*• T,* transition 
into a NO2 TT orbital. A quantum yield of unit)' 
was often assumed for dissociation over the en
t i re absorption wavelengths in view of the con
tinuous nature of the absorption spectrum. 

However, in an earlier study of the photodis-
sociation of nitromethane in liquid using 266 nra 
picosecond pulses, i t was found that the product 
of NO? seemed to increase linearly in time after 
an induction period of several nanoseconds after 
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the laser pulsed. 1 This apparent abnormal be
havior was in line with the suggestion that the 
photodissociation of CH3NO2 at 266 nm is indiTect2 
and raised the question of quantum yield and pr i 
mary dissociation mechanism at a weaker absorption 
band around 270 nm. 

122 (CH^,'02)5. These signals were due to the fol
lowing vibrational predissociation processes of 
vibronically excited molecular clusters: 

(CH3N02)2 * hv + (QIJ®2h "* 2 a y ° 2 

We performed a study of the photodissociation 
of nitromethane and nitromethane clusters in a 
crossed laser molecular beam apparatus. Our pur
pose was to clarify whether the previously re
ported photodissociation of nitromethane at 266 
nm can actually take place under collision-free 
conditions. If the excitation of isolated nitro
methane is not a direct photodissociation transi
tion and does not dissociate appreciably under 
collision free conditions, i t will be interesting 
to answer the question of whether the dissocia
tion will be facilitated by exciting CH3NO2 in 
small molecular clusters of {H3NO2, or whether 
the vibronically excited clusters will only dis
sociate into molecular products by breaking 
van der Waal's bond through a vibrational predis
sociation process. 

After an intensive search for the most likely 
photons soci at ion products, CH3 and NOo at masses 
15 (CH3), 46 (NO2), no signal was observed even 
after accumulating for over 40,000 laser shots. 
Signals were also checked for less likely dissoci
ation channels at masses 30 (NO+), 31 (HN:0+), and 
45 (CH3N0+); but, again, no evidence of dissocia
tion was found at any of these mass numbers. De
tector angles were set at 20° and 30° from the 
molecular beam in our search for signal. According 
to a velocity diagram using the molecular beam 
velocity and the cm. translational recoil velo
city of the fragment for a given product transla
tional energy, dissociation products should reach 
these laboratory detector angles even i f a large 
fraction of excess energy of 45 kcal/mole appears 
as internal excitation of products. For Qf̂  and 
.NOj, the required product translational energies 
are only 0.1, 0.2, and 0.9, 2.0 kcal/mole respec
tively. 

According to an estimate of the sensitivity 
of our detection system, commensurate with the 
integration time and the intensity of the molecu
lar beam, the minimum detectable dissociation 
cross section i s approximately 10-21 on2 i f the 
molecule dissociates with a lifetime shorter than 
10~5 second, which is the t ransi t time of the mole
cules passing through the viewing zone of the de
tector. This estimate is also in agreement with 
the results of ozone and ketene photofragmenta-
tions experiment which have been successfully per
formed using this apparatus. The published ab
sorption cross section for nitromethane is around 
3 * 10_20 cm2 a t 266 nm. Therefore, the apparent 
conclusion is that nitromethane excited at 266 nm 
does not photodissociate directly. Namely, the 
dissociation lifetime must be much longer than 
10-S seconds under collision free conditions. 

Crossing the laser (266 nm) with the molec
ular beam containing small fractions of dimers 
and trimers of nitromethane, signals due to laser 
excitation were observed at mass 61 ((H3NO2) and 

CCH^f02)3 + hv - (ffljNOPj + (Oy*0 2 ) 2 + CHjNC .̂ 

This predissociation occurs because the excita
tion energy in the vibrational degrees of freedom 
in the cluster is larger than the binding energy 
between components of the cluster. Similar pre-
dissociations have been observed via infrared vi
brational excitation in clusters of benzene, am
monia, methanol, water, and hydrogen fluoride. 
Figures 10 and 11 show the angular and velocity 
distributions of the product detected as (Gfcj^)?. 
By comparison with the velocity distribution of the 
CH3NO2 trimers before dissociation, we can see 
that the extra translational energy in the fragments 
broadens the velocity distribution considerably. 

From Fig. 12 i t is clearly seen that the maxi
mum translational energy in the predzssociation 
product is about 1 kcal/mole. However, most of 
the product fragments have no excess kinetic en-
erg)'. This observation is almost identical to 
the results on the predissociation of benzene 
clusters. 
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t C ^ N O ^ -
2 66NM 

ICHJMC^y-CHjNOg 
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20 

Fig. 10. Laboratory angular distributions of 
(Qi3N02)z from vibrational predissociation of 
vibronically excited (013^)2)3 at 266 nra excita
tion. Dots are experimental results. The solid 
curve is the calculated angular distribution 
using the energy distribution of Fig. 12. 

{XBL 8010-12360) 
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4 
VELOCITY 10* C M / S 

Fig. 11. Laboratory velocity distributions of 
(OyNO^ from (013^)2)3. Symbols are the sane 
as indicated in Fig. 10. Dashed curve is the 
velocity distribution of (CH3N02)3. fXBL 8010-12362) 

"0 .1 2 3 .4 5 .6 .7 .8 .9 
TRANSLATION ENERGY, E 

(KCAL/MOLE) 
Fig. 12. Translational,energy distribution of 
the process (CH;jN02)3 - - > CO>$*>2)2 + CH3NO2 
which gives theDest f i t to the data shown in 
Figs. 10 and 11. (ML 8010-12361) 

The observation of strong predissociation 
signal from the clusters also points to the con
clusion that the lack of signal from the photodis
sociation of CH3NO2 experiment is indeed a real 
indication that CĤ K>2 excited by 266 nm does not 
dissociate directly. As mentioned above, i t im
plies an upper limits of 10" 2 2 cm2 for the direct 
photodissociation cross section of CH3NO2. Since 
the corresponding absorption cross section is 
3 x 10-20 cm2, this absorption must be due to a 
bound-bound transition. The observation of NO2 
fragments in a l l previous bulk experiments on 
nitroraethane must be due to collisional dissocia
tion of the excitation molecules. At atmospheric 
pressure, collision relaxation should compete with 
collisional dissociation, and the assumption of 
quantum yield of unity at \<eaker absorption band 
peaking at 270 nm is clearly not justified. 

This work was partial ly supported by the Office 
of Naval Research under Contract No. 
N00014-75-C-0671. 
1. lv'. L. Faust, et a l . , in Chemical Physics 4: 
Picosecond Phenomena, Springer-Verlag, New York 

2. K. Spear, Chem. Phys. Lett. 54_, 373 (1978). 

7. MEASUREMENT OF SINGLET-TRIPLET SPLITTING OF 
CH2t 

C. C. Hayden, D. N. Neumark and Y. T. lee 

The f i rs t two electronic states of methylene, 
CH2, have been frequently studied, but the energy 
spli t t ing between the ground Q^Bj) and lowest ex
cited (lAi) s ta te has not been unambiguously de
termined. Methods, based on observation of the 
photochemical threshold for production of the two 
states and on equilibration between them, have 
given a value of about 8-10 kcal/mole. However, 
the most direct previous experiment was a laser 
photoelectron detachment study of the CH2 ion; and, 
from i t , a value of 19.5 kcal/mole was assigned 
to the spl i t t ing. 1 

We recently performed a photofragmentation 
study of ketene (CH2CO) to provide another direct 
measurement of the methylene sij iglet-triplet spl i t 
t ing. A supersonic beam of ketene seeded in helium 
was crossed at right angles with the beam from 
a Lumonics excimer laser borrowed from the San 
Francisco Laser Center. The photolysis products, 
CH2 and COt were detected by an electron impact 
ionization quadrupole mass spectrometer and were 
velocity analyzed by the time of flight technique. 
A product was detected at several laboratory angles 
from photodissociation with light at 3S0 nm and 
308 ran. 

At 350 nm, we observed a single peak in our 
time of flight spectra in which the fastest product 
corresponds to 4.0 ±.0.5 kcal/mole of translational 
energy. The signal at this wavelength is due en
t i re ly to t r ip le t product, as the photon energy 
of 81.7 kcal/mole i s insufficient to produce 
singlet CH2. Thus the process 
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O^CO * CH2(.\) + CO 

is endoergic by 77.1 i 0.5 kcal/mole. The experi
ments at 308 nra (92.8 kcal/mole) also yielded a 
single peak, with the fastest fragments corre
sponding to 6.7 +. 0.5 kcal/raole of product trans-
lational energy. This must be due to singlet CHj 
therefore requires 86.1 kcal/mole. Combining this 
with the data at 350 nm yields a spli t t ing of 8.4 
kcal/mole, with an estimated accuracy of * 0.S 
kcal/raole. 

In summary, we have determined the GU sing
le t - t r ip le t spli t t ing by measuring fragment energy 
distributions from the photofragmentation of ketene 
at two different wavelengths. Our results agree 
with several previous experiments and theoretical 
predictions but do not support the interpretation 
of photoelectron detachment experiments, which 
gives a value of 19.5 kcal/mole for this quantity. 
In addition, we have found that photolysis of 
ketene at 308 nm produces entirely singlet methyl
ene, contrary to ear l ier work where i t was con
cluded that there was significant t r ip le t pro
duction. 2 

The rare gas halide laser used in this re
search was a loan from the San Francisco Laser 
Center Supported by the National Science Foundation 
under Grant No. CHE79-16250 awarded to the 
University of California at Berkeley in collabora
tion with Stanford University. 

This work is partially supported by the Office of 
Naval Research under Contract No. N00O14-75-C-O671. 

1. P. F. Zittel et a l . , J . Am. Chem. Soc. 98, 3731 
(1976). 
2. V. P. Zabransky and R. \1. Carr, J r . , J . Am. 
Chen. Soc. 98, 1130 (1976). 

gies. Detailed contour maps of the product flux 
as a function of center-of-mass angle and velocity 
may be extracted from the data. These contour 
maps i l lus t ra te the important role of angular mo-
mentun conservation in determining the product 
translational energy distribution in endothermic 
reactions. 

The qualitative features of a l l four reactions 
are similar and are summarized below; 

a. The IBr product peaks strongly backwards 
with respect to the velocity of the attacking 
halogen atom. 

b. On the average, more than half of the ex
cess energy (relative collision energy minus the 
endothermicity), appears as translational energy 
of the products. 

c. Essentially, no products are formed with 
very low translational energy, indicating that 
the in i t i a l orbital angular momentum is mainly 
converted into product orbital angular momentum 
(L •* V). This effect is less pronounced for re
actions (1) and (3), since the leaving group is 
a light CHy 

d. The reaction cross-sections a l l increase 
very steeply with increasing collision energy, due 
to the increased density of available product 
states as well as to increase in the actual "state-
to-state" cross-section at higher collision ener
gies. 

e. No evidence was observed for the substitu
tion reactions X+VR-»-Y + XRat any collision en
ergy, even though these reactions are favored en
ergetically. 

8. DYNAMICS OF ENDOTHERMIC REACTIONS 
X + YR * XY + R 

D. Krajnovich, Z. Zhang, F. Huisken, and Y. T. Lee 

We have used the crossed molecular beams 
method to study the following endothermic reac
tions: 

AH (kcal/mole) 
27 (1) 

I + CFjBr •> CF3 + IBr 25 (2) 

14 (3) 

11 (4) 

Relative collision energies greater than 80 
kcal/mole were obtainable by the seeded beam 
technique. TOT each reaction, laboratory angular 
and time-of-flight distributions of the IBr prod
uct were measured at two or more collision ener-

9. STATE DISTRIBUTION OF PHOTODISSOCIATIQN 
PRODUCTS OF 0 3 

Guo-zhong He, R. J . Sparks, H. S. Kwok, and 
Y. T. Lee 

The purpose of this work was to investigate 
the laser-frequency dependence of product s ta te 
distributions of the ozone photolysis. Important 
questions which need to be answered about the 
photodissociation of ozone are the variation of 
branching ratio between 02(3£g) and 0?(1A„) and 
the vibrational state distributions of 
02(1Ag) as a function of photon energy. 

High resolution molecular beam measurements 
of the translational velocity distribution of the 
primary photolysis products of ozone were carried 
out at 279 nm, 276 nm, 266 nm, 259 nm, and 248 nm. 
Identification of product quantum states and their 
population distributions are obtained from the 
analysis of time-of-flight velocity spectra. 

The molecular beam machine used for this ex
periment and the method for data processing and 
analysis have been described in deta i l . l* 2 ^ Ex
periments were carried out by crossing a super
sonic molecular beam of ozone seeded in argon at 



a right angle with the laser beam of various fre
quencies ; a frequency quadrupled pulsed Nd: YAG 
laser for 266 nm; a frequency doubled pulsed dye 
laser for 279 nm, 276 nm, and 259 nm; and an ex-
cimer laser for 248 ran. 

Ihe energy diagram of 0 + 0? and photon en
ergies of the five laser wavelengths used are 
shown in Fig. 13. Product state distributions ob
tained for these laser wavelengths are shown in 
Table 2. 

From the experimental results , we concluded: 

a. 02( 3Z|) production was found to be around 
10% in the frequency range covered. I t increased 
slightly ( - 1-25) as the laser wavelength de
creased from 279 ran to 248 ran. 

b. The vibrational state distribution of 
°2( AJJ) obeys approxiraateiy the Boltzuann distribu
tion, and the vibrational temperature of Oifi-kp) 
increases. Approximate vibrational temperatures 
are 2700 K and 3500 K at 266 nm and 259 mm, re
spectively. 

1. R. K. Sparks et a l . , J. Chan. Phys. 72, 15 
(1980). 
2. 8. K. Sparks, Ph.D. thesis , University of 
California, Berkeley (1979). 

120-

I I C -

I 0 C -

9C 

u * 

! 70>-O 
5 
s. 
-J 6 0 -< 
5 5 0 -

40-

30-

I5L3 

110.4 
1075 

20 

10 

103.4 
102.4 

5 
oo en (bvben 
•<t in<or--r~ 
(\1 (MOJOJCVJ 

(KCAL/MOLE) 
- ( V = 5 ) H 2 . 3 0 
-<V=4) 10835 
-(V=3) 104.33 
-(V=2) (00.23 
-<V=I) 9 6.05 

91.80 
O/A^ + OCD) 

QfX>0(3P) 
23.90 

qt'A.) 
-0 .0 -

Fig. 13. The energ)' diagram of 0 + 02 and the 
photon energies. (XBL 8012-12949) 

Table 2. Product state distributions (S) for 
the five laser wavelengths 

Laser Wavelength 
S t a t e 279 (nm) 276 (nil) 266 (nm) 259 (nm) 248 (nra) 

° / E g ) 12.2 12.2 11.6 11.5 10.4 

°A>v-0 57.6 53 .1 50 .3 42.1 37.9 

v = 1 25.2 2S.5 23.9 23.0 28 .3 

v - 2 5.0 9.2 9 .7 11.5 10.4 

v = 3 4 .5 7.7 5.2 

V - 4 4.2 4 .8 

v - 5 3.0 
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10. MOLECULAR BEAM STUDIES OF THE F + HD REACTION 

D. M. Neumark, C. C. Hayden and Y. T. Lee 

We have investigated the reactive scattering 
of atomic fluorine with H2 and i t s isotopic var
iants in our high resolution crossed molecular 
beams apparatus. The F + Hz and F + D2 reactions 
have been extensively examined and reported else
where. * We have also undertaken preliminary 
studies of the F + HD reaction, and our results 
thus far are summarized in this ar t ic le . 

This group of reactions is particularly in
teresting to study in a crossed beams experiment 
because the large vibrational spacing in the 
IIF(DF) product, along with the small amount of 
product rotational energy, permit one to obtain 
center-of-mass angular and energy distributions 
for each product vibrational s ta te . One can 
therefore learn a great deal about the detailed 
reaction dynamics of these systems, and the com
parison of the results with theoretical pre
dictions can be quite fruitful. For example, the 
F + H-> reaction was studied at collision energies 
of 2.00 and 3.17 kcal/mole. At the lower energy, 
a l l the HF product vibrational states (v = 1-3) 
were strongly backward-scattered with respect to 
the incoming fluorine beam. This is the expected 
result i f the reaction i s most likely to occur 
for a zero impact parameter collision in which 
a l l three atoms are collinear. At the higher 
energy, the v = 1 and v = 3 products were s t i l l 
backward-peaked, but the v = 2 product shifted 
to a much broader distribution. This indicated 
that higher impact parameter collisions were con
tributing significantly to HF v = 2 formation, 
whereas the contribution from zero impact param
eter collisions was depleted. 

The results were consistent with a three-
dimensional quantal calculation by Redmon and 
Wyatt. 2 They predicted a maximum in the HF v = 2 
reaction probability, which occurred at zero im
pact parameter for low energy collisions but moved 
out to nonzero impact parameters for collision en
ergies above 2.5 kcal/mole. Our results may there
fore represent the f i r s t observation of such a res
onance effect in a reactive system. 

We hoped to find similar effects in the 
F + HD reaction. Angular scans of the HF and 
DF products were taken at collision energies of 
2.38 and 4.55 kcal/mole, and these are shown in 
Figs. 14 and 15. Because we have no velocity dis
tribution data as yet, we have not determined the 
center-of-mass product angular and energy dis t r i 
butions. However, several noteworthy features are 
apparent in the angular scans. 

The DF angular distributions show that the 
product is predominantly backward-scattered at 
both energies. The HF angular distributions are 
markedly different from the DF distributions. At 
both energies, the HF back-scattered product is 
considerably less intense, and the most intense 
signal comes from forward-scattered product. This 
is at variance with a recent classical trajectory 
calculation by Muckerraan who calculated the angular 
distribution at 3.0 kcal/mole and found both prod
ucts to be strongly back-scattered. Up to now no 
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Fig. 14. Laboratory angular distribution of prod
ucts for F + HD collision energy of 2.38 
kcal/mole. 0 = HF, A = DF. (XBL 8012-12951) 

3-dimensional quantal calculations have been per
formed on the F + HD system. These would be most 
interesting because the classical description of 
the reaction dynamics appears inadequate. 

Thus far, the features observed in the F + HD 
reaction clearly warrant further investigation, ' 
We plan to take time-of-flight measurements of 
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Fig, 15. Same as Fig. 14 at collision energy of 
4.55 kcal/mole. (XBL 8012-12950) 
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the products at several energies to obtain energy 
and angular distributions for a l l observed vibra
tional s ta tes . We are especially interested in 
doing the experiment with a liquid nitrogen-cooled 
HD beam, which will allow the collision energy to 
be lowered continuously down to 1.0 kcal/mole. 
In a one-dimensional (1-D) quantal calculation ' n 
the F = HD reaction, a sharp resonance was pre
dicted in the HF reaction probability at low col
lision energy. 3 Although i t i s risky to predict 
an experimental result from a 1-D calculation, one 
might expect the calculation to approximate a zero-
impact parameter collision in which a l l three atoms 
are collinear. The products from such a collision 
will be sharply backward-peaked. Therefore, a 
resonance in the 1-D reaction probability should 
correspond to enhanced backward-scattered product. 
The observed forward-scattered HF may result from 
this zero-impact parameter resonance moving out to 
higher impact parameters at the energies we 
studied. If this is true, the HF distribution 
should become more backward-peaked as the energy 
is lowered. We hope to observe this shift by 
doing the experiment at the low energies accessible 
with the cooled HD beam. 

* * * 
1. R. K. Sparks et a l . , "Molecular Beam Studies 
of Reaction Dynamics of F + H2, D2," Horizons of 
Quantun Chemistry, D. Reidel Publishing Company, 
pp. 91-105 (1980). 
2. M. J. Redmon and R. E. Wyatt, Chan. Phys. Lett. 
63, 209 (1979). 
3. G. C. Schatz, J . M. Beiman, and A. Kuppermann, 
J . Chem. Phys. 63, 685 (1975). 

RESEARCH PLANS FOR CALENDAR YEAR 1981 

In the area of state-to-state chemistry, 
heavy particle quantum mechanical dynamical res
onance phenomena, the vibrational state selected 
ion-molecule reactions, and the reaction of elec
tronically excited atoms and molecules will be 
pursued. The investigation of dynamic resonance 
phenomena will focus on the translational energy 
dependence of the product branching rat io and angu
lar distributions of individual vibrational states 
in the reaction of F + HD. In ion-molecule reac
tions, the excitation of vibrational degrees of 
freedoms in reagents often causes a more drastic 
change in the reaction dynamics than that found in 
the reactions of neutral molecules. A systematic 
study will be carried out to investigate the degree 
to which these effects are the result of the vibra
tional state dependent non-adiabatic coupling or 
charge transfer in the entrance channel of the re-
actants. 

Molecular beam studies of combustion related 
elementary chemical reactions will remain one of 
our major research subjects. Determination of re
action mechanisms of oxygen atoms with olefins 
and halogenated olefins will be continued. New 
projects which will be init iated in the coming 
year include the development of an OH radical 
beam source, the comparison of the detection and 

identification of quantum states of OH radicals by 
the multiphoton ionization process and laser in
duced fluorescence method, and the reaction of 
alkyl radicals with 0 atoms. 

A new molecular beam apparatus, which has 
been under construction during the past year, will 
be put into operation. This apparatus, equipped 
with a photoionization mass spectrometer, is de
signed for the investigation of infrared absorp
tion spectra and the heat of formation of poly
atomic radicals using various IR laser excitation, 
photoionization schemes. 

The interaction of reaction intermediates, 
especially chemically activated polyatomic radical 
molecules of known excitation energy formed by 
single collision conditions in crossed molecular 
beams with high power CO2 laser, will be investi
gated. Of particular interest in this interac
tion is the laser stabilisation of chemically 
activated complexes due to stimulated emission of 
IR photons. Since the efficiency of laser stab
i l izat ion processes depends on the lifetime of 
the reaction complexes and the intensity of the 
laser, the observed results will provide valuable 
information on the nature of molecular quantum 
states in the continuum and the dynamics of intra
molecular energy transfer. 

1980 PUBLICATIONS AND REPORTS 

Refereed Journals 

1. S. J . Sibener and Y. T. Lee, "Internal Energy 
Dependence of Molecular Condensation Coefficients 
Determined from Molecular Beam Surface Scattering 
Experiments," :n Rarefied Gas Dynamics, Eleventh 
International Symposium on Rarefied Gas Dynamics, 
Vol. 2, p. 1417, Commissariat A L'Energie Atomique, 
Paris, France, edited by R. Campargue, (1979). 

2. S. J . Sibener, R. J . Buss, and Y. T. Lee, 
"Development of a High Pressure Atomic Oxygen 
Beam Source," in Rarefied Gas Dynamics, Eleventh 
International Symposium on Rarefied Gas Dynamics, 
Vol. 2, p. 981, Commissariat A L'Energie Atomique, 
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i. Potential Energy Surface* lor Chemical Reactions* 

Henry F. Schaefer III, Investigator 

1. THE PROTOTYPE ALUMINUM-CARBON SINGLE, DOUBLE 
AND TRIPLE BONDS: A1-CH3, A K H 2 , AND AI=CHT 

Douglas J . Fox, Douglas Ray, P h i l i p C. Rubesin, 
and Henry F. Schaefer t i l 

Organoalupiinim compounds a r e used on an indus
t r i a l s ca le as components of the Ziegler -Nat ta 
c a t a l y s t s for o l e f i n polymer iza t ion . In the form 
of L1AIII4, aluminum a l s o plays a key r o l e in 
s y n t h e t i c organic and inorganic chemistry. Although 
aluminum has a no tab le chemist ry , t h i s i s p r imar i ly 
r e s t r i c t e d t o s i n g l e bonded and/or e l e c t r o n -
d e f i c i e n t s p e c i e s . A very useful example of the 
l a t t e r i s the Al2(C%)6 molecule , which has the 
diborane s t r u c t u r e . 

Perhaps the most common single-bonded organo-
aluminum species i s the monomeric t r imethy l 
aluminum, Al(Ql3)3 , the molecular s t r u c t u r e of 
which has been determined by e l e c t r o n d i f f r a c t i o n . 
Since aluminum a l k y l s of ten appear in complexes 
with e t h e r s , i t i s noteworthy t h a t t he s t r u c t u r e 
of the dimethyl e the r complex 

H-C 
i 98.7° 

H.C 
ll,C V 

CH, 

CD 

1.973 . 

has also been determined recently. 

Comparison with the above cited monomer structure 
demonstrates that complexation has only a mild 
effect (e.g., 0.016 A in the Al-C distance) on the 
free A1(Q*3) geometry*. 

No aluminum-carbon multiple bond has yet been 
prepared in the laboratory'. This is usually thought 
not to be due to the inability of molecules such as 

HjC ^ 3 
(2) 

to exist as isolated species. Rather, i t seems 
lively that such molecules do represent relative 
minima on their respective potential energy sur
faces, but are extremely reactive. Theoretical 
studies shed light on the possibility of observing 
such molecules In the laboratory. Trenary, Casida, 
Brooks, and Schaefer already demonstrated the 
relevance of theoretical structures of the aluminum-
carbon double bond to experimental investigations. 
In the present research are reported theoretical 
studies of the prototype single, double, and tr iple 
bonds 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
Chemical Sciences Division of the U.S. Department 
of Energy under Contract No. W-7405-ENG-48. 

and 

A1-CH3 , 

A1=CH2 , 

Alsffl . 

(6) 

0) 

(8) 

Nonempirical quantum mechanical methods have 
been used to i n v e r t i g a t e the AlCHj, AICH2, and AlCH 
molecules , which may be considered t o r ep re sen t the 
s imples t aluminum-carbon s i n g l e , double , and t r i p l e 
bonds. Equil ibrium geometries (see F ig . 1) and 

/ 
C 1115.0-

/ 
» \ ) 

3n 

Fig. 1. Predicted equilibrium geometries of several 
electronic states of AlCH, AICH2, and AICH3. Bond 
distances are in A. (XBL 803-8745) 
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vibrational frequencies were determined at the 
self-consistent-field level of theory using a 
double zeta basis set : Al(lls7p/6s4p), c(9s5p/4s2p), 
H(4s/2s). The Mj ground state of AICH3 has a 
reasonably conventional Al-C single bond of length 
2.CJ.3 A, compared to 1.96 A in the known molecule 
Al(ffl3)3. The CH equilibrium distance is 1.093 A 
and the Al-C-H angle 111.9°. T^3 structures of 
three electronic states each of A1CH2 and A1CH were 
similarly predicted. The interesting result is 
that the ground state of AICH2 does not contain an 
Al-C double bond, and the ground state of A1CH is 
not characterized by an Al̂ C bond. The multiply 
bonded electronic states do exist , but they l ie 
21 kcal (AICH2) and 86 kcal (Aim) above the 
respective ground states. The dissociation energies 
of the three ground electronic states are predicted 
to be 68 kcal (AlCHj), 77 kcal (AICH2), and 88 kcal 
(A1CH). Vibrational frequencies (see Table 1) are 
also predicted for the three molecules, and their 
electronic structures are discussed with reference 
to Mulliken populations and dipole moments. 

interaction calculations. When both hydrogen atoms 
are attached to the nitrogen atom, H2NC*, the 
molecule has i t s lonest t r ip le t s ta te energy, which 
i s 97.2 kcal mol"1 above the energy of the linear 
singlet ground s ta te . The structure has C2v 
svnmetry, with an HNH bond angle of 116.8° and 
bond lengths of 1.009 A (H-N) and 1.268 A (N-C). 
Other isomers investigated include the HgCN* isomer 
at 104.7, the cis-HCNH* isomer at 10S.3, and the 
trans-HOJlf isomer at 113.6 kcal mol" 1. The H2CN 
isomer has an unusual "carbonium nitrene" structure, 
with 0 C-N bond length of 1.398 A. All four geo
metrical structures are i l lustrated in Fig. 2. I t 
is suggested that the t r ip le t HjNC* isomer may play 
a role in determining the relative yields of HCN 
and IINC from the reaction of C* and NH3. Specifi
cally, a t r ip le t path is postulated in which C* 
and W3 yield the t r iplet H2NC* isomer, which then 
yields the singlet H->NC* isomer by phosphorescent 
emission. Because this emission removes a large 
amOL..* of energy, the singlet H2NC* isomer has 
insufficient energy to isomerize to the linear 

Brief version of LBL-10871. 

Table 1. Predicted harmonic vibrational frequencies (in cm" ) for the 
ground electronic states of AICH3, A1CH2, and A1CH. 

A1CH3 A1CH2 VAICH 

3200 

3200 C-H stretch 

3290 ) 

3140) 
C-H stretch 

3350 
670 

C-H stretch 

Al-C stretch 

3120 

1580 

1070 

660 

C-H? scissor 

Al-C bend 

380) 
380 ) 

Bend 

1400 CH 3 deformation 640 Al-C stretch 

1400 630 Al-C bend 

630 

630 
CHj-Al bending 

600 C-Al stretch 

2. A POSSIBLE ROLE FOR TRIPLET H ^ ISOMERS IN 
THE FORMATION OF HCN AND HNC IN INTERSTELLAR 
CLOUDS1' 

Thomas L. Al len ,* John D. Goddard, and Henry F. 
Schaefer I I I 

The s t r u c t u r e s and ene rg ies of the lowest t r i p l e t 
s t a t e s of four isomers of H2OI hai'e been d e t e r 
mined by s e l f - c o n s i s t e n t - f i e l d and conf igura t ion 

s i n g l e t ground s t a t e . Reaction wi th an e l e c t r o n 
then y i e l d s a hydrogen atom and the HNC isomer. 
The e n e r g e t i c s of t he var ious processes a r e i l l u s 
trated in Fig. 3. 

!Brief version of LBL-11923. 
"Department of Chemistry, university of California, 
Davis, California 95616. 
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c iat- : N \ 

V 
/ • 

/ l ! 7 . 0 « 140.8° H / \ 

?<zr 
m ^ ° H 

1.010 / 
/ l 

Fig. 2. Bond lengths and bond angles of the lowest 
t r ip le t states for four isomers of HjOl*, from DZ 
SCF calculations, and the corresponding Lewis struc
tures. Bond lengths are in A. (XBL 813-836SJ 
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3 . ELECTRONIC STRUCTURE OF THE 1^ MOLECULAR I0N T 

Sandra C. de C a s t r o , Russe l l M. P i t z e r , and Henry 
F. Schaefer I I I 

+ 
The N4 ion is an important species in the 

chemistry of the atmosphere. Here, N/*" has been 
studied theoretically using the methods of ab in i t io 
molecular quantum mechanics. There is considerable 
complexity involved in the theoretical study of Na+ 

due to: (a) the fact.that N2+ has two low-lying 
electronic s tates , X zEg and A 2H U and the order 
of these is reversed within the Hartree-Fock 
approximation; and (b) there are six low-lying 
electronic states of N4+. Results are f i rs t pre
sented at the self-consistent-field (SCF) level of 
theory using a double zeta (DZ) basis s t t 
N(9s 5p/4s 2p). Koopmans' Theorem and direct 
positive ion calculations in both !>2h (rectangle) 
and C2y (regular trapezoid) symmetry suggest only 
a single (out of six) substantially bound electronic 
s tate , the 2B2u(D2h) or 2Ai(C2v) s ta te . Because 
the D2h SCF wave function necessitates a compromise 
description of the K2 * Ml* asymptote, the predicted 
dissociation energy is a r t i f ic ia l ly large, although 
in reasonable agreement with experiment. Polariza
tion functions were added to the basis se t , and 
a l l three geometrical parameters examined to locate 
the C2v equilibrium structure, which lies +19.9 kcal 
below the dissociation limit N'2 + N2+ (zZg ) . 
Similar theoretical methods were applied to the 
T-shaped geometry with the constrained equilibrium 
bound by 24.2 kcal. The linear conformation repre
sents the absolute minimum on the Hq* potential 
energy surface, lying 30.4 kcal below N2 + N2+. 
The la t te r dissociation energy agrees well with the 
experimental value of ~- 26 kcal. In studying the 
linear ZZ* state , the surprising result was found 
that the z Z g

+ restricted Hartree-Fock wave function 
is unstable with respect to the removal of the g/u 
element of symmetry. The zIi state is stable in 
this respect; anc as a result , the ZZ„ state of 
»2* fal ls closer to the 'Ily state in this mildly 
unrestricted form of Hartree-Fock theory. The 
trapezoidal, T-shaped, and collinear equilibrium 
geometries are seen in Fig. 4. 

J r i e f version of LBL-11267. 
^Department of Chemistry, Ohio State University, 
Columbus, Ohio. 

Fig. 3. Relative energies (in kcal mol ) of the 
H2CN* system and related molecules. (XBL 813-8368) 
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N 

1.110 
2.349 

— 1.109 C2„ 

N 

1.125 2.179 1.081 

1.931 

1.080 1.080 
Fig. 4. Constrained equilibrium geometries for the 
trapezoid, T-shaped, and collinear arrangements of 
N4 +. All three structures were optimized at the 
double zeta plus polarization direct SCF level of 
theory. (XBL 807-3452) 

4. GEOMETRY AND ELECTRONIC STRUCTURE OF 
(CO) 3 NiCH2, A MODEL TRANSITION METAL CARBENE+ 

Dale Spangler,* John J. Kendoloski.t Michel 
Dupuis.t Maynard H. L. Chen, and Henry F. 
Schaefer III 

A critical ingredient in the flowering of or-
ganometallic chemistry over the past decade has 
been the synthesis and characterization of transi
tion metal carbene complexes. This research be
gan with the report in 1964 by Fischer and 
MaasbBl of methoxymethyl carbene (pentacarbonyl) 
tungsten. Although the notion of a double bond 
between transition metals and carbon was initially 
unorthodox, it is now well entrenched and is in
deed an integral part of the thought patterns of 
organometallic reseachers. In fact, metal carbene 
concepts borrowed from organometallic chemists are 
now being used in attempts to understand surface 
chemistry and heterogeneous catalysis. 

A primary motivation for the construction of 
such an analogy has been the growing consensus 
that transition metal carbenes are homogeneous 
catalysts in the olefin metathesis reaction 

II 
C D 

S^ + J L - CD 

Of the two mechanisms often considered for the 
olefin netathesis reactions, one involves the 
pairwise exchange between two olefins in the 
coordination sphere of a metal, while the other is 
the "carbene chain reaction" in which a carbene 

metal complex is the active catalyst. Experiment
ally, isomerization patterns and isotope scram
bling ratios are utilized to decide between al
ternative mechanisms. 

From a theoretical perspective, the simplest 
realistic transition metal carbene might involve 
only CO ligands and the primitive CH2 or methyl
ene itself. In the present paper, we report a 
detailed theoretical study of the simplest of the 
three prototypes (CO)3Ni="CH2. Not only is this 
the first ab initio investigation of a realistic 
metal carbene complex, it is also one of the very 
few studies t s e e, for example, OUT recent work on 
Ni[C2H4)3] of any organometallic species using 
a large and flexibly contracted basis set. The 
research was carried out at the self-consistent-
field (SCF) level. 

A large and flexibly contracted basis set 
was chosen, labeled Ni(lSs lip 6d/lls 8p 3d); 
C,0(9s 5p/4s 2p); H(5s/3s). In addition, the im
portance of methylene carbon d functions was in
vestigated. The critical predicted equilibrium 
geometrical parameters were R[Ni-C(methylene)] = 
1.83 A, e(HCH) - 108% as seen in the Fig. 5. 
The sixfold barrier to rotation about the Ni-C 
(methylene) axis is small, - 0.2 kcal. The 
electronic structure of (CO)3NiCH2 is discussed 
and compared with these of the "naked" complex 
NiCH2 and the stable Ni(C0)4 molecule. Orbital 
energies for these three species are given in 
Table 2. 

Brief version of LBL-10650. 
'''National Resource for Computation in Chemistry, 

1.820 A 
Fig. S. Structural assumptions for the prototype 
nickel carbene complex. The three CO ligands are 
assumed to be tetrahedrally coordinated about the 
nickel atom. (XBL 803-8756) 
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Table 2. Valence orbital energies (in Hartree atomic 
units) of NiO^, (CQJjNiO^ and NiCCO^. 

NiQI 2 
CCCOjNiCHj NiCC0)„ 

-- 13a ' -1.5528 6 a , -1.5622 

-- 14a' -1.5493 -1.5620 

-- 5a" -1.5491 5 t 2 -1.5620 

- -- -1.5620 

7 a , -0.824S 15a' -0.9012 7 a , -0.8240 

16a ' -0.8233 -0.8092 

17a' -0.8D85 6 t 2 -0.8092 

6a" -0.8075 -0.8D92 

8a , -0.8038 18a' -0.6927 8a , -0.6883 

3h> 2 -0.7200 7a" 

19a ' 

-0.6604 

-0.6597 -
0.6623 

-0.6623 

9 a , -0.6657 8a" -0.6593 -0.6598 

20a" -0.6555 7 t 2 -0.6598 

21a' -0.6491 -0.6598 

9a" -0.6484 -0.6517 

22a' -0.6432 " l -0.6517 

10a" -0.6430 -0.6517 

11a" -0.5873 -0.6334 

23a' -0.5432 8 t 2 -0.6334 

12a" -0.5199 -0.6334 

4 b 2 -0.5236 

24a' 

13a" 

-0.4822 

-0 .4241 
2e 

-0.4444 

-0.4444 

10a , -0.3544 25a' -0.3604 -0.3785 

4 b , -0.23S6 26a' -0.3214 9 t 2 -0.3785 

-0.3785 

5. MECHANISM OF THE H + 0 3 REACTION1' 

Maynard M. L. Chen, Ross W. Wetniore, and Henry 
F. Schaefer III ' 

Studies of the near infrared spectra of 
night-day radiation led Bates, Nicolet, Meinel, 
and Herzberg to attribute their origin to the 
radiation of vibrationally excited hydroxyl 
radicals in the 2n ground state. Herzberg sug
gested that these radicals were a product of the 
reaction of atomic hydrogen with ozone. 

H + 0, OH r + 0, 4G = - 77 kcal/inole (1) 

This explanation was verified when McKinely, Garvin, 
and Boudart were able to reproduce these Meinel 
bands in the laboratory by mixing H atoms with 
ozone. Since then, reaction (1) has been care
fully studied by kineticists. There have been 
several determinations of its rate constant and 
various estimates of the energy partitioning 
in the products. The most recent experimental 
value for the rate constant was 2.79 (±0.18) 
x 10" 1! cm-3 molecule-1 sec_l, and the Arrhenius 
activation energy was found to be approximately 
1 kcal/mole. 

From the mechanistic perspective, the re
search of Polanyi and co-workers, using the 
"arrested relaxation" variant of the infrared 
chemiluminescence method, is the most informative. 
They found that the large exothermicity of reac
tion CI) was primarily channeled (90t) into vi
brational activation of the OH product, only - 35 
into OH rotation, and 1% into translation and 
internal energy of O2. Due to the extreme in
version of the vibrational distribution in the 
OH product, only the highest accessible state 
fv' = 9) showed sufficient emission intensity 
for reliable analysis. In essence, this means 
that for the H + O3 reaction, energy release is 
converted into vibration in the new bond with a 
higher efficiency than for any other reaction 
analyzed in this manner to date. 

Polanyi and Sloan then compared their 
H + 0 3 experimental results with classical tra
jectory studies on a London-Eyring-Polanyi-Sato 
(LEPS) potential surface for model triatomic 
systems of the type light-atom plus heavy-dTatom 
(abbreviated 1 + J t ) . The underlying assumption 
behind this tetra-atomic/triatomic analogy was 
that since the fraction of internal energy taken 
up by 02 f/i'O was very small ( < 7«), it could 
be reasonably approximated by a single heavy atom. 
They concluded that the potential energy hyper-
surface of this reaction was a strongly attractive 
one. Moreover, they also discovered that the 
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ratios of rotational energy C/'R) to vibrational 
energy (f r v ) in OH was much fmaller than the usual ratios found in the products of their LEPS 
model surfaces. This led them to suggest that 
the potential energy surface favors collinearity 
of the H00 approach and that it is restricted 
to a narrow range of impact parameters. Lee, 
Michael, Payne, and Stief have also studied this 
reaction and were in agreement with that conclus
ion, adding that the collinear approach should be 
even more enhanced if their iiieasured activation 
energy [0.892 ± 0.115 kcal/mole) could be associ
ated with a barrier on the surface. 

Here, certain aspects of the HOj potential 
energy hypersurface have been investigated using 
nonempirical molecular electronic structure 
theory. For the qualitative purposes of the 

present study, most wave functions were of the 
self-consistent-field (SCF) variety, constructed 
from a double zeta basis set of contracted 
Gaussian functions. Two low energy pathways 
were established for the reaction. The first in
volves a coplanar transition state with a nearly 
linear H-O-0 arrangement. The second possible 
mechanism allows the hydrogen atom to descend 
perpendicularly upon the ozone molecule. The 
two mechanisms are evaluated in light of the 
above-discussed experimental understanding of the 
H + 03 reaction. Qualitative molecular orbital 
theory, as illustrated in Fig. 6, is helpful in 
explaining the quantum mechanical predictions, 

"Brief irersion of LBL-11922. 

Fig. 6. (a) Contour map of the in-plane ozone 
HOD. Scales on sides are in angstroms and the 
superimposed angular scale at r(0H) * 1.6 A 
shows the variation of the hydrogen position as 
a function of e. (b) Contour map of the in-plane 
LIMO. [(a) XBL 802-8268;M XBL 813-8366] 
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6. LARGE MJLTIC0NF1GURATI0N SELF-CONSISTENT-
FIELD W.VEFUNCTIONS FOR THE OZOME M3LECULE+ 
William D. Laidig and Henry F. Schaefer III 

The electronic structure of the ozone mo
lecule is of particular interest in light of 
Goddard's characterization of the ground state 
as a biradical. Rigorously optimized multicon-
figuration self-consistent-field (MCSCF) wave-
functions of varying size have been determined 
here for ozone via newly developed techniques 
utilizing the unitary group approach. The largest 
of these ab initio MCSCF wavefunctions includes 
13,413 configurations, i.e., all singly- and 
doubly-excited configurations relative to the 
two reference configurations required for the 
biradical description of ozone. The convergence 
of the MCSCF procedures is discussed, as well as 
the structure of the MCSCF wavefunctions, and the 
effectiveness of different orbital transformations. 
There is a significant energy difference (0.034) 
ha'rtrees) between the MCSCT wavefunctions involving 
one and two reference configurations. This gives 
emphasis to the fact that orbital optimzation 
alone cannot compensate for the exclusion fTom 
the wavefunction of important classes of con
figurations. A sijnple test for the determination 
of the fraction biradical character of systems 
such as ozone suggests 231 biradical character 
for O3 at its equilibrium geometry. The results 
are summarized in Table 3. 

+Brief version of LBL-11507. 

7. THEORETICAL CHALLENGE TO THE EXPERIMENTALLY 
DETERMINED GEOMETRICAL STRUCTURE OF MMETHYLSUA-
ETHYLENE1' 
Yasunori Yosliioka, John D. Goddard, and Henry 
F. Schaefer III 

In a recent communication (1980), Mahaffy, 
Gutowsky and Montgomery! (MGM) presented an 
experimental molecular structure for 1,1 di-
methylsilaethylene (DMSE), based on their elec
tron diffraction data. Their work was of particu
lar interest, inasmuch as it represented the first 
experimental structural study of any molecule con
taining a carbon-silicon double bond.2 The most 
significant finding of MGM was an extremely long 
S i = c double bond, namely 1.83 *. 0.04 A, or only 
0.08 A shorter than their observed S i — C single 
bond, 1.91 +. O.OZ A. For comparison, the typi
cal c — C double bond (1.35 A) is 0.19 A shorter 
than the typical C — C single bond (1.54 A). If 
this long Si=«C distance of 1.83 A is correct, 
one would likely infer that the IT bond in DMSE is 
exceptionally weak. 

MGM noted an apparent discrepancy between 
theory and experiment. For the parent unsub-
stituted silaethylene H2Si=CH2, M M cited about 
a dozen quantum mechanical predictions of the 
S i = C bond distance, and these vary from 1.63 A 
to 1.75 A. Of these the most complete studyS 
was carried out at the self-consistent-field (SCF) 
level of theory and alloyed a double zeta (DZ) 
basis set of contracted gaussian functions. Since 
the predicted S i — C bond distance of 1.715 A is 
so much less than the experimental DMSE value of 

Table 3. Summary of large MCSCF results for the A, ground state of 
ozone near its equilibrium geometry. 

Coefficients of two most 
important configurations 

Number of 
configurations 

1 

2 

6,825 

6,82S 

13,413 

13,413 

13,413 

Description of 
configurations 

Type of Energy 
wavefunction (harttees) 

(1) in text 
(1) and (2) in text 
All S + D excitations 
relative to (1) 

All S + D excitations 
relative to (1) and (2) 

SCF 
TCSCF 
C I a 

MCSCF 
CI a 

C I b 

MCSCF 

•224.207 656 1.0000 

•224.310 437 0.8765 -0.4815 

•224.613 929 0.9331 -0.1493 

•224.615 493 0.9343 -0.1620 

•224.640 183 0.893S -0.2957 

•224.647 645 0.8762 -0.3553 

224.649 326 0.8870 -0.3371 

CI used one-configuration SCF orbitals. 
'CI used two-configuration SCF orbitals. b, 
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1.83 A, one is logically left with three alterna
tives or some combination of them: 

(a) the two methyl substituents greatly in
crease the S i = C distance in DMSE relative to 
the parent H2Si=CH2 

(b) the theoretical predictions for the S i = C 
bond distance in H2Si—CH2 are all incorrect. 

(c) the experimental Si=C distance in DMSE 
is in error. 

In the present communication, we report 
theoretical results which drastically reduce the 
possibility that points (a) or (b) above could 
be responsible for the discrepancy between theory 
and experiment. First, an explicit optimization 
of the geometrical structure of DMSE lias been 
completed. Furthermore, this equilibrium geom
etry was determined at a level of theory higher 
than any previous structural optimization of even 
the parent H2Si=CH2. A set of d functions on 
each heavy atom was added to the double zeta (DZ) 
basis used by Hood and Schaefer.3 These polari
zation functions were assigned orbital exponents 
o = 0.75 (carbon) and a = 0.60 (silicon). The 
designation of this DZ+d basis set is then 
Si(lls7pld/6s4pld), C(9sSpld/4s2pld) , H(4s/2s) . 

The predicted theoretical structure for DMSE 
is seen in Fig. 7. The relative orientations 
of the two methyl groups was arbitrarily chosen to 
maintain point group C2 V, but the barriers to ro
tation about these Si—C single bonds should be 
quite small. Figure 7 shows that the predicted 
Si=C bond distance, 1.692 A, falls far outside 
the range 1.83 *_ 0.04 A provided by the experi
mental electron diffraction study.* The predicted 
Si-C single bond distance, 1.873 A, is also 
shorter than experiment, 1.91 ± 0.02 A, but in 
this case the disagreement is much less severe. 
None of the other geometrical parameters of DMSE 
were determined by M3M,1 but the predicted theo
retical values are all quite consistent with chem
ical intuition. Furthermore, a steadily increasing 
body of comparisons between theory and experiment 
would suggest a typical reliability of i 0.01 A 
for bond distances predicted at the DZ + d SCF 
level of theory. 

To assess the relationship between the struc
tures of DMSE and the parent silaethylene, the 
latter equilibrium geometry was theoretically de
termined in a manner precisely the same as that 
described above for DMSE. This DZ + d SCF struc
ture for the parent is illustrated in the middle 
of Fig. 7, which shows that, at the DZ + d SCF 
level of theory, the Si="=C bond distances of 
H2Si==CH2 and (CH3)2Si—CH2 are identical 
(1.692 A) to within one-thousandth ot an angstrom. 
This would certainly appear to dispense witn the 
possibility, suggested by MGH.l that the S i — C 
distance is significantly longer in DMSE. 

The only remaining satisfactory explanation 
of the experimental DMSE geometry is that the 
DZ + d SCF level of theory systematically pre
dicts Si«*C distances much too short. The pos
sibility has been examined by explicitly deter
mining the structure of H2Si—• CH2 using highly 
correlated wave functions. Using the DZ + d basis 

107.1° H 
/1.O86 H4"«*,/ C }1I0.9' 

1115* 

DZ+d SCF <>= 

Hm-«m,C 
"TOBB \ 

H 

DZ+d SCF 4,(> 
1.078/ 

i C J H4.8 1.692 \/ 

DZ+d CI 114.7/ 
1.089/ 

= C ) 115.0° 

H 
Fig. 7. Theoretical equilibrium geometries for 1,1 
dimethylsilaethylene (DMSE) and the parent un-
substituted silaethylene. (XBL 813-8367) 

set, configuration interaction (CI) was carried 
out including all single and double excitations 
relative to the Hartree-Fock reference configura
tion. With the six core orbitals (C is, Si Is, 
2s, 2px, 2py, 2pz) constrained to be doubly 
occupied in all configurations, this approach 
yields a total of 6,920 *Ai configurations. 

The DZ + d CI structure of silaethylene 
shown at the bottom of the Fig. 7 demonstrates 
clearly that electron correlation has little 
effect on the predicted S i — C bond distance. 
The theoretical distance is 1.705 A, or only 
0.013 A longer than the analogous SCF result. 
For the above-discussed comparison of the sila
ethylene and DMSE structures, one anticipates that 
the DMSE S i — C bond distance will also be - 1.70 A. 
Based on previous experience, we suggest that the 
exact (unknown) S i — C bond distance, r e, for the 
unsubstituted silaethylene is 1.705 +. 0.03 A. To 
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our thinking, this prediction casts serious doubt 
upon the assumptions made by MGM in extracting the 
Si= C distance in DMSE from the reported electron 
diffraction data.l 

* * * 
Brief version of LBL-11633. 
1. P. G. Mahaffy, R. Gutowsky, and L. K. Mont
gomery, J. Amer. Chem. Soc. 102, 2854 (1980). 
2. L. E. Gusel'nikov and N. S. Nametkin, Chem. 
Rev. 79, 529 (1979). 
3. K"M. Hood and H. F. Schaefer, J. Chem. Phys. 
68, 2985 (1978). 

RESEARCH PLANS FOR CALENDAR YEAR 1981 

A primary goal of our research is to con
struct models that probe the relationships between 
surface chemistry, heterogeneous catalysis, and 
organometallic chemistry. Particular emphasis in 
calendar year 1981 will be placed on the interac
tion between small aluminum clusters and organic 
fragments. Research on the prototype mononuclear 
species M 3 — CH3, AH=CH2, and AlsCH has been 
completed and a study of the M2 — CH, system is 
well underway. The prototype trinucldar carbyne 
system AjB.3 — C H will be examined in the very near 
future. In a more direct assault on the organo
metallic field, the molecule NI ̂ 4114)2, a realistic 
model for the recently synthesized octaphenyl com
pound, will be examined in detail via quantum theo
retical techniques. The simple but realistic 
carbyne F(CO)2Ni =CH will be subjected to a com
plete structural determination. Collaboration 
with the MMRD experimental group of Y. T. Lee 
is expected to continue in the form of studies of 
the H n

+ ions and the hydrogen fluoride trimer. A 
unique interdisciplinary project to be carried out 
in collaboration with R. N. Calm, an LBL physicist, 
will explore the importance of molecular quantum 
mechanics for the determination of the mass of the 
neutrino. 
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]. Picosecond Later Excitation of Chemical Reactions* 

John H. Clark, Investigator 

Introduction. The emphasis of this program 
is the systematic study of the mechanism and 
kinetics of ultrafast chemical reactions in solu
tion. This research is centered around the use 
and development of picosecond laser spectroscopic 
techniques for the direct observation of such re
actions. Because this program was established mid
way through 1980, and since progress in the field 
is contingent upon the development of sophisticated 
instrumentation, a primary focus of this effort 
has been the construction of a picosecond, time-
resolved emission spectroscopy apparatus. Neverthe
less, i n i t i a l investigations into the dynamics of 
excited-state proton-transfer reactions have been 
carried out in 1980.. These studies have produced 
the f i r s t direct measurements of the effect of 
intramolecular hydrogen bonding on intermolecular 
proton transfer ra tes , as well as the f i rs t direct 
observation of the kinetics of quenching of elec
tronically excited states by solvated protons. In 
addition, the program has demonstrated that 
subtle changes in the geometric and electronic 
structure of a molecule can lead to exceedingly 
large changes in excited-state proton-transfer 
rates. 

1. A SYSTEMATIC STUDY OF EXCITED-STATE PROTON 
TRANSFER IN NAFHTHOLS AMI SULFONATED NAPHTHOLS 

Stanley L. Shapiro , + Margaret A. T o l b e r t , Kenneth 
R. Winn, + and John H. Clark 

I t i s now wel l e s t a b l i s h e d t h a t the acid-base 
p r o p e r t i e s observed for many organic and inorganic 
compounds in e l e c t r o n i c a l l y exc i t ed s t a t e s d i f f e r 
markedly from those observed i n the ground s t a t e . 1 
Quan t i t a t ive aspects of t h i s e f f e c t , such as ex
c i t e d - s t a t e pK values and p r o t o n - t r a n s f e r r a t e s , 
were f i r s t ob ta ined by applying a Fors te r cycle 
calculation to results obtained from steady-state, 
fluorescence t i t rat ion measurements. Such a cal
culation involves a nuriber of assumptions which, 
in general, may not be justified. For this reason, 
nanosecond fluorimetry has more recently been used 
to study excited-state proton-transfer reac
tions. 2,3 Often, however, these reactions are so 
rapid that even nanosecond time resolution is not 
sufficient to permit them to be directly studied.'' 
Thus the techniques of picosecond spectroscopy 
have been applied as a general method for the di
rect study of excited-state proton-transfer reac
tions and have been used to determine previously 
unmeasureable excited-state proton-transfer kinet-

Bie naphthols and substituted naphthols pro
vide convenient systems for the study of excited-

state proton-transfer reactions. Their absorption 
spectra l i e in a region of the ultraviolet easily 
accessible with the third (3SS nm) and fourth 
(266 nm) harmonics of a Nd:YAG laser. Mien elec
tronically excited, naphthols become from 7 to 11 
orders of magnitude more acidic and can adiabatic-
ally transfer a proton to surrounding solvent mo
lecules. In aqueous solution, the transfer occurs 
on a time-scale comparable to or shorter than the 
excited-state lifetime. The reaction scheme which 
typifies this excited-state proton transfer is 
shown in Fig. 1. Electronically excited states 
of the protonated species, ROH*, and the anion, 
R0-*, may either fluoresce or be quenched non-
radiatively back to their respective ground 
s ta tes . For the naphthcls and their anions, typ
ical fluorescence lifetimes are -10 ns. ROH 
may also transfer a proton to H2O, while RO"* may 
be protonated in the bimolecular reaction 
RO + Hj0+. As shown in Fig. 2 for the case of 
2-naphthol, the electronically excited anion 
formed by the proton transfer has an emission 
spectrum which is substantially red-shifted from 
the emission of the protonated species. Thus, 
the time history of the excited-state populations 
for both the acid and anion can be conveniently 
monitored by temporal and spectral resolution of 
the emission. 

A schematic diagram of the apparatus used 
for carrying out such measurements is shown in 
Fig. 3. A passively mode-locked K'd:YAG oscillator 
is used to generate a train of 25-picot ;cond dura
tion pulses at 1060 nra. A Pockels cell selects a 
single pulse from the train for subsequent amplifi
cation to - 10 mJ. The amplified pulse is fre
quency multiplied in suitable nonlinear optical 
crystals to produce the excitation wavelength 

ROH* + H,0 H3O* 

This work was supported by the Lawrence Berkeley 
Laboratory Director's Office under Contract No. 
W-7405-ENG-48 with the U. S. Department of Energy. 

ROH ROH + hv RO" RO * h; 

t\v * hi/1 

Fig. 1. Generalized reaction scheme for an ex
cited-state proton-transfer reaction. 

CXBL S14-9101) 
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Fig. 2. Emission spectn of electronically ex
cited 2-naphthol and 2-i.aphtholate. 

(XBL 814-9100) 

(typically 355 or 266 nml desired in a particular 
experiment. Hie output f the harmonic generating 
crystals is spectrally f-ltered to remove a l l fre
quencies other than that desired for excitation of 
die sample and is imagec onto the sample. The 
emission from the sample is imaged through the en
trance s l i t of an ultraf s t streak camera (Hadland 
Photonics 675-11). Spec.ral f i l ters placed be
tween the sample and the streak camera s l i t are 
used to isolate the spectral regions of interest . 
The image at the output cf the streak camera is 
detected and digitized using an optical multi
channel analyzer (OMA). The output signal from 
the OMA is fed directly nto a signal averager 
for further signal proce sing. 

A small fraction of the incident laser pulse 
is spli t off and imaged onto the entrance s l i t of 
the streak camera. The arrival time of this pre-

Fig. 3. Schematic diagram of picosecond, tune-
resolved emission spectroscopy apparatus. 

(XBL 814-9099) 

cursor pulse i s adjusted by means of an optical de
lay so that i t preceeds the arrival of the emission 
from the sample. This precursor pulse serves as 
a relative time reference and ensures that the 
£ S0-ps time j i t t e r of the streak camera will not 
prohibit accurate signal averaging. 

With this apparatus, i t has become possible 
to carry out systematic studies of the kinetics 
of excited-state proton transfer in a series of 
naphthols and sulfonated naphthols. Such syste
matic investigations are the key to elucidating 
the essential details of the dynamics of excited-
state proton-transfer processes. The experimental 
results for the relaxation of the excited pro-
tonated species in 1-naphthol, l-naphthol-2-sul-
fonate, and l-naphthol-5-sulfonate are presented 
in Fig. 4 and summarized in Fig. 5. Similar re
sults for 2-naphthol and 2-naphthol-6-sulfonate 
have been previously reported. 5 i t is interesting 
to note that with picosecond time-resolved emission 
spectroscopy, the emission from the neutral form 
of 1-naphthol i s easily observed. This contrasts 
with previous descriptions of this emission as "com
pletely extinguished"6 and "hardly noticeable"7 re
ported from non-time-resolved studies. I t can be 
seen that 1-naphthol and the two 1-naphthol deriva
tives dissociate extremely rapidly. The kinetics 
of the rapid proton transfer indicate that the ex
cited-state pH value (pK*) for a l l three derivatives 
is in the vicinity of zero. This estimate is con
firmed by a Forster-cycle calculation based on the 
absorption and emission spectra of the pure com
pounds. Notice also that the dissociation rate 
for 1-naphthol-2-sulfonate is slower than for the 
other two derivatives. Evidently, the intramolecu
lar hydrogen bond formed between the adjacent hy
droxy and sulfonate groups leads to a slowdown in 
the proton ejection rate for this compound. These 
observations represent the f i rs t confirmation of 
this previously postulated effect.8 

Crucial to the success of these experiments 
and to their interpretation are sample prepara
tion and purification. All samples are prepared 
under oxygen-free conditions via preparative 
liquid chromatography. The samples were deter
mined lo be greater than 99.9% pure by analytical 
liquid chromatography using a fluorescence detec
tor . Samples were prepared in a nitrogen fil led 
glove-box, and a l l solvents were thoroughly de
gassed by undergoing successive freeze-pump-thaw 
cycles. As discussed below, such careful sample 
handling and analysis is another feature of our 
work which sets i t apart from earlier work in the 
field. 

The results presented here for l-naphthol-2-
sulfonate differ strikingly from those of Zaitsev 
et a l . who, using nanosecond techniques, reported 
that the dissociation rate for this compound is 
5.4 x 108 S ec-1 (1.85 ns).9 Our experiments in
dicate that this long decay time may be due to 
impurities. For example, a sample of 1-naphthol-
2-sulfonate obtained i'rom Eastman Kodak and used 
without further purification yields only a long-
lived decay, also a few ns in duration. 

Further confirmation for the 5S-ps lifetime 
reported here i s obtained from the emission spec
trum of purified, oxygen-free 1-naphthol-2-sul-
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Fig. 5. Decay time (T) for emission from elec
tronically excited 1-naphthol, l-naphthol-2-sul-
fonate, and 1-naphthol-S-sulfonate. 
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I- NAPHTHOL-
5-SULFONATE 

KH 
400 ps 

MULTIPLE SHOT 
Fig. 4. Intensity versus time traces for the fluo
rescence decay of (a) 1-naphthol, (b) 1-naphthol-
2-sulfonate, and (c) 1-naphthol-5-sulfonate. The 
symmetric peak on the right of each streak camera 
trace i s a precursor pulse from the laser, and 
serves as a relative time marker between dif
ferent laser pulses. The tail ing seen at long 
times in (c) is caused by incomplete blocking of 
the emission from electronically excited 1-naptho-
late-S-sulfonate anions. ^ ^ ^ 

foliate excited at 313 nm, which is completely dom
inated by the emission from the deprotonated 
species. This is in contrast to the spectrum ob
tained by Zaitsev et a l . , 9 in which the rat io of 
the emission intensities of the deprotonated 
species to that of the protonated form i s only 2 
to 1. 

For the case of 1-naphthol, Martynov. et al.10 
estimated a dissociation rate of >3 * HP sec~l. 
The present measurement of 25 +_ 10 ps is in 
accord with this estimate. What is most striking 
about these results is the remarkable difference 
between the proton transfer rates in 1-naphthol 
(kf - 4 x low sec'J-) and 2-naphthol (k f ~ 5 * 10' 
sec"1)8, given the rather minor differences in 
electronic and geometrical structure between 
these two molecules. 

Previously, we suggested that by using in
tense laser pulses, the pH of a solution could 
be changed in a manner analogous to the tempera
ture change in a T-jump experiment. This laser 
pH jump technique^ might permit the study of rapid 
acid-base reactions. Hie rapid deprotonation of 
the 1-naphthol compounds demonstrates that the pH 
of a solution may be manipulated on a time scale 
of less than 20 ps. This rapid .rate, the fastest 
intermolecular proton transfer- process observed 
to date, offers the possibility of producing very 
large and rapid pH jumps for studying rapid chemi
cal reactions. 
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2. THE KINETICS 3F QUENCHING OF ELECTRONICALLY 
EXCITED STATES BY SOLVATED PROTONS. 

Stanley L. 5hapiro^' Margaret A. Tolbert, Kenneth 
R. Winn,T and Jolin H. Clark 

The classic investigations of Forster 1 and 
Welier' on excited-state proton-transfer reactions 
established a field of research that has regained 
vigorous for nearly 30 years. At the same :hnc, 
these early studies produced an unsettling ura-
dox. Although electronically excited 1-narithol 
was found to live long enough to produce excited 
1-naphtholate anions via proton transfer, i t 
was found that excited 1-naphthol i tse l f did not 
fluoresce in aqueous solution. This result stood 
in marked contrast to the results obtained ihen 
2-naphthol was excited under identical experi-
mental conditions and evoked a considerable number 
of explanations for the substantial difference in 
behavior between tiro such similar compounds. The 
results presented in the preceeding ar t ic le--
namely, that tJie excited-state groton-transfer 
rate in 1-naphthol is nearly 10^ times fas:er than 
the corresponding rate in 2-naphthol--completely 
resolves this paradox. 

There remains, however, a second, more com
plex paradox in the early work. From the reaction 
scheme of Fig. 1 in Article 1, i t can be seen 
that a decrease in solution pH would be expected 
to increase the rate of reprotonation of elec
tronically excited naphtholate anions (RO~*), 
and hence to increase the fluorescence quantum 
yield from the excited naphthol (ROH*). In 2-
naphthol, this is indeed the case; and this fact 
forms the theoretical basis for the l i te ra l ly 
hundreds of investigations in which excited-state 
pK values are deduced from steady-state fluoro-
metric t i t r a t i o n s . 3 The behavior of 2-Jiaphthol 
again stands in marked contrast to that of 1-
naphthol, for which a decrease in solution pH 
indeed leads to a decrease in the fluorescence 
quantum yield from the excited naphtholate anion 
but without any concomitant increase in fluo
rescence from the excited 1-naphthol. This sur
prising result has over the years evoked a num
ber of different interpretations. One recent 
hypothesis i s that both electronically excited 1-
naphthol and 1-naphtoiate could undergo diabatic 
quenching by H30 + . 4 

This program approaches the study of chemical 
dynamics in solution from the standpoint that di
rect , real-time observation of reactant, inter
mediate, and product species is of the utmost im
portance in understanding complex chemical phe
nomena. The investigation of the kinetics of the 
interaction between electronically excited 1-
naphtholate anions and solvated protons provides 
an interesting tes t of this philosophy. 

Using the apparatus of Fig. 3 , Article 1, 
the fluorescence lifetime of excited 1-naptholate 
was measured as a function of solution pH. The 
experimental results are shown in Fig. 6. From 
the time-dependent data alone, the increasingly 
rapid decay of the excited 1-naphtholate molecules 
is obvious and compelling evidence for diabatic 
quenching by solvated protons. In Fig. 7 the fluo
rescence decay times from the data of Fig. 6, 
are shown plotted versus solution pH. For compari
son, the original 30 year-old dat*. of Weller^ for 
fluorescence quantum yield (4>) as a function of 
solution pH i s also plotted in Fig. 7. The l i fe
time data is normalized to Keller's limiting value 
for <(> of 0.64 at pH = 10. Emission spectroscopy 
has been carried out to confirm that the quenching 
is due to solvated protons rather than any counter 
ion present from the acid used to vary the pH. 

I-NAPHTHOLATE 

pH 10.10 

pH 3.30 

pH 2.35 

pH 1.70 

pH 1.15 

2ns 

Fig. 6. Intensity versus time traces for the emis
sion from electronically excited 1-naphtholate at 
various values of solution pH. (XBB 813-3060) 
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Fig. 7. Decay time (T) for emission from elec
tronically excited 1-naphtholate (left, solid dot), 
and fluorescence quantum yields (<M for emission 
from excited 1-naphtholate (right, solid triangle) 
as a function of solution pH. (XBL 814-909S) 
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RESEARCH PLANS FOR CALENDAR YEAR 1981 

Picosecond time-resolved emission work will 
be extended to include systematic study of the 
di- and tri-sulfonated naphthols. Detailed in-
restigation of the effects of hydrogen-bonding 
on excited-state proton transfer will be carried 
out on naphthol sulfonates with varying strengths 
of and geometries for the interaction between sul
fonate and hydroxyl groups. Picosecond laser 
studies of excited-state electron transfer reac
tions will begin with the goal of clarifying the 
role of geometric and electronic structure on 
those processes. The laser pH jump technique 
will be developed to the point where i t can be 
used to in i t ia te acid-base catalyzed reactions. 

1980 PUBLICATIONS AND REPORTS 

Refereed Journals 

1. A. Hartford, J r . , E. J . Huber, J . L. Lyman, 
and J . H. Clark, "Laser Purification of Silane: 
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Level," J . Appl. Phys. 51, 4471 (1980). 

Other Publications 

Although the results reported here establish 
that diabatic quenching of excited 1-naphtholate 
by H3O4, i s indeed the mechanism whereby the para
doxical behavior of 1-naphthol con be explained, 
the reasons why this process should dominate in 1-
naphthol and be absent in 2-naphthol are not yet 
clear. A substantial effort to establish the 
nature of the nonradiative pathways which are 
opened by interaction with solvated protons is 
currently underway. 
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"Excited-State Proton-Transfer Kinetics in 1-
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3. Atomic Physics 

a. Atomic Physics 

Richard Marrus, investigator 

1. ELECTRON CAPTURE BY TRAPPED Ne 
ENERGIES 

10+ AT VERY Lav 

C. R. Vane, M. H. Prior, and Richard Marrus 

Electron capture by low-energy multiply 
charged ions on neutral gases has been a subject 
of considerable recent interest in connection with 
fusion research^, and astrophysical problems.2 A 
considerable number of calculations have resulted 
based on a variety of models. 3 Experimental pro
gress has been achieved mainly using beam-gas 
techniques^ but, for multicharged heavy ions, has 
been almost entirely confined to the kinetic ener
gy range above i* 1 keV and charge states less than 
fully stripped. 

A new technique has been developed that uses 
the low-energy multicharged recoil ions produced 
in a gas traversed by a fast heavy-ion beam. 5 
These ions are then trapped in an electrostatic 
trap where they undergo electron capture from 
the atoms in the residual gas. By sampling the 
ion population in time after their creation, the 
decay rates cssociated with electron capture are 
directly measured. Varying the trap potential 
allows determination of these rates as a function 
of ion kinetic energy. From this information, 
i t is possible to infer values for the total 
cross section for electron capture and the veloc
i ty dependence. As a demonstration, a measure
ment of the tota l capture cross section of N e 1 0 + 

(fully stripped) on neutral neon gas in the range 
of mean kinetic energies 7 eV - 45 eV is described. 
However, the method has application to very low-
energy, high-charge states of a wide variety o£ 
ions and target gases. 

Pulsed 3.5 MsV/u Xe 2 7 + beams from the LBL 
Super HILAC were collimated to ^1.25 cm diameter 
and passed through an isolated ultra-high vacuum 
target chamber. The base chamber pressure was 
typically 1 * 10" 8 tor r . The ion beam was col
lected in a deep, well-shielded Faraday cup sev
eral meters downstream of the chamber. The col
lected charge was used for data normalization, 
and a beam arrival pulse was generated for timing 
synchronization. An electrostatic ion t rap 6 was 

constructed as shown schematically in Fig. 1. I t 
consists of a ^15 cm diameter copper cylinder 
^ 18 cm in length coaxially mounted with an elec
tr ical ly isolated thin tungsten wire (diam. * 
0.08 mm). A potential difference (MO maintained 
between these elements produced a nearly logarith
mic potential well in which slow positive ions 
were radially confined. Isolated end caps, held 
at an appropriate potential with respect to the 
central wire, restricted ion motion parallel to 
the axis so that a three-dimensional trapping con
figuration could be achieved without seriously 
disturbing the logarithmic potential near trap 
center. The ion trap was mounted in the target 
chamber so that the projectile beam was trans
mitted axially through the trap paral lel with the 
central wire at a separation of 1.25 on. 

Neon-22 target gas was admitted into the 
trap region from a clean glass reservoir through 
a variable leak valve. Target Ne ions created 
during the 3.3 msec Xe 3 8 + beam pulse recoil at 
nearly 90° with respect to the incident beam, 
i . e . , in a plane perpendicular to the trap axis. 
The trapped Neq+ ions interact with neutrals in 

This work was supported by the Director, Office 
j f Energy Research, Office of Basic Energy Sciences, 
Oiemical Sciences Division of the U. S. Department 
of Energy under Contract No. W-7405-ENG-48. 

Fig. 1. Electrostatic ion trap. (A) central wire, 
(B) accel/decel grids, (Q quadrupole m/<l analyzer, 
(D) channel electron nult ipl ier , (E) vacuum iso
lation foi ls , (F) bean axis. (XBL 809-11947) 
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the thin background gas while orbiting the central 
wire. Both e las t ic and inelast ic collisions can 
occur, but impact energies are usually too low for 
ionization of neutrals except through electron 
capture; and, for the trap geometry chosen, very 
few elast ic collisions can lead to loss of the 
ions from the trap (only those which reduce the 
ion angular momentum to essentially zero). There
fore, decay of a Neq* population through interac
tions with neutral target gas i s due primarily to 
electron capture collisions. 

The bare ion decay rate was measured by 
emptying the ion trap at progressive delay times 
after detection of the projectile beam pulse and 
by storing the number of N e M + ions released 
into the detection system as a function of time. 
Ions were dumped from the trap by switching the 
central wire potential from i t s negative trapping 
value to the positive potential of the outer 
cylinder. A geometric fraction of the released 
ions passed through grid-covered hole in the 
trap outer cylinder. Transmitted ions were 
filtered according to their mass-to-charge rat io 
(m/q) by a commercial quadrupole residual gas 
analyzer (RGA) and detected by a channel electron 
multiplier, as shown in Fig. 1. Isotopically 
pure ^2Ne target gas was used in these experi
ments. The RGA resolution i s sufficient to sep
arate a l l charge states of 22Neq+ and in particular 
to fully resolve m/q = 2.20 ( 2 2 Ne 1 0 ) ions from 
m/q = 2.00 ions (e.g. , irt). The RGA can be re
motely scanned at fixed delay times to provide 
m/q spectra for calibration and to ensure neglig
ible background signal from other gases. To pre
clude the possibility of substantial levels of 
contaminants being introduced with the target gas, 
m/q scans were taken at widely varied target 
densities and the spectra searched for pressure de
pendent non-22Neq+ peaks. None were found. 

In measurements of the decay rates of NeA , 
the RGA was programmed to transmit only m/q = 
2.20 ions. The time interval from production to 
release of the ions from the trap (trapping time 
t±) was then scanned in a stepwise fashion. The 
trapping time was held fixed at each value t j for 
many beam pulses until a prescribed beam charge 
had been accumulated at the Faraday cup. The 
trapping time was then incremented and the process 
repeated unti l the period between beam pulses had 
been scanned. The analyzed ion count data was 
collected by a minicomputer in multi-channel 
scaling mode, each channel corresponding to a 
particular t^. 

The resulting decay curves are well described 
by a single exponential, N = Noe-yt, as shown by 
the semilog plots of Fig. 2. The decay ra te , y 
can be expressed as y = <ov>n + yn, where yg is the 
net decay rate associated with trap leakage and 
collisions with background gases other than neon; 
<ov>n is the decay rate of Z2Nel0<- due to electron 
capture to a l l lower charge states from neutral 
22Ne at density n. The rates y vs n were obtained 
from least-squares f i ts to series of data such as 
shown in Fig. 2. Plots of y vs n for several trap 
potentials are shown in Fig. 3. The slopes of 
straight line f i t s to these data provide <ov>, the 
capture collision rate constant averaged over the 
NelO* velocities at each trap potential. The ex-
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Fig. 2. Decay of trapped flel°+ a t trap potential of 
20.7 V for various neon densities. Each curve has 
been normalized at t •> 0, corresponding to the 
trailing edge of the beam pulse. Error bars in
dicate s ta t i s t ica l uncertainties of the data. 
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Fig. 3. He decay rates as a function of target 
density for trap potentials shown. Slopes give 
<ov> for electron capture from neon. 
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trapolated decay Tate for NelO+ ions at zero neon 
density was approximately 3 sec - 1, consistent with 
ion loss due to electron capture from the N2 and 
H2O dominated background density of about 6 x 10^ 
cm"3. 

The virial theorem applied to ion motion in 
the plane perpendicular to the trap axis near trap 
mid length shows that the rms ion velocity Vjms i s 
independent of in i t i a l conditions and depends only 
on the trapping potential as vprns = C(qflV)l'2, 
where C = 7.6 * 10* on/sec-(eV)l'2 i s determined 
by the geometry of the trap and ion mass. This 
has been compared with the mean ion velocities 
found from the TOF and retardation data, and found 
to be consistent with those results to within 101. 
To study the velocity dependence of the capture 
cross section, the trap potential was varied from 
10 V to 70.7 V. Assuming a power dependence of 
<av> on the trap potential <ov> - A(q&V)P, a 
least-squares fi t to the data yields p = 0.54 t. 
0.05. Figure 4 demonstrates the constancy of 
<ov>/(AV)V2 with (AV)i/2, implying that ir. the 
range of impact energies studied here, the cross 
section is velocity independent. A forced f i t 
of <av> = ae.c.vrms to the data yields 
° e . c = 2.4(0.2) * 10-15 0,2. This error is the 
s ta t i s t ica l error in the least-squares f i t . The 
absolute error is estimated to be 30 percent 
primarily due to uncertainty in the neon density. 
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2 . NEW OBSERVATION OF PARITY NONCONSERVATION 
IN ATOMIC THALLIUlt 

P. Bucksbaum, E. Coumins, and L. Hunter 

We r epo r t new observat ions of p a r i t y noncon-
se rva t ion (PNC) i n the 6 2P;w2 - 7 z P i / 2 t r a n s i t i o n 
i n atomic tha l l ium. The t r a n s i t i o n amplitude i s 
forbidden Ml with measured amplitude 
M = ( -2 .1 ± 0.3) x 10-5 |eh/2iiiec| - 1 Pa r i t y non-
conservat ion causes the o2pj /2 and 7 2 Pi /2 s t a t e s 
t o be admixed wi th 251/2 s t a t e s ; thus t he t r a n s 
i t i o n amplitude contains an add i t iona l El com
ponent £ „ . This r e s u l t s in c i r c u l a r dichroism, 
defined by: 

2Im(S M*) 

| M | 2 + l « p | ; 

^ 
(U 

where °± are the cross sections for absorption 
of 293 nm photons, with ± helicity, respectively. 
Theoretical estimates of En based on the Weiriberg-
Salam (W-S) model2 yield3-S 

Mexpt 

- (2.1 ± 0.7) x 10" 3 

C2) 

„J. for sin fy = 0.23, where fy is the Weinberg angle. 

Fig. 4. Decay rate constant <av> scaled by (MO / 
versus (MO*' 2. Units of vertical and horizontal 
axes are 10-9 cm3/sec-V"l/2 and V l / 2 , respectively. 
Error bars indicate only the s ta t i s t i ca l errors 
in least-squares f i t s to the data. 

(XBL 809-1194S) 

The aim of this experiment is to measure 6. 
The dipole amplitude £p and M are observed by their 
interference with a Stark El amplitude 6E caused 
by a 21S V/cm electric field E, in the 6P1/2, 
F *> 0 - 7 z P ] / 2 , F - 1 transition. This causes a 
polarization a - 2H/SE (1 ± 6/2) in the 72$i/2, 
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(b) 

Fig. 5. (a) Low-lying energy levels of Tl (not to scale), (b) Coordinate 
system, orientation of photon beams, and electric field direction, (c) Sche
matic-diagram indicating production and analysis of 7 2Pi/2 polarization in 
the 0-1 transition. The transition amplitudes to the mp = + 1 levels of 
7^1/2 a r e indicated. The polarization is analyzed by circularly polarized 
2.1S-wm radiation (72p,, 7 - 82Sw2 transition). The 82Si/2 hfs is not resolved. 

' (XBL 7811-6652) 

F = 1 s ta te . The la t ter is analyzed by selective 
excitation of mF " + 1 or -1 substates to the 
82Sij2 state with circularly polarized 2.18u light, 
followed by observation of 8 2Sj/2 - 62P3/2 fluo
rescence at 323 nm. (See Fig. 5.) In a preliminary 
version of the experiment^ we obtained the result 
6 = + (5.2 ± 2.4) xlO-3. Although the basic method 
has remained unchanged, numerous improvements in 
the apparatus have been made, and we have also 
carried out a thorough investigation of possible 
sources of systematic error. 

Apparatus improvements include use of a new 
thallium cell with better geometry, yielding 
higher signal and lower background; better detec
tion efficiency; better laser s tabi l i ty and higher 
laser output power; use of a Pockels cell instead 
of a rotatijig quarter-wave plate to produce cir
cularly polarized 293 nm light; automatic laser 
frequency control for 293 nm light; use of a 
faster on-line computer with a more sophisticated 
interface and running program; use of a mirror to 
reflect the 293 nm beam back through the main 
ce l l , which does not affect the genuine parity 
asynmetry but reduces the Ml asyjimetry; and other 
miscellaneous improvements. 

The main sources of possible systematic error 
(false parity asymnetry) are (a) imperfect UV cir
cular polarization, and (b) stray electric fields 
in the interaction regions which do not reverse 
exactly in proportion to the main component of 
electr ic field employed for the Stark effect.? 
By means of a combination of auxiliary experiments 
carried out during each parity experimental run, 
we have measured precisely the contribution of 
these effects to the parity asymmetry, and have 
corrected for them with very small uncertainty. 
The auxiliary experiments involve asyjimetry mea
surements with linearly polarized 293 nm light and 
with circularly polarized 293 nm light and a mag
netic field of ± 5 gauss along the 293 nm beam 
direction, each with and without the mirror. 

We observe a parity asymmetry in the 6 2 p, . 
(F = 0) + ? 2 p 1 / 2 (F = 1) transition: u 

flpCO-1) = (1.51 i 0.36 - 0.09) x 10"5 (3) 

where the first uncertainty is statistical and 
the second is systematic. Comparing with the ob
served Ml asymnetry we obtain: 
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S =* (2.9 J 0.7 ± g'f) " 10" 3 (4} 

which is consistent with S T h (see Eq. (2)). 

* ft * 

'Submitted to Phys. Rev. Lett. November 1980. 
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3. VACUUM SPARK SOURCE FOR TRAPPED METAL IONS 

M. H. Prior and Peter Latham 

A simple technique has been implemented that 
will produce ions of virtually any metal, and 
probably other solids, for injection into an elec
trostat ic ion trap. Once inside the trap, a num
ber of spectroscopic and collision studies can be 
carried out during the long confinement times 
available (several seconds being easily achieved). 

The method uses a vacuum spark between a 
tantalum electrode raised to approximately 20 kilo-
volts and a solid sample of the metal of interest. 
A schematic of the source, trap and ion detector 
is shown in Fig. 6. The gap between the sample 
and the high voltage electrode can be varied by an 
x-y motion vacuum feed-through and is typically 
0.5-1.0 mm. The energy stored in capacitor C is 
dumped through the vacuum gap on command of the 
system controller (a DEC PDP 11/10) via the t r ig
gered spark gap. The discharge lasts a few micro
seconds and transfers about 1 joule of energy to 
the sample. A transient plasma is produced which 
expands across the stainless steel ultrahigh vac
uum chamber containing the ion trap. As long as 
the ion density is high enough, ions inside the ex
panding plasma are shielded from the electrostatic 
field of the ion trap. However, i t i s po/sible 
for a portion of the plasma to enter the trap 
volume largely shielded but lose this shielding 
as i t expands across the trap. Ions in this por
tion of the plasna thus see the trap field switched 
on while they are inside and hence can be captured. 
This c r i t ica l density is of the order of 10° on" 3. 

For analysis, the ions captured by the trap 
are dumped radially by raising the wire potential 
up to that of the cylindrical outer trap electrode. 
A fraction of these dumped ions enter a coonercial 

Fig. 6. Spark source and electrostatic ion trap 
system. Discharge of 0.005 MF capacitor C through 
the vacuun gap between the tantalum wire W and 
sample S is initiated by the triggered spark gap 
SC when conmanded by the system controller. Some 
of the expanding ion cloud is captured by the elec
trostat ic field surrounding the trap central wire 
CW. For capture and storage, the wire voltage, 
VCW, 1 S typically -300 V with Tespect to the sur
rounding cage at ground potential. To dump the 
ions for analysis by the quadrupole mass analyzer, 
Q, Vcw is switched to a few volts above ground po
tent ial . Electron multiplier, CEM, provides am
plified ion pulses for accumulation by a multichan
nel collection system. (XBL 8012-12998) 

quadrupole mass analyzer. Counti received from 
an electron multiplier at the exit of the analyzer 
are accumulated by the data collection system in 
channels which are scanned in synchronism with the 
voltage which sets the mass to charge rat io (m/q) 
transmitted by the quadrupole. A portion of such 
a scan, showing Ti + ions dumped after storage 
for 0.29 seconds, is shown in Fig. 7. Besides the 
main peak at m/q = 48, one can see four smaller 
peaks at 46, 47 and 49, 50. This pattern approxi
mates the abundances of the stable Ti isotopes 
46(7.94), 47(7.34), 48(74.04) and 50(5.34). Sim
i la r results were obtained for lithium and alumin
um ions. 

Ions containing an unfilled d-shell (e .g . , 
Ti +) offer a rich area for the study of forbidden 
radiative decay because they invariably contain a 
large number of low lying states of the same parity. 
In the case of Ti*, there are about 40 forbidden 
lines (magnetic dipole and electric quadrupole) 
among these states with wavelengths less than 
6000 A. Ini t ia l optical observations indicate 
that the spark source produces significant popu
lations of the long lived excited states involved 
in these transitions. 

The low duty cycle, pulsed nature of the vac
uum spark source i s well suited to ion trap studies 
of metastable ionic states. Very l i t t l e source 
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Fig. 7. Mass spectrum of Ti + ions from the vacuum 
spark source after storage in the ion trap for 
0.29 seconds. The trap potential was -350 V. The 
small peaks at M = 46, 47 and 49, SO are the less 
abundant stable isotopes of Ti whose main con
stituent is M = 48 (745). (XBL 8012-12999) 

material is consumed (especially important i f a 
separated isotope is required), and the transient 
discharge does not perturb seriously the required 
ultrahigh vacuum. The spark source and ion trap 
combination offer the possibility of studying the 
forbidden spectra and metastable lifetimes of a 
wide variety of ions in an environment free of 
allowed electr ic dipole transitions which often 
mask the weak forbidden lines in a continuous 
source. 

4. INITIAL TESTS OF POSSIBLE SECOND BORN- INDUCED 
ASWMETRY IN FORWARD ELECTRON EJECTION BY FAST 
BARE NUCLEI 

M. Breinig,1' S. B. Els ton/ I . A. Sel l in , + 

L. Liljeby,+ R. S. Thoe,+ C. R. Vane, Harvey Gould, 
Richard Marrus, and Roman Laubert* 

To date, no unambiguous experimental tests 
of the relative importance of second and higher 
Bom amplitudes compared to f i r s t Bom amplitudes 
exist for any charge transfer process, even at 
asymptotically high (though nonrelativistic) ion 
velocities v. An excellent review of theoretical 
research on the high velocity charge transfer 
problem has recently appeared. 1 It has often been 
suggested that the Bom series diverges for an e\-
change amplitude that includes charge transfer. 
What i s less clear is the significance of this 
result for a calculation which stops at the second 
Bom term. Because the Bom series may be an 
asymptotic series, the question of which term(s) 
are dominant at high velocities becomes important. 
For radiationless electron capture by protons in 
hydrogen, for example, the Bom series is dominated 
at high velocities (a 20 a.u.) by the second Bom 
term**2 (which scales as - v 'H) as opposed to the 
f i r s t Bom term ( - v"12). i t is far from clear 
to what extent the second Bom term improves the 
f i r s t Bom calculation, or even that either pro

vides a good approximation, especially since 
alternative scattering calculations (e.g. , -pprox-
iraate Faddeev-lVatson scattering theory approaches 
yield somewhat different predictions-* for the 
asymptotic velocity dependence). 

A potentially important step forward was made 
recently by Shakeshaft and Spruch.'' They observed 
that measurements^ of strong asymmetry found in the 
velocity spectrum of electron capture to continuum 
states by bare ions traversing gases (ECC) might 
be the f i r s t experimental indication of the im
portance of the second Bom term, even though the 
impact velocities were appreciably below that re
quired to assure dominance in total cross section. 
Theoretically, the asymmetry arises entirely 4 from 
second Born terms, for which the differential cross 
sectiojj do/d>'e is asymmetric under the transforma
tion (v e - v) ' - (v e - v). 

A counter conjecture concerning the origin of 
the observed asymmetry is provided by Chan and 
Eichler, 6 whg notg that retention of terms linear 
in Ave = ( | v e - v | ) /v beyond those incorporated 
in the f i rs t Bom-Brinkmann-Kramers (RK) approach 
originally used by Dettmann et a l . ,6 produces a 
similar asymmetry when compared1*,6 to ear l ier Ar 
target data at v = 9 a.u.5^ However, predictions 
of Refs. 4 and 6, concerning the projectile 2 and 
v dependence of both shape and yield, are very dif
ferent, as is the predicted shape of the corre
sponding cusps. The results of the f i rs t tests 
of the predicted second Born asymmetry conjecture 
for Arl8+ on He is the principal subject of this 
report. 

Briefly, 15 and 18 a.u. beams of bare Ar ions 
obtained from LBL SuperHILAC accelerator pass 
through a -2 cm long gas cell containing He, Ne, 
or Ar at pressures well within single collision 
conditions. 5 The cell is situated at the entrance 
focus of a double focusing, 90-deg magnetic sector 
analyzer set to record electron spectra for ejec
tion within a cone of half-angle ©n = 1.7°, 
centered on the forward direction. The momentum 
resolution is 1.74 FWHM. 

18+ Typical data for Ar on He are displayed in 
Fig. 8, overlaid with the best f i t s to the data 
obtained with a convoluted Shakeshaft-Spruch (SS) 
line shape (curve A), and a convoluted Chan-
Eichler (CE) line shape (curve D). Data were ac
quired over a wider velocity range, but since de
tailed line shape predictions apply only very near 
v = v e , only the corresponding region i s displayed. 
Convolution of parameterized theoretical line 
shapes (curves B and E) with the 1.7% FWHM, nearly 
triangular apparatus function shown in curve H 
(from electron gun calibration data) yielded the 
best f i ts (curves A and D). That the asymmetries 
observed are valid is demonstrated in curve G, 
which depicts the narrower, much more symmetric 
line shape (with Auger structure superposed) ob
tained for forward electron loss from 8.5 MeV/u 
Arl3 + on Ar. 

Because the theoretical curves B and E apply 
to Z * 6 a t 9 a.u. in a hydrogenic target,7 our 
comparisons are only part ial ly appropriate. How
ever, these comparisons are sufficiently success
ful that a calculation for v • 15-20 a.u. in He is 
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Fig. 8. Comparison of the central portion of ECC cusps obtained for 18.1 a.u. 
Arl8 + on He with the overlaid convoluted line shapes read from Ref. 4(A) and 
itef. 6(D). The respective best f i t theoretical shapes (B) and (E), when con
voluted with the measured apparatus function Ccurve H), produce f i t s (A) and 
(D). A narrower more symmetric ELC spectrum for 18.1 a.u. Ar 1 8 on He is shewn 
in (G). Curves (C) and (F) display 10 channel moving averages of the corre
sponding deviation spectra (y^ - y.-T T vs i) as discussed in the text. 

''' (XBL 812-8086) 

strongly indicated. The characteristic feature 
of the SS shape i s the sheer drop on the high 
velocity side of the peak. When convoluted with 
the instrument function, a drop is expected whose 
slope and width are essentially determined by the 
analyzer resolution function, a feature displayed 
by every ECC cusp we have ever observed for C6*, 
0« + , Sil"+, and Arl8+ in He, Ne, and Ar at a l l 
velocities (5-18 a . u . ) . 8 This property i s not 
shared by the CE shape. Second, the CE shape is 
predicted to become symmetric at high v as - 1/v. 
There is no evidence in our data for any decline 
in asymmetry. On the contrary, for He, the 
asymmetry (as defined below) is found to r ise very 
slightly in the range 15 to 18 a.u. (consistent 
with v independence within erro~s). For C6+, O8*, 
and Sil 4 ' 1 ' on Ne, the asymmetry i s a strongly in
creasing function of v in the range 7-18 a.u. , 
rising sharply as the neon K-velocity matching 
condition i s reached. 8 Third, the ECC asymptotic 
velocity dependence of do/dve predicted by Dettmann 
et a l . , ° when integrated over an appropriately 
scaled velocity region [e.g. , (1 -o)v to (1 + o)v 
with a * 0.04] i s - v"10. This dependence coin
cides with cur experinental results for Arl8+ in 
He, which (over the range v - 15 + 18 a.u.) scale 
as - v~8.9, suggesting that the anticipated 
asymptotic dependence has been reached (not so for 

either Ne or Ar targets, which scale as ~ v~? over 
the same range). 

Standard x per degree of freedom te s t s , in 
addition to a deviation test to be described, ex
hibit a marked preference for the SS as opposed to 
the CE shapes. For the data of Fig. 8, the f i t ted 
SS line shape yields x 2 = 1/2 ± 0.2, whereas the 
CE shape yields 1.8 ± 0.4. Curves C and F are 
derived from the deviation spectrum (yi - ypiT, 
vs i) corresponding to A and B. 

Curves C and F represent ten-channel moving 
averages, smaller than, but of the same order as , 
the analyzer resolution (16 channels). The clear 
preference for the SS vs the CE f i t is exhibited 
by the large dip in curve F, which shows that the 
CE shape simply lacks the drop-off characterizing 
both the SS line shape and, by this tes t , the data. 

A direct experimental measure of the asym
metry is the ratio ( r K - r r ) / ( r r + TJJ), where I j 
and r r are the half widths (half maximum) of the 
cusp to the left and right of the peak. At 15 
a.u. the measured values in He, Ne, and Ar are 
0.28, 0.45, and 0.35, respectively. At 18 a.u. , 
they are 0.35, 0.39, and 0.44, respectively. The 
range errors are ± 0.07 in each case. The Ne 
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asymmetry results are dominated by ECC of the 
Ne-ls electrons 8 (v is appreciably greater than the 
Ne K-shell electron velocity). A measurable in
crease in observed asymmetry for Ar targets i s 
ascribed to the approach to K-shell velocity 
matching taking place in the velocity region 15-18 
a.u. 

Though the present shape and velocity de
pendence data are much better in accord with Ref. A 
than with Ref. 6, other predictions of Ref. 4 are 
not observed. For example, the asymmetries ob
served in Ne, Ar are very similar for a l l bare pro
jecti les ranging from Z • 6-18, a finding not in 
accord with a predicted strongly Z-dependent asym
metry. Also, the yields scale at -1:200:500 for 
18 a.u. Arl8* on He, Ne, and Ar, respectively, a 
dependence much weaker than a simple Zfjpg de
pendence. 4 Here, the theoretical restriction to 
the case of asymptotic velocities in hydrogen may 
be limiting. 

Confirmation of a drop-off at v - v e at least 
as steep as the analyzer resolution function per
mits i s thus the strongest evidence in favor of 
the SS asymmetry conjecture provided by our data. 

* * * 
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RESEARCH PLANS FOR CALENDAR YEAR 1981 

Electron Capture by Trapped Neon Ions at 
Very Low Energies. We plan to measure electron 
capture cross sections for a l l the neon charge 
states (Nel+ through Ne10'1') over an energy range 
encompassing almost two orders of magnitude 
(10V i trapping potential < 1 kv). Several tar
get gases will be used. These studies should 
provide a very stringest test for theoretical 
models. 

Ion Trap Research Program. I t is planned 
to measure the lifetimes of several metastable 
states of fourth period metal ions, such as T i + , 
Fe + , and Cu* util izing the vacuum spark source/ 

electrostatic ion trap combination. In favor
able cases, laser excitation and subsequent fluo
rescence of the trapped ions may be utilized to 
probe the metastable populations. A high collec
tion efficiency optical system will be developed 
to allow moderate resolution spectroscopy of the 
spontaneous forbidden spectra of these ions in 
the visible and near ultraviolet region. 

Precision Measurements of Parity Nonconserva-
tion in Atomic Thallium. He will continue to 
pursue the investigation and verification of the 
Weiberg-Salam model in atomic thallium. The 
presence of parity non-conservation (PNC), as 
predicted by the WS theory, has been verified. 
We wish to improve the precision of the previous 
measurement in an experiment that will take ad
vantage of a new and more powerful laser (Drell 
and Qui, Optics Communications ^8, 343, 1979) 
and a simplified experimental set up that will 
result in higher counting s ta t i s t ics and fewer 
systematic effects. The improvements result 
from the fact that the entire experiment takes 
place in a 5 kG magnetic field, provided by a 
large electromagnet, so that the infrared laser 
and complicated optical pumping scheme for the 
original measurements are not needed. The same 
transition in thallium is used (6P ~ 7P) though 
now several hyperfine components can be resolved, 
each with a different size and sign of PNC. This 
experiment will enable us to investigate the PNC 
as a function of several parameters (frequency, 
magnetic field, electric f ield), thus permitting 
us to look for a clear and distinctive signature 
of the effect and separating i t from possible 
systematics. It is planned to s ta r t taking data 
with the experiment in spring 1981. 
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3. D. D. Dietrich, J . A. Levitt, H. Gould, and 
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A 22, 1109 (1980). 
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B. Processes and Techniques 

1. Chemical Energy 

a. Formation of Oxidtt of Sulfur from $02* 

Robert E. Connick, investigator 

Introduction. The purpose of this project is 
to study the basic chemistry of sulfur dioxide in 
solution and the species formed from it by acid-
base reactions, polymerization, and oxidation-
reduction. This chemistry is fundamental to the 
understanding of wet processes for flue gas di-^ 
sulfurization. at_power plants and the chemical "fate 
of atmospheric sulfur dioxide. The research is not 
directed towards the solution of immediate process 
problems. 

1. OXIDATION OF BISULFITE ION BY OXYGEN 

Robert E. Connick and Thomas G. Braga 

Work oi this problem has been transferred to 
the Solution Thermodynamics of Sulfites and Sulfite 
Oxidation Mechanisms program of this Annual Report 
because of the strong current interest of Morgan-
town in trying to control the reaction in flue 
gas desulphurization processes. 

2. TIE OXIDATION OF BISULFITE ION BY OXYGEN 

Robert E. Connick and Thomas G. Braga 

The solution reaction 2HS03~ + 0 2 * 2S04 " + 2H + 

is of importance in flue gas desulphurization proc
esses carried out in aqueous solutions or slurries. 
Depending on the process, it may be desirable either 
to enhance or restrict oxidation of bisulfite. In 
addition, the reaction is of concern in air pol
lution by SO2 because oxidation of the SO- in water 
droplets or films is believed to be the primaiy 
way in which acid rain is formed. To control the 
reaction, a thorough understanding of the rate and 
mechanism is desirable. 

The kinetics of the reaction has been studied 
by many investigators1 with little agreement as to 
rate, rate law, or mechanism. This interesting 
and surprising result stems from the fact that the 
reaction is a chain reaction that is very sus
ceptible to effects of impurities, with the 
consequence that the rate is highly irreproducible. 

This work was supported by the Director, Office 
of Energy Research, Office of Basic Energy 
Sciences, Chemical Sciences Division of the U. S. 
Department of Energy under Contract No. W-7405-ENG-
48. 

Instead of attempting to eliminate impurities 
as others have done, our approach has been to try 
to eliminate impurity effects by deliberately 
adding species that will control the chain 
initiation, chain termination, and chain propagation. 

Initially, the reaction was followed by meas
uring the rate of 0- gas absorption in solutions 
of Na2 S 03 a t PH ̂  9- I t : v t a s discovered that the 
observed rate was limited by the mass transfer 
rate of the 0, gas into the solution, even though 
extremely vigorous agitation of the liquid with 
the gas was used. This finding casts doubt on 
the interpretations of results of a number of 
studies reported in the literature where a 
similar experimental method was used. 

At pH ̂  4 to 5, the region of greatest inter
est in FGD processes, the reaction is slowed 
enough so that mass transfer is not limiting. Ex
periments, conducted with equimolar sodium 
acetate-acetic acid buffer solutions, yielded an 
apparent 3/2 order dependence on bisulfite con
centration and an inverse first power dependence 
on hydrogen ion concentration. Although the rates 
were not perfectly reproducible, changing the 
buffer concentration or using different sources 
of water seemed to have little effect. 

To eliminate mass transfer completely, the 
reaction was studied by measuring the oxygen con
centration with an oxygen meter in a closed 
container having no gas phase. This technique 
permitted data to be obtained more easily and 
more rapidly. The rate was determined at 25°C 
and was somewhat less than zero order in 0, and 
presumably 3/2 and -1 order in HSO," and 
K* from the shaking experiments. 

Ethyl alcohol was added to control the ter
mination step because BackstrbVs work strongly 
indicates that the inhibitory effect of alcohol 
arises from its ability to terminate chains. 
Ethanol decreased the rate by the factor 
l(k + k'fETOH]) at low ethanol concentration; but 
at ethanol concentrations > 0.1 M, the rate 
approached zero order dependence on ethanol, 
presumably because of a separate reaction path. 
This new term was roughly 100-fold smaller than 
the rate with no ethanol and had a 3/2 power 
dependence on the oxygen concentration. It was 
also dependent on the buffer concentration. 

The catalyst manganous ion greatly speeded 
up the rate with an apparent linear dependence 
on manganous concentration. 

To avoid complications with buffers, experi
ments are being run without buffer but controlling 
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the pH by manual addition of base. With no 
additives, the rate is roughly 3 fold slower than 
in a 0.25 M acetic acid-sodium acetate buffer 
of the same pH. A solution of sodium bicarbonate 
has been found suitable for maintaining constant 
pH. Again, the rate appears to be somê «hat less 
than zero order in [0,]; alcohol enters as before 
in the denominator to the first power. 

Since there was evidence that the catalytic 
effect of manganous ion did not arise from the 
presence of a new initiation step, it was de
sirable to find a new initiator. Ultra-violet 
light was chosen because a photochemical path 
for the reaction is well taiown and it seemed 
likely that light would be initiating the chain. 
When the solution was illuminated by a General 
Electric 100A4/T bulb, the rate increased about 
25-fold and the oxygen dependence became zero 
order. Further, the rate appeared to be inde
pendent of hydrogen ion concentration around pH 
4.5. The dependence on bisulfite concentration 
was to the 3/2 power. 

The rate of a chain reaction of long chain 
length may be represented symbolically by a 
chain initiating Step I, a chain propagating 
step P, and a chain terminating step T: 

where n is a small integer, usually 1 or 2. 
The rates of initiation and termination are equal, 
i.e., I = T. The factor I/T is introduced to 
cancel from the rate law the concentration(s) of 
chain carrier(s) which appear in P and T. If the 
termination involves one chain carrier, n will be 
unity; if it involves two chain carriers, n 
will be two. 

While the catalytic effect of manganous ion 
could most simply be attributed to the introduction 
of either a new initiation path or a new chain 
propagation step, there is evidence that the latter 
possibility is correct. The evidence comes from 
the reactions in which ultra-violet light was 
used and apparently initiated the reaction. The 
factor increase in rate, produced by a given 
concentration of Mn2 +, appeared to be about the 
same with and without light, even though with 
light the rate was 25 fold greater. This result 
is understandable if the role of manganous ion is 
to provide a new propagation step rather than to 
create a new initiation step. 

The results so far demonstrate the sensitivity 
of the rate to impurities and added reagents. It 
appears that the initiation can be controlled by 
UV,jrradiation, the propagation by addition of 
Mi , and the termination by addition of ethanol. 
Using these "controls" it should be possible to 
determine whether any catalyst or inhibitor is 

acting in the initiation, propagation, and/or 
termination steps of the reaction, as was done 
for Mn.2*. 

* A * 

1. Gmelin's Handbiich der Anorganischen Chemie, 
Eighth ed., Sulfur System No. 9, Part B, Lieferung 
3, pp. 1293-1519, (1953). 
2. H. Backstrom, J. An. Chem. Soc. 49, 1460 (1927); 
H. Alyea and H. Backstrom, ibid 51_, 56" (1929). 

RESEARCH PLANS FOR CALENDAR VLAR 1981 

Research is currently underway to detect dir
ectly whether the isomer of bisulfite ion exists 
which has the proton attached to an oxygen. Raman 
measurements will be made in non-aqueous solvents 
in the O-H stretch region. It is expected that 
the solid Na2S20s can be made sufficiently soluble 
by addition of one water per S20c2~ and the use 
of crown ethers to encapsulate the Xa +. Hope
fully, the NMR study of oxygen exchange between 
solvent water, HSOj", S02(aq), SO32" and S2OS2" 
will be resumed. The fitting of the bisulfite 
dimerization equilibrium quotient to Pitzer's 
activity coefficient equations will be completed. 
Computer modeling of exchange reactions of 
solvent molecules coordinated to metal ions will 
be continued as well as some experimental work on 
these reactions. 

1980 PUBLICATIONS -AND REPORTS 
LBL Reports 

1. R. E. Connick and T. G. Braga, "The Rate of 
Oxidation of Bisulfite Ion by Oxygen," Quarterly 
Reports to Morgantown Energy Technology Center, 
(Sept. 1979, March 1980, and Sept. 1980). 

2. Mary Thompson and Robert E. Connick, 
"Hydrolytic Polymerization of Chromium(III). 
I. The Two Dimeric Species," LBL-11336 (Aug. 1980). 

Invited Talks 

1. Leo Brewer, "Thermodynamics of Compounds of 
Interest to the SO2 Removal Program," Flue Gas 
Desulfurization Symposium, >brgantown, West 
Virginia, November 7, 1980. 

2. Robert E. Connick and Thomas G. Braga, "The 
Kinetics of the Oxidation of Bisulfite Ion by 
Oxygen," Flue Gas Desulfurization Symposium, 
Morgantown, West Virginia, November 6, 19S0. 
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b. Conversion of Coal to Clean Liquid and Gaseous Fuels* 

Gabar A. Somorjai and Alexis T. Bell, Investigators 

1. HYDROGENATION OF CO OVER RHODIUM OXIDE 
CATALYSTS 

P. R. Watson and G. A. Sonrarjai 

Hydrogenation of CO a t 6 atm in the tempera
t u r e range of 250-360 cC has been ca r r i ed out 
over a c a t a l y s t of 181205.51J2O deposited on small 
a rea f - ] on-) Au or Pt f o i l s . The reac t ion was 
i nves t iga t ed in an apparatus which allowed de
te rminat ion of die surface composition by Auger 
e l e c t r o n spectroscopy before and a f t e r r e a c t i o n . 

Tliis c a t a l y s t leads to a suppression of 
methane formation and g r e a t l y increased propor
t i ons of oxygenated hydrocarbon products compared 
t o rhodium metal even when the metal was p re -
ox id ized . At 250°C and 1:1 H?/CO r a t i o s , up to 
50 wt"o of oxygen conta in ing hydrocarbons are 
produced, mainly acetaldehyde with some propion-
aldehyde and small amounts of me*.nanol. In
creas ing the temperature lowers the t o t a l y i e l d 
of oxygenated products while inc reas ing the 
H2/CO r a t i o leads t o a predominance of methanol 
over acetaldehyde i n the product d i s t r i b u t i o n . 

The oxide c a t a l y s t surface appears t o be 
oxygen d e f i c i en t and may cons i s t of a p a r t i a l l y 
reduced m e t a l l i c rhodium laye r on top of the bulk 
rhodium oxide . After the r e a c t i o n , the c a t a l y s t 
i s covered by a carbonaceous l aye r tha t can be 
hydrogenated to methane. Kine t ic measurements 
i nd i ca t e t h a t the a c t i v a t i o n energy for both 
methane and acetaldehyde formation are about 
15 kcal /mole . 

2. THE CONSTRUCTION OF A HIGH PRESSURE HREELS 
APPARATUS FOR STUDIES OF REACTION INTERMEDIATES 

P. Davies and G. A. Somorjai 

The system, p r e s e n t l y under cons t ruc t i on , 
w i l l enable the s t r u c t u r e and surface composi
t i o n s of s i n g l e c r y s t a l or o the r model, small 
a r ea c a t a l y s t sur faces t o be examined by the 
high r e s o l u t i o n e l e c t r o n energy loss spectroscopy 
(HREELS) technique as we l l as by o the r techniques 
of sur face sc i ence . These s t u d i e s can be c a r r i e d 
out both before and a f t e r exposure t o r e a c t a n t 
gases a t p ressures up t o 7 atm. The c a t a l y s t 
su r faces a r e enclosed i n an i s o l a t i o n c e l l dur ing 
high p r e s s u r e exposure, r ap id pumping being em
ployed t o mainta in base p res su res of - 1 0 " l ° t o r r 
i n t he main system. The HREELS equipment i s 

This work was supported by the Di rec to r , Office 
of Energy Research, Office of Bas ic Energy 
S c i e n c e s , Chemical Sciences Divis ion of t he 
U. S. Department o f Energy under Contract No. 
W-7405-ENG-48. 

s i m i l a r t o one p re sen t ly i n use i n t h i s labora
t o ry ; b u t , through a modif ica t ion of lens de
s ign and an improvement i n con t ro l e l e c t r o n i c s , 
the r e so lu t i on and data a c q u i s i t i o n r a t e w i l l 
be s u b s t a n t i a l l y improved. 

Using t h i s system, we p l an t o examine the 
v i b r a t i o n a l s p e c t r a of organic fragments p r e sen t 
on n e t a l c a t a l y s t surfaces during the ca ta lyzed 
hydrogenation of CO and during hydrocarbon con
vers ion r eac t ions to understand t h e i r r o l e i n 
determining c a t a l y s t s p e c i f i c i t y and s e l e c 
tivity. 

3. EFFECTS OF METAL-SUPP0R1 "TERACTIONS ON THE 
SYNTHESIS OF METHANOL OVER PA. lIUMtt 

R. F. Hicks, Yu. A. Ryndin, and A. T. Bell 

The synthesis of methanol and othe1- products 
from CO and H2 was studied over Pd catalysts 
prepared by adsorption of Pd(7r-C3H5)2 on NfeO, 
ZnO, U2O3, Y-AI2O3, S1O2, T1O2, and Z1C7 as well 
as over a SiO? -supported Pd catalyst prepared 
from PdCl-> and Pd black. 

Reactions were carried out a t 10 atm over 
the temperature range of ISO to 300°C. Both 
the activity and selectivity of Pd were found 
to be affected strongly by the nature of the 
support and the composition of the Pd precursor. 
The specific activity for methanol synthesis de
creased in the order Pd/La203 » Pd/Si02 [der
ived from PdCl2] > Pd/Zr02 > PdZn02 - Pd/MgO > 
PdTi02 > Pd/Al203 * Pd/Si02 (derived from 
Pd(TT-C3H5)2] » Pd black, while the specific 
activity for hydrocarbon synthesis decreased in 
the order Pd/Ti02 > Pd/Zr02 > Pd/La203 > 
Pd/Al20s i Pd/Si02 [derived from PdCl2] 5 
Pd/Si02 [derived from Pd(Tr-C3H5)2] * Pd blade » 
Pd/MgO > Pd/ZnO. Compared at a fixed set of 
reaction conditions, the highest specific activ
i ty for methanol synthesis was a factor of 
165-fold greater than the lowest, and the highest 
specific activity for hydrocarbon synthesis was 
a factor of 250-fold greater than the lowest. 
Dimethyl ether production was observed over 
four of the catalysts, and the activity for 
formation of this product decreased in the order 
Pd/Al2O3»Pd/Ti02 »Pd/Mg0 * Pd/Zr02. Product 
selectivity was also affected by support com
position. Basic metal oxide supports, such 
as MgO, ZnO, and La203, were found £0 favor the 
formation of methanol, the selectivity to this 
product exceeding 98%. A methanol selectivity of 
98% was also observed for Pd supported on SiO,, 
a neutral oxide. When acidic metal oxides such 
as AI2O3, Ti02, or Z1O2 were used as the support, 
the anethanol selectivity was suppressed at the 
expense of forming hydrocarbons. Acidic si tes 
on the support also appear to be responsible 
for converting a part of the methanol formed 
to dimethyl ether. 
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The manner in which the acid/base properties 
of the support express their influence on the 
catalytic properties of Pd i s not understood 
at present. An electronic interaction between 
the metal and the support is suggested but i t 
appears that this interaction is not of the 
ShBI-type discussed in the l i terature. 1.2 XPS 
investigations have been init iated to character
ize the oxidation states of supported Pd and 
the metallic component of the oxide. I t is 
anticipated that these studies wil l shed light 
on the nature of the metal-support interaction 
and the influence of catalyst preparation and 
pretreatment on the strength of t;ds interaction. 

Brief version of LBL-11603. 
'Supported in part by NSF. 
1. S. J . Tauster, S. C. Fung, and R. L. Garten, 
J. Am. Chem. Soc. 10£, 170 (1978). 
2. S. J . Tauster, and S. C. Fung, J . Catal. 55, 
29 (1978). ~ 

4. THE &ECHANISM AND KINETICS OF HYDROCARBON 
SYNTHESIS OVER RUTHENIUM 

C. S. Kellner and A. T. Bell 

The synthesis of methane and higher molecular 
weight hydrocarbons over Ru catalysts can be rep
resented by the mechanism shown in Table 1. Iso-
topic substitution experiments conducted with 
1 2C0 and l3CO in the presence of H2 indicate that 
reaction (1) is at equilibrium under reaction con
ditions. Moreover, in-si tu infrared observations 
show that the surface coverage of CO is given by 
a Langrauir isotherm, for which the equilibrium 
constant is Kj - 1.1 x 10-9 exp (25,500/RT) atm"l. 
The dissociation of molecularly adsorbed CO occurs 
at temperatures above 150°C and recent isotope 
scrambling studies conducted with 12r;18o and 
13cl6o (Ref. 1) suggest that this process is 
reversible and near equilibrium. Hydrogen chemi-
sorption is also at equilibrium, as supported by 
H2/D2 scrambling studies. The observation of a 
strong inverse H2/D2 isotope effect on the syn
thesis of methane strongly supports the hypothesis 
that one or more equilibrium steps involving caibon 
hydrogenation, precede the rate limiting step. 2 

Under the assumption that reaction (8) is 
the rate limiting step for methane formation and 
that atomic oxygen is released from the surface 
solely by reaction (4), the rate of methana-
tion can be expressed 

Table 1. Proposed mechanism of CO hydrogenation 
over Ru. 

% • k e p

H ; s / p o 

RJ ( k 4 k 8 K 2 K 5 1 W ' 

CD 

C2) 

Reaction No. Reaction 

I . CO + S i cos K 1 
2. cos + s t c

s

 + °s h 
3. H 2 + 2S ; 2 H S K3 

4. h + °s * H 2 0 + S \ 
5. C s + H s i CH S + s h 
6. CHS + H s ; CH 2 + s K 6 

7. CH- + H 
s 

J CH, + S 
•*s 

h 
8. r.H 3 + H S 

s 
» CH 4 + 2S k 8 

9. CH, + CH, 
J S ' s 

- C.H- + S 
' s 

k 9 

10. C,H C + S 
Z 5S * C 2 H 4 + H 5 + S k 10 

11. C 2 \ + HS * C 2 H 6 4 2S 
fcll 

12. C 2 H 5 S

 + C H 2 S 

- C 2 H ? + S k 12 

etc . 

The form of Eq. (1) is in excellent agreement 
with experimental observations of methanation 
kinetics obtained at pressures between 1 and 10 
atm, H2/CO ratios between 1 and 3, and temperature 
between 175 and 273°C. 

Chain growth is postulated to begin via 
methylene addition to surface methyl groups 
[reaction (9)], and then continues by addition 
of methylene groups to surface alkyl species 
[reaction (12)]. olefins are produced by hydro
gen elimination from the 6-carbon of the surface 
alkyls [reaction (10)] and allcanes are produced by 
hydrogen to the a-carbon of the alkyl structure 
[reaction (11) ]. Based on this view of hydro
carbon chain propagation and termination, it has 
been demonstrated that, the rate of formation of 
hydrocarbons containing n atoms is given by 

Nr = (1 + 6/p£'5) N r Si M2 h (S> 

and that the olefin to paraffin ratio is given by 

N,. 

\ 2 
(4) 
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where 

6 " V CV3' 5) C5} 

The chain propagation probability, a, is given by 

where 

Equations (3), (4), and (6) are found to provide 
an excellent description of the kinetics for 
forming C2 through Cio olefins and paraffins. 
Deviations of the experimental data from the pre
dicted kinetics are ascribable to the occurrence 
of secondary reactions, principally olefin hydro-
genation and paraffin hydrogenolysis. 

A A A 

1. A. flossi, e t a l . J . Catal. 65, 16 (1980}. 
2. C. S. Kellner, LBL-10786 [In press: J . 
Catal.) 

5. THE INFLUENCE OF POTASSIUM PROMJTION ON 
FISCHER-TROPSCH SYNTHESIS OVER IRON 

H. Arakawa and A. T. Bell 

In the field of Fischer-Tropsch synthesis, 
i t has long been known that the addition of a 
small amount of potassium to iron influences i t s 
adsorptive as well as catalytic properties. The 
purpose of this study was to establish the ef
fects of K/Fe ratio on the specific activity of 
the catalyst, the methane selectivity, the 
olefin/paraffin rat io of the products, 
CO2/H2O ratio in the products, and the specific 
activity for carbon deposition via CO dispropor-
tionation. Catalysts were prepared by impregna-
tion of AI2O3 with aqueous solutions of FefNOj), 
and KNO3. The catalysts a l l contained 20 wt$ 
Fe and had K/Fe ratios between 0.0 and 0.4. 
Testing was carried out in glass microreactors at 
1 atm using H2/CO ratios of 1 to 3 and tempera
tures of 200 to 300°C. 

Progressive addition of potassium caused a 
twofold decline in Fe dispersion. The rat io 
of H2 to CO chemisorbed at saturation equaled 
unity and was independent of K/Fe, indicating 
that CO is bridge-bonded. Increasing the K/Fe 
rat io does not affect the strength of H2 ad
sorption but does increase the strength of CO ad
sorption. For K/Fe • 0.0 to 0.07, the specific 
activity of the catalyst i s unaffected by pot as -
siun promotion; but, at higher K/Fe ra t ios , the 
activity declines rapidly with increasing pro
motion. Potassium promotion strongly affects 
the product distribution. Over the range of 
K/Fe ratios examined, the methane selectivity 
declines by threefold, and the product switched 

from principally parafinic to totally olefinic as 
the K/Fe rat io increased. Concurrently, the 
CO2/H2O increased from - 1.0 to greater than 30. 
Investigation of the effects of changing space 
velocity, H2/CO ra t io , and temperature revealed 
that C2+ olefins and methane are the primary 
hydrocarbons formed over iron and that oxygen 
is released primarily as water. The produc
tion of paraffins occurs primarily via olefin 
hydrogenation; and the production of CO2, by the 
water gas shift reaction. Potassiun promotion 
inhibits the f i r s t of these processes and en
hances the second. 

In a separate series of t e s t s , i t was estab
lished that potassium promotion greatly enhances 
CO disporportionation. Hydrogenation of the 
carbon thus formed is also affected by the 
presence of potassium, higher yields of olefins 
being observed with than without potassium. Ex
amination of the catalyst by powder x-ray dif
fraction following reaction reveals than the iron 
is converted to the hexagonally close-packed car
bide, and that this structure is supported by 
elemental analysis. I t i s also established that 
the carbide deposited during reaction in H2/CO 
mixtures contains a considerable amount of hydro
gen. This observation could explain the greater 
reactivity of the carbon deposited under reaction 
conditions than that formed via CO disproportiona-
tion. 

6. PARTICIPATION OF MOLECULAR H2 IN THE HYDRO
GENOLYSIS OF COAL-RELATED M3DEL COMPOUNDS BY ZINC 
CHLORIDE 

T. J . Fredrick and A. T. Be l l 

The hydrogenolysis of benzy l ic e t h e r l inkages 
and shor t a l i p h a t i c linkages p r e sen t in coal 
can be ca ta lyzed by. z inc h a l i d e s . The ob jec t ive 
of the p resen t s t ud i e s was t o i n v e s t i g a t e the 
degree t o which molecular hydrogen e n t e r s i n t o 
t he se r eac t i ons and the in f luence of ZnCl2, 
ZnBr2, and Znl2 on the a c t i v a t i o n of H2- Re
ac t ions were c a r r i e d out i n a high p re s su re au to
c l ave , using s e l e c t e d model compounds t o r e p r e 
s e n t the des i r ed l inkages between aromatic n u c l e i . 

An i n v e s t i g a t i o n was performed of the e f f ec t s 
of hydrogen p a r t i a l p r e s s u r e and c a t a l y s t com
p o s i t i o n on the hydrogenolysis of dibenzyl e t h e r 
in benzene s o l u t i o n . In the presence of ZnCl2, 
diphenylmethane was the p r i n c i p a l product formed, 
and the ex ten t of r eac t ion was unaffected by the 
presence of absence of molecular H2. These r e s u l t s 
indicate that the overall reaction can be written 
as 

Q-C^-O-CHJ-Q <• 2 ( 3 2£!L» 2 Q - C H r Q • H2O 

and that the hydrogen required for th^ forjnation 
of water derives from the benzene. 

ZnBr2 and Z1U2 also catalyze the hydro
genolysis of dibenzyl ether but are less active 
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than ZnCl2, the activity decreasing in the order 
ZnCl2 > ZnBr2 > Znl 2 . In the presence of ZnBr2 
and, in particular, Znl2, toluene i s produced in 
addition to diphenylroethane. I t i s observed 
that while the extent of ether hydrogenolysis 
is unaffected by H2 pressure, the selectivity to 
toluene using these catalysts is directly pro
portional to the H2 pressure, These results in
dicate that ZnEr2 and, in particular, Znl2 are 
more effective in activating H2 than ZnCl2 but 
that, even in an activated state , hydrogen does 
not affect the rate of consumption of dibenzyl 
ether. 

The hydrogenolysis of 4-hydroxydiphenyl 
methane (4HDM) and 1-benzylnaphthalene (1BN) 
in benzene solution were studied to establish 
the effects of hydrogen part ial pressure and 
catalyst composition on the cleavage of aliphatic 
linkages between aromatic nuclei. In the presence 
of zinc halide catalyst, 4HEM reacts to form 
phenol, diphenyl methane, and toluene. As shown 
in Table 2, the hydrogen part ia l pressure has no 
effect on the conversion of 4HEM, but the selec
t ivi ty to toluene increases -.rith the hydrogen 
part ia l pressure. The catalytic activity in this 
instance decreases in the order ZnBr2 > Z0CI2 > 
Znl2 and the selectivity to toluene increases in 
the order ZnBr2 > ZnCl2 > Znl2- The reaction of 
IBN produces naphthalene, diphenyl methane, and 

toluene. The effects of hydrogen par t ia l pres
sure and catalyst composition on the reactions 
of this compound are similar to those for 4HEM. 

The reaction products obtained from 4HIM 
and IBN and the kinetics by which these reactants 
are converted to products (2) can be explained 
on the basis of the following mechanism: 

_ _ H* (ZnXzOHf _ , H _ { ' > 

H * < 2 1 

© '31 

^^-CHj(ZnX2OH)" * - ^ ) - C H 2 - ^ ^ + H+(2nX20Hr 

^ • O t j B @ - C H j » H * | 

Studies in which the ratio of H2O to ZnX2 were 
varied clearly demonstrate that the active form 
of the catalyst is a Bronsted acid, H*(ZnX2OH)-
Cleavage of the alkyl linkage is initiated by 

Table 2. Effects of H, pressure and catalyst composition on the reactions of 4HDM and IBN. 

. Product Yieldc 0 ) 
Reactant Catalyst H, Press, (atm) Reactant Conversion (£) Tolusne Diphenyl methane 

4HDJ ZnCl. 

4HDM ZnCl. 

4HEM ZnBr. 

4HEM Znl2 

4HDM Znl2 

1BN ZnCl. 

TBN ZnCl. 

1BN ZnEr. 

1BN Znl, 

37 

71 

44 

37 

68 

44 

68 

81 

51 

27.1 5.4 38.2 
27.9 10.5 30.0 
62.2 3.4 42.0 
12.6 27.9 20.2 
13.7 49.9 13.7 

16.8 12.9 35.2 
17.4 20.3 31.7 
22.7 6.9 SI. 8 
13.4 37.3 26.7 

teaction conditions: T = 325°C; benzene = 80 an°; 4HDM/ZnX2 = 40 mole/mole; 
lBN/Zn)^ = 1.0 mole/mole 
aAt reaction teuperature. 
Following 2 hr of reaction, 
^ased on moles of dibenzyl ether reacted. 
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protonation. Both the equilibrium constant 
associated with this step and the rate coeffi
cient for the subsequent step are affected by 
catalyst composition. The nature of the final 
products is dictated by reactions (3) and (4) 
and the ratio of the rate coefficients associ
ated with these reactions is also affected by 
catalyst composition. 

7. EFFECTS OF LEWIS ACID CATALYSTS ON THE 
HYDROGENATION AND CRACKING OF AROMATIC AND 
JIYDRQAROMATIC STRUCTURES RELATED TO COAL+ 

S. S. Salim and A. T. Bell 

The hydrogenation and cracking of fuscd-
ring aromatic and hydroaromatic structures is 
one of the processes which occurs during the 
liquefaction of coal by Lewis acid catalysts. 
In an effort to understand the mechanisms 
by which these reactions proceed and the in
fluence of organic structure on reactivity, 
we have investigated the hydrogenation and 
cracking of naphthalene, anthracene, and 
phenanthrene, as well as derivative compounds 
under the influence of 2nCl2 and AICI3. 

Comparison of the reactivities of naph
thalene, 1-nethylnaphthalene, and 1-naphthol 
indicate that nucleophilic substitution strongly 
influences the rates of hydrogenation and cracking. 
The presence of a hydroxyl group at the 1-position 
of naphthalene greatly increases the rate of 
hydrogenation of the substituted ring and, to a 
lesser degree, the neighboring ring. Substitution 
of a methyl group at the 1-position causes a some
what smaller increase in the rate of hydrogena
tion of naphthalene; but, in this case, both 
rings are affected to nearly an equivalent extent. 
Cracking of the saturated ring in tetralin is 
also enhanced by substitution of either a methyl 
or a hydroxyl group on the unsaturated ring. 

The hydrogenation of two-ring aromatic com
pounds and the trends in reactant reactivity can 
be explained on the basis of a carbonium ion 
mechanism. In this scheme the active catalyst 
is a BrOnsted acid represented by 
H*(M>yf)-{M = Zn,Al; X = CI; Y = 0H,C1J. Hydro
genation is proposed to occur via sequential pro
tonation and hydride acceptance. The first of the 
steps involves the transfer of a proton from 
the active catalyst to the substrate, a process 
which is enhanced by the presence of a nucleo
philic substituent on the aromatic portion of 
the reactant. The second step proceeds by trans
fer of a hydride ion from one of the products 
of Scholl condensation or from molecular hydrogen. 
The first of these two sources is predominant 
when AICI3 is used as the catalyst, and the sec
ond when ZnCl2 is used. The cracking of hydro-
aromatic rings is initiated by either protonation 
or hydride abstraction and then progresses 
through a complex series of ionic reactions. 

The hydrogenation of anthracene and phenan-
tLrene proceed via a mechanism similar to that 
proposed for naphthalene. In this instance, 

hydrogenation occurs '•st at the 9-, ID-posi
tions of the central *. lg and then proceeds to 
the outer rings. Cracking of the central ring 
of either 9-, 10-dihydroanthracene or 9-, 10-
dihydrophenanthrene does not take place in the 
presence of either ZnCl2 or AICI3. It was ob
served, though, that cracking of the central 
ring could be accomplished if the number of car
bon atoms in this ring was either decreased or 
increased. Thus, fluorene was cracked in the 
presence of AICI3, and dihydrobibenzocycloheptene 
was cracked in the presence of both ZnCl? and 
A1C13. 

* * * 
fBrie£ version of LBL-11512 and LBL-1185S. 

RESEARCH PLANS FOR CALENDAR 1981 

Iron nitride surfaces will be characterized 
and tested for the catalyzed hydrogenation of 
CO. The influence of additives such as chlorine 
and potassium on the catalytic activity of 
rhodium oxide will be explored. Rhodium com
pounds containing various oxidation states of the 
metal will be investigated for their ability to 
catalyze the C0-H2 reaction. 

The influence of metal-support interactions 
and metal dispersion on the synthesis of oxy
genated products will be investigated using 
palladium and rhodium catalysts. In-situ in
frared spectroscopy and XPS will be used to 
identify the effects of metal-support interactions 
on the oxidation state of the metal and its 
ability to chemisorb CO. 

Transient response experiments will be car
ried out to differentiate the relative rates of 
CO adsorption/desorption, dissociation/associa
tion, and reaction with H2 on ruthenium and other 
Group WII metals. These studies will be com
plemented by the use of reactive scavenging 
techniques to identify reaction intermediates. 

The effects of reactant structure on the 
reactivity of aliphatic bridges between aromatic 
nuclei will be investigated using zinc halide 
catalysts. The effects of water, alcohols, and 
other promoters on the catalytic properties of 
zinc halides will be examined. 
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on the Hydrogenation and Cracking of Two-Ring 
Aromatic and Hydroaromatic Structures Related to 
Coal," LBL-1185. 

Invited Talks 

1. G. A. Somorjai, "High Resolution Electron Loss 
Spectroscopy and LEED Studies of CO, H2 and Organic 
Adsorbates on Pt and Rh Surfaces," Oblad Syiqjosium, 
Salt Lake City, Utah, October 3, 1979. 

2. G. A. Somorjai, "Catalytic Hydrogenation of 
CO," U. C. Berkeley, Physical Chemistry Seminar, 
October 9, 1979. 

3. G. A. Somorjai, "The Catalyzed Hydrogenation 
of CO on Transition Metal Surfaces," Universite 
Louis Pasteur, Strasbourg, France, July 3, 1980. 

4. G. A. Somorjai, "The Catalyzed Hydrogenation 
of CO on Transition Metal Surfaces," ETH, Zurich, 
Switzerland, May 12, 1980. 

5. A. T. Bell, "Chemical Changes Produced in 
Coal Through the Action of Lewis Acid Catalysts," 
Mobil Research S Development Corp., Central 
Research Div., Princeton, NJ, December 1979. 

6. A. T. Bell, "Chemical Changes Produced in Coal 
Through the Action of Lewis Acid Catalysts," 
Philadelphia Catalysis Club, Philadelphia, PA, 
December 1979. 

7. A. T. Bell, "The Effects of Potassium Pro
motion on the Characteristics of Iron Fischer-
Tropsch Catalysts," 179th National ACS Meeting, 
Houston, Texas, torch 1980. 

8. A. T. Bell, "Fischer-Tropsch Synthesis Over 
Alumina-Supported Ru Clusters," 179th National ACS 
Meeting, Houston, Texas, March 1980. 

9. A. T. Bell, "H2/D2 Isotope Effects Observed 
During the Fischer-Tropsch Synthesis Over Ruthen
ium Catalysts," The California Catalysis 
Society, Berkeley, CA, March 1980. 

10. A. T. Bell, "Studies of Catalytic Reactions 
Using Transient Response Techniques," Materials 
and Molecular Research Division, Lawrence 
Berkeley Laboratory, May 1980. 

11. A. T. Bell, "Studies of Catalytic Reactions 
Using Transient Response Techniques," Materials 
and Molecular Research Division, Lawrence 
Berkeley Laboratory, May 1980. 

12. A. T. Bell, "Investigations of the Mechanism 
of Fischer-Tropsch Synthesis Over Ruthenium 
Catalysts," Chiyoda Chemical Co., Yokohama, 
Japan, June 1980. 

13. A. T. Bell, "Applications of Catalysis to the 
Production of Liquid Fuels from Coal," Depart
ment of Chemistry, Ibaraki University, Mi to, 
Japan, June 1980. 

14. A. T. Bell, "Recent Investigations of 
Fischer-Tropsch Synthesis Over Ruthenium," 
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Post-Congress Symposium: Catalysis - From 
Fundamentals to Design, Nagoysa, Japan, July 
1980. 
15. A. T. Bell, "Fischer-Tropsch Synthesis of 
Hydrocarbons Over Group VIII Metals," First 
Berkeley Catalysis and Surface Science Conference, 
Lawrence Berkeley Laboratory, Berkeley, CA, 
July 1980. 

16. A. T. Bell, "Chemical Interactions of Ru 
Clusters with Y-AI2O3." Solid State Science Divi
sion, Argonne National Laboratory, Argonne, IL, 
July 1980. 

17. A. T. Bell, "The Mechanism and Kinetics of 
Fischer-Tropsch Synthesis Over Ruthenium Cata

lysts," Solid State Science Division, Argonne 
National Laboratory, Argonne, IL, July 1980. 

18. A. T. Bell, "Effects of Metal-Support Inter
actions on the Synthesis of Methanol Over Pallad
ium," The California Catalysis Society, Irvine, 
CA, October 1980. 

19. A. T. Bell, 'Transient Response Studies of 
Carbon Monoxide Hydrogenation Over Ruthenium," 
The California Catalysis Society, Irvine, CA, 
October 1980. 

* * * 
Supported in part by the National Science 
Foundation. 
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1. BISCARBVNE COBALT CLUSTERS AS HOMOGENEOUS 
ANALOGS OF FISCHER-TROPSQI INTERMEDIATES ON 
SURFACES 

Neil T. Allison and K. Peter C. Vollhardt 

ATkynes may be cleaved by CpCo(CO)2 to give 
biscarbyne trinuclear cobalt clusters (see ̂ JRD 
Annual Report 1979). It has now been found 
that alkyjies can be regenerated intact by their 
gas phase thermolysis (e.g., 1*2). Since this 
carbon-carbon bond forming step~might mechani
stically mimick Fischer-Tropsch carbon chain 

A, gos phose I 
III 
I 
R 2 

build-up on surfaces the mechanism of its (pre
sumed microscopic) reverse, the synthesis of the 
clusters, was investigated by isolation of pos-
ible intermediates from reaction mixtures gen
erated under a variety of conditions. Particu
larly interesting is the reaction of trimethyl-
silylacetylene with CpCo(CO)2 in which, in 
addition to 1 (Rj = Me3Si; R2 = H)> three other 
trinuclear cobalt clusters could be isolated. 
Structures 3-5 have been assigned based on 
spectroscopic~characteristics. On heating, 3 
and 4 appear to equilibrate, but eventually de-
carbonylate to give J. Compound 5 is a proto-

SiMe. 

CpCo——^CoCp 

Me3Si 

desilylated analog of 3 and an x-ray structural 
analysis is in progress. A fourth complex iso
lated appears to have structure 6 and formally 
constitutes a good model for a surface bound 
C2H2-fragment. 

Si Me, op-col 

2. SYNTHESIS AND REACTIVITY CF HSDGENEOUS 
ANALOGS OF POLYSTYRENE-BOUND CYCLOPENTADIENYL 
COBALT DICARBONYL+ 

Linda S. Benner and K. Peter C. Vollhardt 

In an effort to identify the structural 
features responsible for the catalytic Fischer-
Tropsch activity of polystyrene supported 
CpCo(CO)2 QMRD Annual Report 1979), several 
soluble analogs were designed and synthesized 
according to Scheme I. Since substitution of 
the Cp-ligand in CpCo(C0)2 by the polystyrene 
chain appeared to be the origin of the special 
stability to the CpCo-moiety in the presence 
of hydrogen, it was reasoned that similar sub
stitution by phenyl group carrying alkyl chains 
might have the same effect. Should these models 
undergo oxidative addition to benzylic or 
phenylic C-H bonds, this might be readily as
certainable by structural of H-D exchange studies. 

The phenyl substituted alkyl halides are 
available by literature procedures. Complexa-
tion to cobalt occurred most efficiently in the 
presence of a slight excess of C02(C0)g and 
cyclohexene. The latter 

N 2 , 3hr Co 2(CO) g, 1.2 eq. 
RBr + NaCp • > RCpCo(CO), 

THF, 0° N 2 , 24hr, r.t. 
cyclohexene - 60S 

• l,3-R 2CpCo(CO) 2 

- 20t 

This work was supported by the Director, Office 
of Energy Research, Office of Basic Energy 
Sciences, Chemical Sciences Division of the 
U. S. Department of Energy under Contract No. 
W-7405-ENG-48. 

R = C 6 H 5 ( C H 2 ) r a or R = C 6 H 5 C H a i 3 ( C H 2 ) n 

n - 2,4 
Scheme I 



344 

alkene evidently serves to quench any in
termediate HCoCC0)4, protecting the valuable 
cyclopentadiene ligand from reduction. Both 
mono- and bisalkylated cyclopentadienyl com
plexes were isolated in an approximate ratio of 
6:1 by column chromatography as red-brown oils. 
Both sets of compounds proved to be considerably 
more air and thermally sensitive than the parent 
system. Whereas irradiation in sealed tubes did 
not result in any observable change, sijnple 
heating produced insoluble clusters. In ai1. 
effort to suppress bimolecular reactions two of 
the complexes [R = C6Hs(CH2)3, C6H5CHCHs(CH2)2i 
were subjected to flash vacuum pyrolysis at low 
contact times (300-450°C, 2 x 10" 4 torr). The 
resulting product mixtures contained starting 
material, free protonated ligand RCpH, and co-
baltocenes (RCp)2Co. The pyrolysis tube was cov
ered by a colalt mirror. Several of the model 
compounds were then exposed to Fischer-Tropsch 
conditions. No activity was found until decom
position set in, producing traces of methane. 
Pressurization with CO/D2, however, furnished 
some dcuterated RCpH and recovered deuterated 
complex. Extensive deuteration of the latter 
was achieved under conditions which left the 
structure of the complex relatively intact 
(200°C, 4d, D?/CO = 10/1, 130 psig). In the 
case of KCpCotCO)2 [R = (CH2)4CI1(CH3)C6H5], the 
incorporation of up to 10 deuterium atoms could 
be ascertained by mass spectrometry. Sur
prisingly, as indicated by the fragmentation 
pattern, very little (if any} of the deuterium 
label is found on the aromatic ring. The pro
ton NMR spectrum reveals that most of the H-D 
exchange has occurred on the Cp ligand, its 
ordinarily complex M'BB' pattern having been 
simplified to two broad singlet absorptions of 
relative combined intensity of 0.5. The aryl 
(5H) and aliphatic (12H) regions appear unchanged. 
That deuterium uptake is preferred on the RCp 
ligand is also suggested by the relative inten
sity of the RCp-d4Co(CO)2 molecular ion peak, 
which is the signal of maximum height in the peak 
envelope of deuterated parent ion. It is pos
sible that H-D exchange occurs through a cobalt 
hydride intermediate in an intramolecular manner. 
Further exchange along the alkyl chain might 
occur via insertion of cobalt into ligand C-H 
bonds. The instability of the model compounds 
again highlights the special stability associ
ated with the polymer supported system. Per
haps choice of differently substituted homo
geneous analogs will provide a structure endowed 
with the catalytic capabilities of the resin-
bound system. This is the subject of continuing 
work. 

* * * 
Brief version of LBL-11710. 

RESEARCH PLANS FOR CALENDAR YEAR 1981 
The ligand mobility of trinuclear biscarbyne 

clusters will be explored, with particular emphasis 
on carbon-carbon bond breaking and bond fom Jig 
processes. 

Activation of biscarbyne clusters by elec
tron transfer reactions will be attempted in 
order to observe potential catalytic activity. 

Ongoing work will be continued and aimed 
at removing sulfur from coal and coal derived 
liquids and from model compounds. 

New homogeneous model systems based on the 
phenylcyclopentadienyl unit as a ligand will 
be constructed in an attempt to mimick the 
structural environment of polymer supported 
CpCo(C0)2, a Fischer-Tropsch catalyst. 

1980 PUBLICATIONS AND REPORTS 

Refereed Journals 

*1. K. P. C. Vollhardt, "The Cobalt Way to 
Estrone," Ann. N. Y. Acad. Sci. 333_, 241 [1980). 

+ 2 . A. J. Barkovich, E. S. Strauss, and K. P. C. 
Vollhardt, "Unusual Rearrangements in the 
c12H12-Manifold: 1,5,9-Cyclododecatriyne, 
1,2:3,4:5,6-Tricyclobutabenzene, Hexaradialene," 
Isr. J. Chem. 20, 225 (1980). 

+*3. R. L. Funk and K. P. C. Vollhardt, "Thermal, 
Photochemical, and Transition Metal Mediated 
Routes to Steroids by Intramolecular Diels-Alder 
Reaction of o-Xylylenes," Chem. Soc. Rev. 9, 41 
(1980). 

+*4. K. P. C. Vollhardt, "Physical, Chemical, and 
Some Biological Properties of Strained Ring Hydro
carbons," Pure Appl. Chem. 52, 1645 (1980). 

{5. R. L. Funk and K. P. C. Vollhardt, "2-
Methyl-2-cyclopenten-l-one From 2-Methylcyclo-
penta-l,3-dione," Synthesis 118 (1980). 

*6. R. H. Hillard III and K. P. C. Vollhardt, 
"Potential Routes to Cyclobuta[l,2-c] cyclopro-
pabenzene," Tetrahedron 36_, 2435 (1980). 

7. J. R. Fritch and K. P. C. Vollhardt, "Bis 
carbyne Clusters by Alkyne Cleavage: a General 
Reaction," Angew. Chem., 92_, 570 (1980); 
Angew. Chem., Int. Ed. Engl. 19, 559 (1980). 

*8. R. L. Funk and K. P. C. Vollhardt, "Cooligo-
merizations of 3-Substituted 1,5-Hexadiyjies With 
Bis(trimethylsilyl)acetylene Catalyzed by Cobalt. 
A General Synthesis of Tricyclic Ring Systems 
From Acyclic Precursors," J. Am. Chem. Soc. 102, 
5245 (1980). 

T*9. R. L. Funk and K. P. C. Vollhardt, "Transi
tion Metal Catalyzed Alkyne Cyclizations. A 
Cobalt Mediated Total Synthesis of d,l-Estrone," 
J. Am. Chem. Soc. 102, 5253 (1980). 

*10. E. R. F. Gesing, J. A. Sinclair, and 
K. P. C. Vollhardt, "1,3-Bis(trimethylsilyl) 
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propyne and Alkyltrimethylsilylalkynes As 
Efficient Co-oligomerisation Partners in Cobalt 
Catalysed Alkyne Cyclisations," J. Chem. Soc., 
Chem. Caimun. 286 (1980). 

*11. E. D. Sternberg and K. P. C. Vollhardt, 
"Cobalt Mediated Cyclizations of Linear Achiral 
Diyneenes. A One Step Construction of Complexed 
Chiral Polycycles," J. Am. Chem. Soc. 102, 4839 
(1980). 

Other Publications 

1. J. M. Huggins, J. A. King, Jr., K. P. C. 
Vollhardt, and M. J. Winter, "Preparative Sep
aration of Organometallic Diastereomers, Structural 
Isomers, and Homologs on Ultrasphere ODS," 
Altex Chromatogram, 3_(4), 2 (1980). 

LBL Reports 

1. J. M. Huggins, J. A. King, Jr., K. P. C. 
Vollhardt, and M. J. Winter, "Separation of Dia
stereomers, Structural Isomers, and Homologs of 
n5-Cyclopentadienyl Cobalt and Dinuclear Molybdenum 
Complexes by Reverse Phase High Performance Liquid 
Chromatography Using Deoxygenated Solvents," 
LBL-11801. 
2. L. S. Benner, P. Perkins, and K. P. C. 
Vollhardt, "Hydrocarbon Formation on Polymer-
Supported n5-Cyclopentadienyl Cobalt," 
LBL-11710. 

Invited Talks 

1. K. P. C. Vollhardt, "Transition Metal Mediated 
Carbon-Carbon Bond Forming and Bond Breaking Re
actions," Searle Research and Development, 
Chicago, Illinois, February 1980. 

2. K. P. C. Vollhardt, "Cobalt Mediated Carbon-
Carbon Bond Formation," 3M Company, St. Paul, 
Minnesota, February 1980. 

3. K. P. C. Vollhardt, "Reactions Catalyzed by 
Polystyrene Bound n5-CpCo(CO)2," Plenary Lecture, 
179th ACS National Meeting, Symposium on Hetero-
phase Attached Homogeneous Catalysis, Houston, 
Texas, March 1980. 

4. K. P. C. Vollhardt, "Cobalt Mediated Carbon-
Carbon Bond Forming and Bond Breaking Reactions," 
Dow Chemical Corporation, Midland, Michigan, 
April 1980. 

5. K. P. C. Vollhardt, "Cobalt Mediated Carbon-
Carbon and Carbon-Heteroatom Bond Formation," 
American Cyanamide Company, Lederle Labs, Pearl 
River, New York, May 1980. 
6. K. P. C. Vollhardt, "Cobalt Mediated Carbon-
Carbon Bond Forming and Bond Breaking Reactions," 
IBM, Yorktown Heights, New York, May 1980, 

7. K. P. C. Vollhardt, "Cobalt Catalyzed Carbon-
Carbon Bond Formations En Route to Natural Prod
ucts," University of Santiago de Compostela, 
Spain, May 1980. 

8. K. P. C. Vollhardt, "Remarkable Transforma
tions in the Coordination Sphere of Cobalt," 
Consejo Superior de Investigaciones Cientificas, 
Madrid, Spain, May 1980. 

9. K. P. C. Vollhardt, "The Cobalt Way to Natural • 
Products," University of Madrid, Spain, May 1980. 

10. K. P. C. Vollhardt, 'Transition Metal Cat
alyzed Routes to Natural Products," University 
of Barcelona, Spain, May 1980. 

11. K. P. C. Vollhardt, "Transition Metal Cat
alyzed Carbon-Carbon Bond Formations," Plenary 
Lecture, Third IUPAC Symposium on Organic Syn
thesis, Madison, Wisconsin, June 1980. 

12. K. P. C. Vollhardt, "The Cobalt Way to 
Estrone," Tennessee Eastman Kodak, Kingsport, 
Tennessee, June 1980. 

13. K. P. C. Vollhardt, "Cobalt Mediated 
[2+2+2] Cycloadditions: A Better Version of the 
Diels-Alder Reaction?", Plenary Lecture, Symposium 
on Catalytic Reactions in Chemical Synthesis, 
Massachusetts Institute of Technology, Boston, 
Massachusetts, June 1980. 

14. K. P. C. Vollhardt, "Hydrocarbon Formation 
on Polymer Supported Cobalt," Plenary Lecture, 
Symposium on Catalytic Activation of Carbon 
Monoxide, 2nd Chemical Conference of North 
America, Las Vegas, Nevada, August 1980. 

15. K. P. C. Vollhardt, "Transition Metal Mediated 
Carbon-Carbon Bond Formation," Plenary Lecture, 
2nd International Symposium on Homogeneous Cat
alysis, Diisseldorf, West Germany, September 1980. 
16. K. P. C. Vollhardt, "Remarkable Transforma
tions in the Coordination Sphere of Cobalt," 
University of Lund, Lund, Sweden, September 1980. 

17. K. P. C. Vollhardt, "Transition Metal Medi
ated [2+2+2] -Cycloadditions: A Better Version of 
the Diels-Alder Reaction?" University of Konstanz, 
Konstanz, West Germany, September 1980. 

18. K. P. C. Vollhardt, 'Transition Metal Medi
ated [2+2+2]-Cycloadditions: A Better Version of 
the Diels-Alder Reactions?" Georgia Institute of 
Technology, Atlanta, Georgia, October 1980. 

19. K. P. C. Vollhardt, "Transition Metal Medi
ated [2+2+2]-Cycloadditions: A Better Version of 
the Diels-Alder Reaction?" Emory University, 
Atlanta, Georgia, October 1980. 

20. K. P. C. Vollhardt, 'Transition Metal Medi
ated [2+2+2] -Cycloadditions: A Better Version of 
the Diels-Alder Reaction?" Atlantic Richfield 
Company, Philadelphia, Pennsylvania, October 1980. 

21. K. P. C. Vollhardt, "Transition Metal Medi
ated [2+2+2] -Cycloadditions: A Better Version of 
the Diels-Alder Reaction?" University of 
California, Santa Cruz, California, October 1980. 
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22. K. P. C. Vollhardt, 'Transition Metal Cat
alyzed Approaches to the Total Synthesis of 
Natural Products," "Aspects of Cobalt Catalyzed 
Hydrocarbon Synthesis," 2 lectures, PPG Industries, 
Barberton, Ohio, November 1980. 

23. K. P. C. Vollhardt, 'Transition Metal Medi
ated [2+2+2] Cycloadditicms in Organic Synthesis," 
Plenary Lecture, 16th Midwest Regional ACS Meeting, 
Symposium on Organometallic Chemistry, Lincoln, 
Nebraska, November 1980. 

24. K. P. C. Vollhardt, "Excessively Unhappy 
Hydrocarbons," Hhirae University, Matsuyama, Japan, 
November 1980. 

25. K. P. C. Vollhardt, "Transition Metal Cat
alyzed Approaches to the Total Synthesis of 
Natural Products," Hiroshijna University, Japan, 
November 1980. 

26. K. P. C. Vollhardt, "Excessively Unhappy 
Hydrocarbons," Osaka University, Japan, November 
1980. 

27. K. P. C. Vollhardt, "Transition Metal Medi
ated Carbon-Carbon Bond Formation," Kyoto Institute 
of Technology, Japan, November 1980. 

28. K. P. C. Vollhardt, 'Transition Metal Cat
alyzed Approaches to the Total Synthesis of 
Natural Products," Kyoto University, Japan, 
November 1980. 

29. K. P. C. Vollhardt, 'Transition Metal Cat
alyzed Approaches to the Total Synthesis of 
Natural Products," Nagoya University, Japan, 
November 1980. 

30. K. P. C. Vollhardt, "Cobalt Mediated Carbon-
Carbon Bond Formation," Rikagaku Kenkyusho Saitama, 
Japan, November 1980. 

51. K. P. C. Vollhardt, 'Transition Metal Cat
alyzed Approaches to the Total Synthesis of 
Natural Products," University of Tokyo, Japan, 
November 1980. 

32. K. P. C. Vollhardt, 'Transition Metal Cat
alyzed Approaches to the Total Synthesis of 
Natural Products," Sagami Chemical Research Center, 
Sagamihara, Japan, November 1980. 

33. K. P. C. Vollhardt, 'Transition Metal Cat
alyzed Approaches to the Total Synthesis of 
Natural Products," Tohoku University, Sendai, 
Japan, December 1980. 

34. K. P. C. Vollhardt, "Cobalt Mediated Carbon-
Carbon Bond Formations," Tokyo Metropolitan Uni
versity, Tokyo, Japan, December 1980. 

35. K. P. C. Vollhardt, 'Transition Metal Cat
alyzed Approaches to the Total Synthesis of 
Natural Products," Yokohama National University, 
Yokohama, Japan, December 1980. 

* * * 
'This work was supported in part by the National 
Science Foundation. 
*This work was supported in part by the National 
Institute of Health. 
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d Synthetic and Physical Cnamtatry* 

William L Jolly, Investigator 

1. ON CORRELATING PHOSPHORUS CORE BINDING 
ENERGIES, PHOSPHORUS LOSE PAIR IONIZATION 
POTENTIALS, AND PROTON AFFINITIES OF TERVALENT 
PHOSPHORUS COMPOUNDS"''* 

T. H. Lee, W. L. Jolly, A. A. Bakke, R. Weiss, 
and J. G. VerJcade 

For certain compounds of oxygen, nitrogen, and 
phosphorus with nonbonding "lone-pair" electrons 
on these atoms, the oxygen, nitrogen, and phos
phorus core electron binding energies are linearly 
correlated with the corresponding proton affinities. 
Indeed, it has been claimed that core binding 
energy shifts can be used to predict proton affini
ties. However, there is evidence that such corre
lation only holds when considering compounds which 
are very closely related, such as those in a homo
logous series of compounds. On the other hand, 
correlations have been observed between "lone pair" 
ionization potentials and proton affinities which 
appear to be more general than those between core 
binding energies and proton affinities. In this 
paper, we discuss the factors that determine the 
magnitudes of core binding energies, ionization 
potentials, and proton affinities, emphasizing the 
differences between these three types of energy. 
For illustrative purposes we use data for tervalent 
phosphorus compounds. However, the principles 
discussed are applicable to all compounds containing 
lone-pair electrons. 

To widen the variety of tervalent phosphorus 
compounds for which core binding energies are 
known, we have measured the phosphorus 2p3/2 
binding energies of 13 phosphorus compounds. By 
combining these values with values previously 
measured in our laboratory and with a few other 
values from the literature, we obtained phosphorus 
binding energies for 22 compounds containing 
phosphorus atoms with valence-shell lone-pair 
electrons. These values were compared with liter
ature values of the corresponding lone pair ioni
zation potentials and proton affinities. No 
single correlation was found between all the core 
binding energies and the corresponding lone pair 
ionization potentials (Fig. 1) or proton affinities 
(Fig. 2}, but the lone pair ionization potentials 
are linearly correlated with the proton affinities 

P 4 I N C M j l 6 > 

P 1 N C M J C M J 1 5 C C M S 

Fig. 1. Plot of phosphorus 2p 3/ 2 binding energy vs. 
phosphorus lone pair ionization potential for 
tervalent phosphorus compounds. The open circles 
correspond to the phosphines, PH3-P(CH3)3. 

(XBL 794-3398) 

(Fig. 3). It is concluded that the electronic 
relaxations accompanying lone-pair ionization and 
proton attachment are similar in character and 
energy, whereas the electronic relaxation accompany
ing core ionization is of a somewhat different type, 
in which atomic orbital rehybridization plays a 
relatively unimportant role. 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
Chemical Sciences Division of the U. S. Department 
of Energy under Contract No. W-7405-ENG-48. 

Brief version of J. Am. Chem. Soc. 102, 2651 (19S0). 
*This work was partially supported by the National 
Science Foundation. 
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Fig. 2. Plot of phosphorus 2p3/? binding energy vs 
proton affinitv for tervalent phosphorus compounds. 

(XBL 794-3397) 

2. ELECTHCNIC INTERACTION OF LIGANDS WITH 
CARBQVYL GROUPS IN TRANSITION-METAL COMPLEXES 
OF THE TYPES LNh(CO)5 and LMo (CO)5+ 

S. C. Avanzino, H.-W. Chen, C. J . Donahue, 
and W. L. J o l l y 

In recen t years much a t t e n t i o n has been given 
to the electronic interaction of various ligands, 
L, with carbonyl groups in transition-metal 
complexes of the type l^i(CO)y. No general 
consensus has been reached regarding the nature 
of the interaction. Thus, the influence of the 
group L on the C-0 stretching force constants 
has been variously explained: entirely in terras 
of the n-acceptor character of L, entirely in 
terms of the o-donor character of L, and in terms 
of both the Tr-acceptor and o-donor characters of L. 

We have used x-ray photoelectron spectroscopy 
to study the problem because this technique yields 
information not readily obtained by any other 
method, that i s , information about the charges of 
individual atoms in compounds. We restricted this 
study to volatile LM(CO)s compounds of manganese 
and molybdemm and determined gas-phase core 
binding energies of the metal, carbon, and oxygen 
atoms, as well as of the atoms in the ligands L. 

The I-h 2p$/2* ^ l s » a n t ^ ° l s binding energies of 
LMn(C0)5 compounds are l i n e a r l y r e l a t e d to each 
other and t o the inductive constant oj and the 
Pauling e lec t ronega t iv i ty x p of the group L. The 
binding energies show l i t t l e co r re la t ion with the 
mesomeric constant o° Apparently only the o-donor 
a b i l i t y of L i s important in determining the degree 
of back-bonding to the CO groups in LMn(C0)5. The 
Mo 3d5/2, C I s , and 0 Is binding energies of 
LMo(COJ5 compounds (L = PX3 or CO) are l inea r ly 
r e l a t e d to each o ther and to the phosphorus lone-
pa i r ionizat ion po ten t i a l of the free PX3. The 
data ind ica te tha t both the o-donor and Tr-acceptor 
a b i l i t i e s of PXj are important in determining the 
degree of back-bonding to the CO groups in 
X3PMo(CO)5. The TT-acceptor a b i l i t y of PF3 appears 
to be s l i g h t l y g rea te r than t h a t of CO. 

Brief version of Inorg. Chem. 1£, 2201 (1980). 

3. A TABLE OF ABSOLUTE CORE-ELECTRON BINDING-
ENERGIES FOR GASEOUS ATOMS AND NDLECULES"!" 

A. A. Bakke, H.-W. Chen, and W. L. J o l l y 

During the l a s t twelve yea r s , gas-phase x-ray 
photoelectron spectroscopy has been car r ied out 
in at least ten different laboratories in North 
America and Europe. More than 1800 core binding 

Fig. 3. Plot of phosphorus lone pair ionization 
potential vs proton affinity for tervalent phos
phorus conpounds. The solid points correspond 
to the phosphite esters, the open circles to the 
phosphines, the triangle to phosphabenzene, and 
the square to PF3. (XBL 794-3396) 
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energies have been measured for about 800 d i f f e r e n t 
compounds. These data are of i n t e r e s t , not only 
to photoelec t ron s p e c t r o s c o p i s t s , but a l s o to many 
chemists and p h y s i c i s t s who wish to c o r r e l a t e 
core binding energies with ou te r physical /chemical 
p r o p e r t i e s . Therefore, we have prepared a t a b l e 
t ha t con ta ins a l l the gas-phase core binding-energy 
data t h a t we know of. The binding energies a r e 
grouped according to core l e v e l (C I s , Mn 2P3/7, 
e t c . ) , with the var ious groups arranged a l p h a b e t i 
c a l l y according to elemental chemical symbol. 
Because of the length of t h i s t a b l e , i t i s not 
reproduced in t h i s a r t i c l e . 

* * * 

Brief vers ion of J . Electron Spec t rosc . Rel . 
Phenom. 20, 333 (1980). 

RESEARCH PLANS FOR CALENDAR YEAR 1981 

We plan t o study the bonding in organometal l ic 
c l u s t e r s of the type RCCo^(CO)g, where 1 - II, Me, 
Me3Si, MeO, CI, and Br. The r e s u l t s w i l l be of 
i n t e r e s t because t h e bonding i n these molecules 
between the RC group and the metal atoms i s s imi l a r 
t o t h a t involved in var ious metal su r face-ca ta lyzed 
organic r e a c t i o n s . In a s i m i l a r ve in , ue s h a l l 
continue our s tudy of CH2~bridged metal atoms and 
the a l l y l - m e t a l bond, and we hope t o study 
t r a n s i t i o n - m e t a l o l e f i n complexes. 

Current XPS s t u d i e s of the compet i t ive back-
bonding in the n i t r o s y l s CpM(NO)2Cl (M = Cr, Mo, K) 
a re g iving us i n s i g h t i n t o the d i f fe rences in 
n-donor a b i l i t y between f i r s t - , second- , and t h i r d -
row t r a n s i t i o n metals , Studies of compounds such 
as W(CO)5CS, Cr(C0) 5CS, C6HeCr(CO)2CS, e t c . , 
i n d i c a t e t ha t the CS group i s a s t r onge r a-donor 
and a s t ronge r TT-acceptor than the analogous CO 
group. Both of these s t u d i e s a r e nearint , completion. 

We hope t o use XPS in a s tudy of the bonding and 
e l e c t r o n i c s t r u c t u r e of uns tab le molecules and 
r a d i c a l s i n the gas phase. We have devised a low-
pressure flow system for s tudying such spec ies and 
plan i n i t i a l l y t o look a t some simple spec ies such 
as S2O, SiF2, and perhaps atomic s p e c i e s . 

1980 PUBLICATIONS AND REPORTS 

Refereed Journa l s 

f l . T. H. Lee, W. L. J o l l y , A. A. Bakke, R. Weiss, 
and J . G. Verkade, "On Cor re la t ing Phosphorus Core 
Binding Energ ies , Phosphorus Lone Pai r I on i za t i on 
P o t e n t i a l s , and Proton A f f i n i t i e s of Tervalent 
Phosphorus Compounds," J . Am. Chem. Soc. 102, 2631 
(1980), LBL-11936. 

2 . S. C. Avanzino, A. A. Bakke, EI.-W. Chen, C. J , 
Donahue, W. L. J o l l y , T. H. Lee, and A. J . Ricco, 

"Study of Charge Transfer in Back-Bonding t o 
Carbonyl and Ni t ro sy l Groups," Inorg. Chem. 19 , 
1931 (1980), LBL-10121. ~~ 

3 . S. C. Avanzino, H.-W. Chen, C. J . Donahue, 
and W. L. J o l l y , "E lec t ron ic I n t e r a c t i o n of Ligands 
with Carbonyl Groups in Transi t ion-Metal Complexes 
of t he Types LMn(C0)s and LMo(CO) 5 l" Inorg. Chem. 
19_, 2201 (1980), LBL-11937. 

4 . A. A. Bakke, H.-W. Chen, and W. L. J o l l y , "A 
Table of Absolute Core Electron Binding Energies 
for Gaseous Atoms and Compounds," J . Electron 
Spect rosc . Rel . Phenom. 20_, 535 (1980), LBL-1195S. 

LBL Reports 

1. Ihoms Stafford Br iggs , "Kinet ic and Synthet ic 
Studies on Boron-Nitrogen Hydr ides ," Ph.Li, t h e s i s , 
LBL-11494 (October 1980). 

2 . IV. L. J o l l y , "The Use of Core i-lectron Binding 
Energies as Bench Marks for the Comparison of 
Valence Shel l Ioniza t ion P o t e n t i a l s , " -.1.-11596 
(September, 1980). 

3. H.-W. Chen, W. L. J o l l y , S . -F. Ximg, I . S. 
Bu t le r , and J . Sedman, "An X-Ray Pho oe lec t ron 
Spectroscopic Study of T rans i t i on M- a l Thio-
carbonyl and Thion i t rosy l Complexes' ' LBL-11443 
(September 1980). 

4 . H.-W. Chen, W. L. J o l l y , S.-V Xiang, and 
P. Legzdins, "An X-Ray Photoe lecnon Spectroscopic 
Study of Organometallic Nitrosy] Compounds of 
Giromium, Molybdenum and Tungst- . i ," LBL-11444. 

Invi ted Talks 

1* W, L. J o l l y , " Ihe Study Bonding in 
Organometallic Compounds," • ministry Dept . , McGill 
Univers i ty , Montreal, Canai , May 27, 1980. 

2 . W. L. Jolly, "The Stu<j.. of Bonding in 
Organometallic Compounds," Chemistry Dept . , 
Univers i ty of Western Onta r io , London, Onta r io , 
May 28, 1980. 

3 . W. L. J o l l y , "The Study of Bonding in 
Organometallic Compounds," Chemistry Dept . , McMaster 
Un ive r s i ty , Hamilton, Ontario, May ZSr 1980. 

4 . W. L. J o l l y , "Ccnpet i t ive Ligand-Metal 
I n t e r ac t i ons as S tu . i ed by X-Ray Photoelectroii 
Spectroscopy," Gordon Research Conference on 
Organometallic Chemistry, Andover, New Hampshire, 
August 1 1 , 1980. 

5. W. L. Jolly, "XPS Studies of the Bonding in 
Organometallic compounds," Chemistry Dept . , 
Stanford Univers i ty , Stanford, Ca l i fo rn i a , 
November 25, 1980. 

* * * 

Par t l y supported by the National Science 
Foundation 
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e. Chemistry and Morphology of Coal Liquefaction 

Alexis T. Beth Robert G. Bergman, James W. Evans, 
Heinz Heinemann, Alan V, Levy, GaborA. Somon'ai, and 
K. Peter Vollhardt, Investigators 

See Fossil Energy section. 

I. Electrochemical Systems* 

John Newman, investigator 

1 . MASS TRANSFER TO ROTATING DISK1" AND ROTATING 
RINGS IK LAMINAR, TRANSITION, AND KJLLY DBVXLOPnD 
TURBULENT FLOW+ 

C l a r e n c e G, Law, P e t e r P i e r i n i , and John Newman 

On rotating disks and rotating rings, the flow 
regime may vary from laminar near the center to 
fully developed turbulent near the periphery. The 
fundamentals of fluid flow and mass transfer are 
well characterized in laminar flow. However, 
transition flow, existing between laminar and fully 
developed turbulent flow, and the turbulent flow 
regime have not been described to the same extent. 
Correlations of experimental results form the basis 
of most of the available information concerning the 
mass transfer rates for these systems, 

A complete understanding of mass transfer 
phenomena in turbulent flow is necessary to predict 
the rates oc corrosion for systems in turbulent 
flow. Full knowledge of the mechanism of corrosion 
is the f irs t step from which techniques can be 
developed to lead to corrosion prevention, under
standing the corrosion mechanism i s therefore 
important whether electrochemical (anodic or 
cathodic protection) or materials improvements 
(alloys) are chosen to reduce corrosion rates. 

To model accurately mass-transfer processes on 
a rotating disk (as in corrosion), reliable ^ocal 
mass-transfer rates are required. Average mass 
transfer rate data must be differentiated to 
obtain information on local mass transfer rates. 
Differentiation of data with considerable scatter 
may not give reliable information. Therefore, 
a model was developed from which local mass transfer 
rates can be calculated. These local rates can 
then be integrated for comparison with measured 
average mass transfer rates. 

In the study of corrosion on a rotating disk, 
local mass-transfer rates are needed when the 
mass-transfer commences a t an arbitrary radial 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
Chemical Sciences Division of the U.S. Department 
of Energy under Contract No. YJ-7405-ENG-48. 

position on the surface. This is analogous to 
rotating rings with different thicknesses. Data 
taken by Delouis and Keddam1 on thick rings in
dicate that the Sherwood number i s proportional 
to the Reynolds number raised to the 0.9 power, 
similar to disk correlations. However, for thin 
rings the data give rise to an expone' of 0.6. 
It was found that measured values of \.,ie limiting 
current for thin rings in transition and turbulent 
flow were below the Levich2 relationship for thin 
rings. 

The model developed here i s based on the 
boundary layer form of the time-averaged correc
tive diffusion equation. Due to the large Schmidt 
numbers which are encountered for most electrochem
ical systems: the velocity components may be ade
quately represented by the f i r s t term in a Taylor 
series expansion. Introduction of the Lighthill^ 
variable allows the equation to bs expressed in a 
form which, subject to further development, is 
amenable to analytical treatment. 

The results of the model depend strongly on 
the values of the shear stress at a given Reynolds 
mmber. The Reynolds number dependence of the 
radial shear stress is shown in Fig. 1. 

To provide data with which to compare predictions, 
limiting currents were measured on thin rotating 
ring electrodes. Rotation rates were varied to 
investigate the laminar, transitional, and as much 
of the turbulent region as possible. The electro
chemical system used was the potassium ferricyanide-
potassiim ferrocyanide redox couple (approximately 
0.005 molar) with an excess of potassiun hydroxide 
(2 molar) supporting electrolyte. 

Figure 2 shows the results for average mass-
transfer rates on a rotating disk compared to data 
given by Mohr and Newman̂  and Daguenet.^ Agreement 
between the two is obtained over a considerable 
range of Reynolds numbers. The line marked f(R) = 0 
corresponds to no eddy diffusivity, while f (R) = 1 
allows for the full eddy diffusivity contribution. 
Note that absence of the eddy diffusivity term, 
f(R) = U, may result in an average flux below the 
corresponding laminar flow value. 

The data from our experiments with rotating 
ring electrodes are given in Fig. 3. The current 
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Fig. 1. The Reynolds number dependence of the 
radial shear s t ress . (XBL 805-J566A) 
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Fig, 3. The results of our mass-transfer experiments 
on rotating rings compared to calculations. 
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Fig, 2. Overall mass-transfer rate vs Reynolds 
number for laminar, transition, and turbulent 
regimes. The Schmidt number for the data of Mol.r 
and Newman ° 1192, A 1377, + 163^01760, x 2465; 
for the data of Daguenet • 1212, * 19P0. 
calculated results. (XBL 80S-9570A) 

is made dimensionless with the current calculated 
as though laminar flow conditions existed. Agree
ment of the data with the calculations is adequate 
at low Reynolds numbers; however, at higher values 
the calculated results exceed the measurements. 

From the data presented in Fig. 5 and from the 
lines representing thin rings, it is clear that 
mass-transfer in transition and turbulent flow car. 
be less than that given by the laminar-flow ex
pression. The results of the analysis show that 
the mass-transfer rate normalized with the laminar 
rate depends only upon the shear stress value. 

Local mass-transfer rates representative of a 
number of different conditions are presented in 
Fig. 4. The curves show the local mass-transfer 
rates on rotating rings to be high at the beginning 
of the mass-transfer region and to approach the 
rotating disk results down-stream of the inner 
radius. This is true whether the diffusion boundary 
layer begins in laminar, transition, or fully 
developed turbulent flow. 

The model compares well to rotating disk data 
and to data for relatively thick rotating rings. 
For the data given herein on thin rotating rings, 
the calculated results may exceed the measured mass-
transfer rate in the transition and fully developed 
turbulent flow regimes. The contribution of the 
eddy diffusivity term to the overall mass-transfer 
is too high, even for these thin rings. A cubic 
form for the eddy diffusivity is used. However, no 
improvement in the comparison with the thin ring 
data was obtained for a combined cubic-fourth power 
form. 
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Fig. 4. Local mass - t rans fe r r a t e for r o t a t i n g r ings 
of var ious dimensions. The Reynolds number des ig
nat ion on the r e s p e c t i v e curves denotes the poin t 
a t which niyps t r a n s f e r beg ins . fXBL 805-9568A) 

T B r i e f vers ion of LBL-11241. 
1. C. Delouis and M. Keddam, I n t e r n a t i o n a l 
Journal o f Heat and Mass Transfer 16, 1763 (2973). 
2 . B. Levich, Physicocheroical Hydrodynamics, s e c 
t i o n 18 , P r e n t i c e - H a l l , I n c . , Englewood C l i f f s , 
N .J . (1962). 
5 . M. J . L i g h t h i l l , Proceedings of the Royal 
Society A202, 359 (1950). 
4 . Charles M. Mohr, J r . and John Neivman, Journal 
c f the Electrochemical Society 123, 1687 (1967). 
5 . M. Daguenet, I n t e r n a t i o n a l Journa l of Heat and 
Mass Transfer 1 1 , 1581 (1968). 

2 . THEORETICAL ANALYSIS OF LIQUID-JUNCTION 
PHOTOVOLTAIC CELLSt 

Mark E. Orazem and John Newman 

Liquid- junct ion pho tovo l ta ic c e l l s u t i l i z e 
semiconductors as one or both e l ec t rodes to d r ive 
e lec t rochemical r e a c t i o n s in the presence of l i g h t . 
These devices produce an e l e c t r i c a l cu r r en t whi le 
conver t ing s o l a r energy to chemical energy, which 
can be s t o r e d . 

A one-dimensional model was developed fo r t he 
l i q u i d - j u n c t i o n pho tovo l t a i c c e l l with a t h i n - f i l m 
semiconducting anode. The r e l a t i o n s h i p s governing 
the anode were Po i s son ' s Equation and macroscopic 
m a t e r i a l balances o f t he charge-car ry ing s p e c i e s . 
The e f f e c t of t he semiconduc tor -e lec t ro ly te i n t e r 
face was modeled with a f ixed sur face charge con
c e n t r a t i o n and s e t r a t e s of product ion of e l e c t r o n s 
and h o l e s . 

A l i m i t i n g c u r r e n t o f -41.16 mA/cnr4 was p red ic ted 
for a t h i n - f i l m n- type GaAs anode under AM-2 s o l a r 
i l l umina t ion , and a l i m i t i n g c u r r e n t of 0 mA/cm2 

was p red i c t ed for t he anode in the dark. This p re 
d i c t i o n was based on a l i m i t i n g concen t ra t ion of 
h o l e s . Incomplete u t i l i z a t i o n of inc iden t r ad i a 
t i o n , due t o r e f l e c t i o n and s c a t t e r i n g l o s s e s , and 
recombination of e l ec t rons and holes a t the i n t e r 
face w i l l decrease t he magnitude of the l i m i t i n g 
c u r r e n t . 

An extension of t h i s model i s under development 
tha t includes adsorp t ion , deso rp t ion , and charge 
t r a n s f e r r eac t i ons a t the semiconduc tor -e lec t ro ly te 
i n t e r f a c e . 

* * * 
T B r i e f vers ion of "Electrochemical Systems," 
presented by Mark E. Orazem a t Kansas S ta t e 
Univers i ty , December 22, 1980. 

RESEARCH PLANS FOR 1981 

Modeling of the l i q u i d - j u n c t i o n pho tovo l ta ic 
c e l l w i l l bf? extended to include adsorp t ion , 
desorpt ion and cha rge - t r ans fe r r eac t i ons o f the 
semiconductor -e lec t ro ly te i n t e r f a c e . A mathemat
i c a l model of the iron/chromium flow redox b a t t e r y 
w i l l be developed. An experimental program w i l l 
begin to study the e lec t rochemical removal of 
mercury from b r ine and wastewater . 

1980 PUBLIGYTIONS AND REPORTS 

LBL Reports 

1. Clarence G. Law, J r . , Peter P i e r i n i , and 
John Newman, "Mass Transfer to Rotat ing Disks 
and Rotat ing Rings in Laminar, Trans i t ion and 
Ful ly Developed Turbulent Flow," LBL-11241 
(July 1980). 

2 . Clarence G. Law, J r . , Richard Po l l a rd , and 
John Newman, " C h a r a c t e r i s t i c s of the Dropping-
Msrcury Electrode Below Limiting Current," 
LBL-10079 (July 1980). 

Inv i ted Talks 

1 . D. Ullman and J . Newman, (presented "by David 
Ullman), "A Poss ib le Mechanism of Elec t ron Exchange 
a t the Semiconductor-Electrolyte I n t e r f a c e , " 
Houston Meeting of the American Chemical Soc ie ty , 
March 26, 1980. 

2 . D. Ullman, "Some Aspects of the P o t e n t i a l 
D i s t r ibu t ion a t the Semiconductor 'Electrolyte 
I n t e r f a c e , " Houston Meeting of the American Chemical 
Society , March 26, 19£0. 

3 . M. £ . Orazem, "Electrochemical Systems," Inv i ted 
address before the Department of Chemical Engineer
ing , Kansas S ta t e Univers i ty , Manhattan, Kansas, 
December 22, 1930. 
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g. MtM-Cluttor, Metal-Surface Analogy* 

Bart I. Muetterties, Investigator 

1. CHEMICAL AND STRUCTURAL FEATURES OF CHEMISORBED 
SPECIES ON METALLIC SURFACES 

Cynthia Fr iend, Min-Chi T s a i , and Ear l L. Mue t te r t i e s 

The geometric f ea tu res t h a t e l i c i t carbon-
hydrogen bond s c i s s i o n r e a c t i o n s have been 
i n c i s i v e l y c h a r a c t e r i z e d from a chemisorption 
study of hydrocaibons and t h e i r d e r i v a t i v e s on 
n icke l and plat inum s u r f a c e s , wherein the chemistry 
was defined as a function of sur face c rys t a l log raphy 
and sur face composition. Bas i ca l l y , thesr s t u d i e s 
show that if the in i t ia l chemisorption s taie i s so 
structured that hydrogen atoms bound to carbon can 
closely approach a metal surface atom, then carbon-
hydrogen bond scission becomes a probable event 
even at relatively low temperatures. Such stereo
chemistry is more common to irregular surfaces and 
much less so to atomically f lat surfaces like 
Ni ( l l l ) , Ni(100), and P t ( l l l ) . 

In establishing these features of surface-
mediated carbon-hydrogen bond breaking reactions, 
the benzene and toluene systems have been most 
illuminating. On the atomically flat and clean 
nickel and platinum surfaces, benzene chemisorbs 
in a plane parallel to the crystal surface plane. 
No C-H bonds are cleaved below temperatures of 
-100°C and 150°C for Ni(l l l ) and Ni(100), respec
tively. In contrast, some C-H bonds are cleaved 
at 2S°C on stepped and stepped-kinked nickel sur
faces. No reversible C-H bond breaking for ben
zene was observed on any of the nickel surfaces--as 
established in studies with QjHo-CfcDfc mixtures--
under the conditions of the ultra high vacuum 
experiments. Platinum surfaces behaved in an 
analogous fashion but a stepped platinum surface, 
Pt 6 ( l l l ) x ( l l l ) , effected reversible C-H bond 
breaking as shown with CsHg-CgDg and with C6R5-D2 
mixtures. In contrast, Pt ( l l l ) did not detectably 
effect reversible*C-H bond breaking reactions. 

Toluene was irreversibly chemisorbed on a l l 
the nickel surfaces. Attempted thermal desorption 
led to no detectable toluene desorption; only 
hydrogen was evolved from such surfaces. Studies 
of nickel surfaces with (111) or (100) terrace 
sections showed that the aliphatic carbon-hydrogen 
bonds are completely cleaved before any aromatic 
carbon-hydrogen atoms are cleaved, as established 
in thermal decomposition studies of the labelled 
toluene molecules, C0D5CH3 and C6H5CD3. On Ni ( l l l ) , 
a l l aliphatic C-H bonds are cleaved below 1S0°C; 
and the aromatic C-H bonds are cleaved at ~185nC. 
These studies establish the surface crystallographic 
features that can provide a selective introduction 

of deuterium into the methyl group of toluene in 
the presence of Di- Hydrogen-deuterium exchange 
is selective to the aliphatic s i tes in toluene for 
D2-C6H5CH3 mixtures with nickel films but is not 
selective with irregular nickel catalysts l ike 
Raney nickel. On the atomically flat surfaces, 
toluene is believed to be chemisorbed as the 
benzyl radical with the seven carbon atoms in a 
plane more or less parallel to the surface plane. 

Much of the benzene surface studies have been 
informative because of the finding that an intact 
benzene molecule chemisorbed on nickel or platinum 
surfaces can be displaced by trimethylphosphine. 
This discovery has now been utilized to define the 
surface chemistry of cyclohcxanc, cyclohcxene and 
cyclohexadiene. All three of these hydrocarbons 
have been shown to chemisorb on a stepped platinum 
surface with dehydrogenation to give chemisorbed 
benzene molecules and hydrogen atoms--trimethyl-
phosphine displaced benzene molecules from these 
surface states. A similar behavior was established 
for the Niflll) surface, except for cyclohexane 
which did not react with this nickel surface at 
20-S0°C. 

Trimet}jyJ.p]iosphine is very strongly chemisorbed 
on a l l the nickel surfaces. On the Niflllj surface, 
thermal decomposition occurs readily, and QI4 and 
H2 are desorbed as decomposition products with 
desoiption maxima at 90 and 98°C? respectively. 
Chemisorption of this phosphine ini t ia l ly must 
involve a donor-acceptor interaction centered at 
the phosphorus atom. Models show that the methyl 
hydrogen atoms can then closely approach the surface 
metal atoms. Cleavage of C-H bonds probably 
occurs at or near 25 C, and P-C-Ni honds are then 
irreversibly formed. This surface chemistry 
qualitatively mirrors that of trimethylphosphine 
in the coordinately unsaturated complex FelP[CH3)3]4, 
which is primarily HFe[n2-Ql2P(CH3)2nP(CH3)3]3 in 
the solution s ta te . """ 

On the Ni(100) and Pt( l l l ) surface, pyridine 
is irreversibly chemisorbed; and three hydrogen" 
thermal desorption maxima of relative intensities 
1:2:2 were observed. These data suggest that 
pyridine in i t ia l ly chemisorbs in a plane normal to 
the surface by bonding through the nitrogen atom. 
This places the a - CH hydrogen atoms close to 
surface metal atoms and C-H bond cleavage should 
occur very readily (at 20°C or slightly higher 
temperatures) to form a pyridyl species. Ring 
tipping, so as to ultimately l i e in a plane parallel 
to the surface, may then occur in two stages at 
high temperatures. 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
Chemical Sciences Division of the U. S. Department 
of Energy under Contract No. W-7405-ENG-48. 

RESEARCH PLANS B3R CALENDAR YEAR 1981 

The sur face c r y s t a l l o g r a p h i c and e l e c t r o n i c 
fea tures t h a t a f f e c t the C-H bond breaking (and 
bond making) r eac t i ons in hydrocarbons and hydro
carbon r eac t i ons w i l l be def ined for n i c k e l and 
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platinum surfaces: chemisorption of intact 
saturated hydrocarbons is believed to involve two 
electron multicenter C-li surface metal atom bonds. 
Characterization of these bonds will be attempted 
through studies of chemisorption heats and through 
vibrational studies of these surface states using 
a series of linear, cyclic, and branchea-chain 
hydrocarbons. A study of ethylene and acetylene 
surface chemistry modeled on the benzene-toluene 
investigations will be completed to define the 
geometric and electronic surface factors that 
affect C-H bond breaking and bond making processes. 
In addition to these parent olefinic and acetylenic 
molecules, methyl derivatives sr.ch as propylene, 
the butcne isomers, propyne, and the butyne isomers 
will be studied to assess the ster ic and electronic 
factors in this surface chemistry of unsaturated 
hydrocarbons. 

1980 I'lTOLIGVnONS AND REPORTS 

Kefcreed Journals 

t l . I:. L. Muetterties, A. J . Sivak, R. K. Brown, 
J . lv'. Williams, M. F. Fredrich, and V. K. Day, 
"Metal Clusters 22. The Polynuclear Rhodium 
Hydride Set {iiRhl.2}," in Fundamental Research in 
llomogc -*c Catalysis, Vol. 3, M. Tsutsui, ed., 
Plenum ng Corp., p. 487. 

*2. E. L. ,'-ta es and Judith Stein, 
"Mechanistic Features of Catalytic Carbon Monoxide 
Hydrogenation Reactions," Chem. Revs., p. 479 (1980). 

*3. Henry IV. Choi, Robert M. Gavin, and Karl L. 
Muetterties, "Zerovalent Metal Phosphite Chemistry: 
Photochemistry of W[P(OCH3)3]6i" J . Chem. Soc , 
Chem. Comm., p . 1085 (1980). 

*4. Richard K. Brown, Jack M. Williams, Andrew J. 
Sivak, and Earl L. Muetterties, "Coordinately 
Unsaturated Metal Clusters. A Neutron Diffraction 
Study of the Crystal and Molecular Structure of 
the Trimeric Rhodium Complex {HRh[P(0ai3)5]2i5," 
Inorg. Chem. 19_, 370 (1980). 

5. E. L. Muettertios, "Stereochemistry in the 
Coordination Chemistry of Metal Surfaces," Israel 
J. Chem. 20, 84 (1380). 

to . M. Tachikawa and E. L. Muetterties, "Metal 
Clusters 25. A Uniquely Bonded C. H. Group and 
Reactivity of a Low-Coordinate Carbidic Carbon 
Atom," J . Am. Chem. Soc. 102, 4541 (1980). 

#7. M. Beno, J . M. Williams, M. Tachikawa, and 
E. L. Muetterties, Fischer-Tropsch Chemistry: 
Structure of a Seminal n2-CH Cluster Derivative, 
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h. High-Energy Oxidizer* and DriocaNzed-Electron Solids* 

Neil Bartlett, Investigator 

Introduction. The projects described below 
a l l deal with aspects of novel synthetic metals 
made by oxidizing graphite. The f i r s t project 
sprang from the persistent reluctance of somel,2 
to accept the earlier conclusion^ from these 
laboratories that intercalation of graphite by 
arsenic pentafluoride i s accompanied by oxida
tion of the graphite according to the equation: 

3 . N. B a r t l e t t e t a l . , J . Chem. S o c . , Chem. 
Coitmun. 200, 1978; N. B a r t l e t t , B. W. McQuillan, 
and A. S. Robertson, Mat. Res. B u l l . 13 , 1259 
(1978). 
4. E. M. McCarron, Y. Jean Gratmec, and N. 
Bartlett , J. Chem. Soc., Chem. Commun. 1980, 
in press. 

2e"(from graphite) + 3AsF$ + 2AsF6" + AsFj. (1) 

Further «n«tus came from the observation that the 
conductivity of graphite that had been inter
calated fully with AsF6" alone was almost an order 
of magnitude less than that intercaled fully by 
AsF s. 

The second project bears on the nature and 
s tabi l i ty of the fluoro-germanium species that 
are present in the graphite sa l ts Cx2GeFs and 
Cl2GeFfi- Earlier studies* in these laboratories 
had indicated that these materials are in equilib
rium with elemental fluorine at ordinary tempera
tures and pressures, according to the equation: 

C12GeF5 • 1/2 F 2 C g ) (2) 

The prime aim has been to find fluorogermanate 
salts that might serve as fluoride ion conductors; 
but, as aspects of that broad study, the nature 
of the bonding in "GeFs"1" salts has been explored 
and some thermodynamic measurements have been made 
with the intent of assessing the f irs t and second 
fluoride-ion affinities of the GeF4 molecule. 

The third project reports on the relationship 
of CxSOjF to i t s protonated relative 
Cx(S03F)y(HS03F)i.y. These materials are each 
metallic and thei r interconversion merely involves 
transfer of electrons and protons. 

Perhaps the most exciting project [Work in 
Progress) is s t i l l incomplete. I t deals with the 
observation that the intercalation of graphite, 
by arsenic pentafluoride in the presence of fluo
rine, consumes half a mole of fluorine more than 
that required to prepare merely AsFg". 

1. h. Ebe r t , H. S e l i g , Mat. Sc i . Eng. 31 , 177 
(1977). 
2 . M. J . Moran, J . E. F i scher , and W. R. Salaneck, 
J . Chem. Phys. 73 (2 ) , 629 (1980). 

1. THE ELECTRICAL CONDUCTANCE OF GRAPHITE-AsF-
INTERCALATION COMPOUNDS AND THEIR RELATIONSHIP TO 
OTHER GRAPHITE-MF6 SALT CONDUCTANCES 

T. E. Thompson, E. M. McCarron, and Nei l B a r t l e t t 

Recently McCarron and B a r t l e t t * have shown 
tha t s a l t s conta in ing AsF 0 " a^ the so l e i n t e r c a l a n t 
have a s t ag ing formula C^nAsFg for a l l s t a g e s , n , 
except the f i r s t . The f i r s t s t age ranges i n com
p o s i t i o n from Cj^AsF, t o C{jAsF6. They have a l s o 
e s t a b l i s h e d t h a t the add i t ion of ASF3 converts 
the Ci2n +AsFo" s a l t s t o m a t e r i a l s t h a t appear t o 
be i d e n t i c a l t o t he i n t e r c a l a t i o n compounds made 
d i r e c t l y from graph i te and a r s e n i c pen ta f luo r ide 
and which obey a s t ag ing formula C811ASF5. A l l of 
t h e i r observat ions are in accord with AsFs i n 
t e r c a l a t i n g g raph i t e as represented i n Eq. (1) of 
t he In t roduc t ion . As t he ox ida t i on of t he g r aph i t e 
proceeds , t he inc rease i n p o s i t i v e charge i n t he 
g r aph i t e l ayers w i l l tend t o make t h e conversion 
of AsFs i n t o ASF5" and ASF3 l e s s complete. There
f o r e , f i r s t s t age "CgAsFs" must conta in more un
converted AsF 5 than second s t a g e , C 1 6 A s F 5 , and 
so on. Even m the second s t a g e , however, the 
conversion of ASF5 t o AsF 0 " and ASF3 appears t o 
be nea r ly t o t a l . 

In t h i s s tudy , the emphasis has been p laced 
on conduct iv i ty /composi t ion c o r r e l a t i o n s . P ieces 
of h ighly o r i en ted n y r o l y t i c g raph i t e (HOPG) 
t y p i c a l l y 5 x 5 ran', with a p r i s t i n e th ickness of 
0.5 mm, have been used for t he conductance mea
surements . Compositions have been followed 
g r a v i m e t r i c a l l y , and changes i n s t age have been 
monitored by x-ray d i f f r a c t i o n and by micrometry. 
In a l l c a se s , t he p repa ra t ions involving the p ieces 
of HOPG were p a r a l l e l e d by more massive powder 
samples t o check on the v a l i d i t y of the l e s s p r e 
c i s e HOPG g rav ime t r i e s . 

The graphite/AsFs samples were made d i r e c t l y 
from g raph i t e and ASF5 (clean by IR spec t roscopy) . 
Graphite +AsF6" s a l t s were prepared e i t h e r by 
t r e a t i n g g r aph i t e with Oj^AsFg": 

This work was supported by the Di rec tor , Office 
of Energy Research, Office of Basic Energy Sciences , 
Chemical Sciences Divis ion of the U. S. Department 
of Energy under Contract Ho. W-740S-ENG-48. 

or by controlled fluorination of the graphite 
AsFr compound: 

C/sFj • 1/2 F 2 - C ^ . 
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Room temperature, basal-plane conductivity 
measurements were made in s i tu , as ASF5 intercala
tion of the HOPG pieces proceeded, using a com
mercial contactless-condiictivity apparatus. 2 

Table 1 gives the gravimetric composition, thick
ness rat ios, oscillator voltage rat io, and the 
ratio of conductivity of the intercalated graphite 
compound, (^AsFc, to that of the starting graphite. 
The findings indicate (Fig. 1) that the earlier re
port, by others, of a conductivity closer to that 
of copper, is in error. 

From the data in Table 2 for AsF," sal t pre
pared from 02*AsF(,~, the sample of composition 
c14.6AsF6> which was nearly a first-stage materi
al (homogeneous CjjiAsFg i s t h e f i r s t 5 t a S e ) • i s 

seen to be an inferior conductor, compared to 
AsFr materials of comparable composition. Table 
2, lor the AsF6" salts made by fluorinating ASF5 
compounds, also shows that the first-stage sails 
K^Asfy through to CgAsFg) must be poor conduc
tors in comparison with ASF5 compounds of compar
able composition. This is not so for the second 
and higher stages. 

The removal of volatiles from C&1ASF5 
(n i 2) (Table 3) results largely in the removal 
of ASF3, and neither the thickness (which cor
relates with stage) nor the conductivity, changes 
significantly. Similarly, the introduction of 
ASF3 to Ci2nAsF6 to form CgpAsFs does not produce 
significant changes in thickness or conductivity. 
These last observations are in accord with the 
description of CajAsFj ( n i 2 ) as Ci2n(AsF6-)2/3 
(AsF3)i/3- Indeed, i t is appropriate to view the 
galleries of the n >. 2 stages as the same as in 
the Ci2nA s F6 salts but with the vacant s i tes of 
those galleries now occupied by ASF3 molecules. 
Since the number of vacancies in a gallery of 
Ci2nAsF6 is equal to half the number of anions, 
i t is tempting to assume that the anions are 
packed as indicated in Fig. 2. This arrangement 
means that each anion has only three nearest 
neighbors in contrast to six in a close packed 
array, such as occurs in CgAsF6-

The important difference between the con
ductivities of the C811ASF5 compounds and their 
Ci2n

+AsFg" sa l t relatives is in the first-stage 
behavior. Unfortunately, there is no reliable 
structural information available for C^AsFg or 
C3ASF5. Earlier work in these laboratories has 
indicated,3 however, that the f i rs t stage AsF0~ 
sal ts appear to tndergo a structural change. In 
that change, the graphite layers may la,e their 
high symmetry. Certainly, the f i r s t stage 
CxAsFg sa l t s , made from graphite single crystals 
diffract well and show hexagonal symmetry, when 
freshly prepared and held at low temperature. 
This is lost within a few hours at room tempera
ture. Similar effects have been noted 3 for 
CsOsFg and CsIrFfl. In contrast, crystals of 
CjjAsFs diffract well over many weeks at room 
temperature. Therefore, i t seems likely that the 
chaotic mx of AsFg", AsF3, and eyen some ASF5 
in the CjjAsFs may contribute to the preservation 
of the hexagonal symmetry of the graphite layers. 

Table 1. Composition, thickness, oscillator voltage, 
conductivity of the HOPG-ASF5 compounds CJJASFJ. 

Sample 

Gravimetric 
compos i t ion , 3 

X t V c 

vV a / o G 

1 16 1.71 20 .8 12.2 

7.9 2.45 29.6 12.1 

2 16 1.72 20.0 11.6 

12.7 1.96 22 .1 11.3 

3 8.3 2 .8 30.0 1 2 . 4 f 

4 9.4 2.32 25 .3 10.9 

5 16.0 1.76 22 .3 12.7 

6 16.4 1.82 22.1 12.1 

7 18.6 1.68 17.1 10.2 

8 20 1.65 16.7 10.1 

9 22.9 1.53 18.3 12.0 

10 24.8 1.48 18.3 12.4 

11 34 1.39 16.9 12.2 

12 35.9 1.38 13.0 9.4 

13 39.7 1.35 15.9 11.8 

x is the C/As rat io, CxAsF5. 
Systematically 58 too large, perhaps because of 

microscopic cracking. There is also a 3-5% mea
surement uncertainty. 
c 8<.xi l6 : t / tn (x) - (l-x-8/8) t / t 0 [1st stage) 
+ (x-8/8) t / t Q [2nd stage]. 16ix<_24r t / t 0 (x) = 
(1 - x-16/8) t / t 0 [2nd stage] * (x-16/8) t / tn 
[3rd stage]. Pure stage t / t g values are based on 
a measured c-spacing of 8.05(3) A for CjjAsFs an^ 
a parent-graphite gallery height of 3.35 A. 
t / t 0 [1st stage] = 8.05 A/3.35A = 2.40. 
t / t „ [2nd stage] = 8.05A+ 3.35 A/2(3.35 A) = 1.70. 
t / t 0 [3rd stage] = 8.05 A+ 2(3.35 A)/2(3.35 A) 
=• 1.47. 

voltrje measurements have a 5$ estimated un
certainty. 
e o / o G •= (V/Vo) x ( tAn)" 1 has an estimated 101 
uncertainty. 
Calculated using the theoretical t/Jo = 2.40. 
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Fig. 1. Electrical conductivity of graphite-
arsenic pentafluoride intercalation compounds.4 

(XBL 813-2204) 

Table 2. Composition, stage, relative thickness and 
relative conductivity of H0PG + AsF 0" salts. 

Preparation Gravimetric Stage 
Composition n 

1 mixture 
second 
and third 

plus 

t/U o/ 0 „ 

2.24 4 to 6 

1.59 11.1 

2.48 l.S"-

Tlic stages present in the sample were? determined by 
x-ray diffraction hy mounting each sample, under kh'lxr 
on a diffractometer. 
See Table 1 for def ini t ions. 

TJecause of s l igh t exfoliat ion, the , JAV value was 
calculated using the ideal t / t j ; value ol 2.40. 

; l i oi 
relative thickness, and relative meter voltage Î K/K )̂ for 

four different H0PG-Asi:5 samples. 

Sasplc and 
desc r ip t i on A P m v , ) 

Add Ab 
- . B •>. \ ' " " P , B' . A" l ^ " 1 

' , . . ] ! " 

1. Gravimetric 
canposi t ion 

C16.<fy*rS C 23 .9 , X s , "6 ' : u . j ' v , l : s 

t/t„ 1.76 1.6? 1.71 

v/v 0 22 .5 ln.o 19.7 

2. GrE'.^iiEtric 
oom,iosition 

C 2 2 9 A s F 5 S.T^'V, C 2 4 . 4 t e , 5 C 3 9 . 2 A s r t . CX.A>°h ^ S . S ' * 1 

t / t 0 
1.53 1.49 1.51 1.44 1.4S 1.39 

v/v„ 16.3 18.7 18.7 17.B 16.7 15.3 

3 . Gravimetric 
co rpos i t ion 

C 2 4 . 8 A S F 5 l - 3 2 . ^ F 6 C 2 5 . ^ , : S C 3 7 . 2 ' ^ I : 6 C 2 5 . 0 ^ | : 5 C 3 3 . 7 ^ ' 

t / t 0 
1.48 1.40 1.48 1.43 1.48 1.43 

VA0 
18.3 17.5 17.9 17.2 16 .3 16.2 

4. Gravimetric 
composition 

C 1 6 . 4 t e F 5 C 2 2 . 6 A s f 6 

t / t 0 

v/v„ 

1.82 

22.1 

1.68 

21 .3 
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Fig. 2. A model for the d i s pos i t i on of AsF 6" 
(open c i r c l e s ) ; ions in C2?nAspA and 
q 2 l y t e J - 6 - l / 2 A s F j (shaded c i r c l e s ) . (XBJ. 813-2208) 

Table 4. Single c r y s t a l data for C10,GeF c and 
N0 2GeF 5. ' b 

Space , J n l t C e l 1 Cel l 
Compound Group a b c Volume 2 
N0,Ger 5 Cmc21 19.52 11.37 31.8 7.058 48(?) 

or 
Cmcm 

Ama2 

C102Gel-*5 C 2 2 2 14.65 7.52 8.87 

In ^i2 AsF^, -, a l l of the i n t e r c a l a n t species are 
anions . Their cooperat ive i n t e r a c t i o n (one on 
each s ide of a carbon layer) w i l l concentra te 
p o s i t i v e charges a t c e r t a i n s i t e s much more than 
is l ike ly in CgAsFs- In these highly charged 
pos i t ive -ca rbon systems t h i s may r e s u l t in a 
change in the g r aph i t e - l aye r bonding, with conse
quent band gap development. 

* * * 
1. 
Soc. 

Chem. 

Rev. 
3 . 

E. M. McCarron and Nei l B a r t l e t t , J . 
Chem. Comnun., 404 (1980). 

C. Z e l l e r , A Deraenstein, and G, M. T. Foley, 
Sc i . Instrum. 50, 602 (1979). 
N. Bartlett et al.. Synthetic Metals 1., 111 

(19 79). 
4. c. M. T. Foley et al., Solid State Comrn., 
24, 371 (1977); L. V. Interramte, R. S. Markiewicz, 
and D. JV. McKee, Synthetic Metals 1, 290 (1980). 

2 TIDZRMDDYNAMIC AND STRUCTURAL STUDIES OH 
(GeF 5) n

n" AND GeF 6
Z" SALTS 

T. .Mallouk and N. Bartlett 

Several new compounds of general formula, 
A GeFc, have been prepared (A = NO, NO2, SF*, 
and CI02). Vibrational spectra of these and of 
the previously known XeF^GeFs, 02GeF5, and 
NF4GeFs show that the anion must be similar 
in all. Since, however, there has not been a 
full structure determination on any A GeF$ com
pound, a prime concern has been to obtain such 
a structure. 

Single crystals of both C102GeFc (data in 
Table 4) and XeF^GeF^ prove to be relatively 
easy to grow, but the greater volatility of the 
former compound has imposed problems in data 
gathering. The structure of the latter is com
plete (Fig. 3). There are no discrete GeFs" 
species. Instead, we see that the anion is an 
endless chain of elongated GeF6 octahedra, which 
share trans apices. That is, trans F-ligands of 
the octahedra are bridging; and those bridging 
Ge-F distances, as is usual for such bridge 
bonds, are 0.15 A longer than equatorial Ge-F 

bonds. The approximately C4,, symmetry XeFs* 
cations each make weak bringing contacts with 
four equatorial F-ligands of two GeFg groups. It 
may be that this interaction of two adjacent GeFg 
groups with each XeF5+ is the factor that deter
mines the size of the bridging Ge-F-Ge angle. 
The interaction of the four F-ligands of the 
(GeF4) ($1/2)%' chain, with each XeF5+, completes 
a capped Archimedean antiprism arrangement of 
I-'-ligands about each Xe atom. The XeFs"1" size 
and shape are almost identical to XeY$ + 
XeF 5

+ PtF6". 

Since the vibrational data of the other A GeF,-
salts mentioned are so similar to that of 
XeFsGeFs, it seems likely that nearly octahedral 
coordination of the germanium occurs in all. 
The N02GeF5 sa]t infrared and Raman data are so 
close to those for XeF5GeF5 that it even seams 
likely that trans bridging of the GeFg units 
occurs there also. 

It does appear that previous assumptions of 
GeFs" ions in A GeFs salts are likely to be 
erroneous. It also seems probable that the 
species in C 1 2

G e F 5 i s a fluorine bridged polymer. 
Thermodynamic data for ClOjGeFc and (SF3)2 

GeF^ are given in Table 5. On the basis of an 
estimate of the lattice energy of C102+GeF5" of 
-142 (+ 8) kcal mole-1 and from established val
ues for other terms in the Born Haber cycle, the 
enthalpy for the fluoride-ion addition to GeF4 
to make the polymeric anion, i.e., 

^V + G e F 4 ( g ) - ^•^i/m^' 
' - 114 (± 10) kcal mole" . This is significantly 
more exothermic than the fluoride-ion enthalpy for 
BF 3, the value of tii° [F ( g J- • B F 3 ( g ) • B F 4 ( g ) " ] , 
but comparable with estimates for the strong Lewis 
acid AsF., for which AH°[F, 

_i U = - 110 (• 5) kcal raole 1 . 
5(g) r6(g) 

The estimate for the double fluoride-ion 
enthalpy of GeFa, W° [2F(g)" + GeF4(g) -GeF 6 („) 2~] 
is much less reliable since the lattice energy 
evaluation, U(SF3)2GeF6) * - 405 (i 30) kcal 
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(c| Positional and thermal parameters and their estimated standard deviations. 

Atom X Y Z B11/.) 6(2,2) 8(3,31 BI1.2) B|l,3) 8(2.3] 

XE 0,13903(3) 0.2500(0) 0.30600(5) 0.00386(2) 0.00810(51 0.01067(7) 0.0000(D) -0.00363(7) 0.0000(0) 

GE 0.0000(0) 0.0000(0) 0.0000(01 0.00318(3) 0.00243(81 0.00818(9) •0.00007(8) -a0007(1) -0,0006(2) 

F» -0.0269(1) 0.056712) 0.2242(31 0.0054(1) 0.0059(3) 0.0094(41 00035(4) aoai4(5) 4.001316) 

F2 0.1283(11 0.056712) 0.0423(3) 0.0032(1) 0.0070(3) 0.0160(4) 0.0014(4) •0.0009(51 -0.0001 (7) 

F3 -0.026812) 0.2500(0) •0.070814) 0.004012) 0.0026(41 0.0100(6) 0.0000(0) •0.0O8I7) aooooio) 

F4 0.2686)2) 0.2500(0) 0,2 £6 BID) 0.0040(2) D.D208(7> 0.0240(B) 0.0000(01 •0.0034(10) 0.0000(0) 

FB 0.1630(2) 0.5030(2) 0.4057(31 0.0062(11 0.0084(4) O.0196I5) -0.0029(41 -aooet i6> •0,0053(81 

F6 0.0342(2) 0.2500(0) 0.5314(5) 0.0064(2) 0.0150(6) 0.0118(6) 0,0000(0) 0.0024(8) 0.000010) 

F7 0.2(35(3) 02500(0) 0.6741(5) O.OOB4I3) 0.019417) 0.0186(7) O.OOOOIO) -0,0167(9) 0.0000(0) 

Th« form ol tht mltotraplc thtrmal piramtter (i: 

Expt-(B(111|»H,H + B(2,2)*K*K + B(3,3)'L*L + Hl1,2)'H«K + B(1,3)'H»L + e(2.3)"K ,Ln. 

Fig. 3, TTie crystal and molecular structure of Xeftjfefi;. (a) Stereo 
view of the structure, (b) Tlie structural unit dimensions, (c) Crystal 
data: S. G.: P n m a , orthorhonfcic, a = 12.986(4), b - 7.139(2), 
c - 7.398(1),^ = 4, [(a) XBL 813-2205, XBL 813-2206; GO XBL S13-2207] 



Table 5. Some thermodynamic data for (SF3
+)2GeF6 and (C102 ) n(GeF 5) n

n 

298 Compound Temp, range AH" AS° , AG" 
(equation for dis- kcal mole- cal deg -, 
sociation) (°C) mole-1 kcal mole 

I p 0.0 to 36.8 44.2(8) 

^ ( j ) ' & F 4 G D 

130(3) 

C 1 0 2 G e F 5 ( c : | 

J T 0.2 to 33.4 29.1(4) 
C 1 V ( g ) + teF4(S) 

90(1) +2.4 

mole"! is very uncertain. This uncertainty 
arises because the cation is rather unsymmetrical 
(Cjy) and there is no reliable basis presently 
for~assigning fractional charges on each of the 
species in the complex ion. The lattice energy 
evaluation has therefore followed the relatively 
crude formula devised by Kapustinskii.l A var
iety of thermodynamic information for SFj + salts 
indicates that AH°[SF4(gl-»SF3(g)+ + Ffg)"] 
= + 210 (i 6) kcal mole"!. Consequently, from the 
enthalpy of reaction given in Table 4, 
AH°[GeF4(g) + 2F(g)" •» CeF62"] = - 59 (i 36). 

1. A. F. Kapustinskii, Quarterly Revs. Chem. Soc. 
10, 284 (1956). 

3. TIE RELATIONSHIP OF GRAPHITE FLUOROSULFATES 
TO RELATIVES CONTAINING FLUOROSULFURIC ACID 

R. N. Biagioni and Neil Bartlett 

The discovery* that peroxydisulfuryl difluo-
ride, S2O6F2, would oxidize graphite spontaneously 
to yield fluorosul fates CxS03F indicated that 
such materials should be reducible to the previ
ously known salts, which were believed to be 
approximately of composition C242HS03F-S03F. The 
latter had been made by electrochemical oxida-
tion2 in fluorosulfuric acid. The limiting value 
of x in Cj(S03F is close to 7.5. For a sample of 
CXS03F, with x = 8, it is clear that the relation
ship of C242HS03F-SO3F would be as expressed in 
the reduction: 

This requires that merely H and electrons need 
be exchanged to convert one material into the 
other. 

The blue first-stage CxS03F (x . 7.5) is 
characterized by a gallery height of 7.6 to 7.7 A. 
This is equivalent to the £ spacing, since the 
diffraction data gives no evidence of a super 
lattice ordering along c. Such syntheses, even 
at 80°C, often yielded some second-stage material. 
The latter is characterized by a c axis repeat di
mension of -11.0 A. This is the value anticipated 
on the basis of the sum of a graphite sheet thick
ness (3.35 A) and an occupied-gallery height of 
- 7.6 to 7.7 A. Mainly, second-stage material 
was obtained by bringing the S200p£ into interac
tion with the HOPG at -78° initially, then slowly 
bringing the mixture to ambient temperatures. 
Such material, slightly contaminated by first-
stage material, had a composition C13 6SO3F. This 
implies a gallery occupancy comparable with that 
of the first stage. 

Treatment of CxSOjF with HSO3F always resulted 
in a "irst-stage material of composition 
C.7.5S03Fx-HSO3F(1.^- Thus for an HO^G CXS03F 
of composition CggSOjF, which x-ray dirfraction 
data showed to be'a mixture of first and second 
stages, a first-stage salt of composition 
c-7.8so3FxHS93F(l-xl "as formed. This, like all of 
these mixed intercalate materials, showed an 
appreciable expansion of the occupied-gallery 
height over that for the pvrre fluorosulfate. 

Experiments with graphite possessing less 
order than HOPG yielded first-stage materials in 
which two-thirds of the intercalent was HSO3F and 
the composition approximately C7 6S03Fi/3-ZHS03F2/3. 
Such materials rapidly interacted with acid-free 
graphite fluorosulfate, made from the same lower-
grade graphite, to yield homogeneous material (as 
characterized by x-ray diffraction). Figure 4 
shows the c spacing for the homogeneous product 
of mixing Jin various ratios) an acid-free ma
terial, A (of composition Cy.flSOjF), with an acid-
containing material, B [of composition 
C7,o(0.4S03F, O.6HSO3F)]. Pure A was characterized 
by a £ spacing of 7.70 A and B by £ - 7.88 A. 
The variation of C with composition is essentially 
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orientation requires less separation of the car
bon layers than the latter, but the difference 
is not great. Certainly an orientation of the 
SO3F, with its three-fold or pseudo-three-fold 
axes parallel to c_, requires a greater separation 
of the carbon layers, and it is presumbly for that 
reason that this orientation does not occur. 

1. N. Bartlett et al. J. Chem. Soc., Chem. Commun., 
200 (1978); N. Bartlett, B. IV. teQuillan, and 
A. S. Robertson, Mat. Res. Bull. 13, 1259 (1978). 
2. M. J. Bottomley et al., J. Chem. Soc. 
5674 (1963). 

4. WORK IN PROGRESS 

E. M. McCarron, T. Malloul, and N. Bartlett 

In the preparation of ASF5" salts by addition 
of elemental fluorine to CgnAsFs compounds, it has 
been found that more fluorine is consumed than is 
necessary to make AsFg". Indeed, it is now estab
lished, at least for the second and higher stage 
materials, that one mole of fluorine is taken up 
for each mole of ASF5 in the CSnAsFs compound: 

Fig. 4. Lattice parameters vs. composition for 
Cx(S03F,HSO3F). Triangles indicate duplication 
run of a given composition. (XBL 8010-6009A) 

linear and indicative of a redox interaction, in
volving H* and electron transfer, between metal 
A and metal B. 

The acid containing graphite fluorosulfates 
give sharper diffraction patterns than do their non-
acid containing relatives. This may mean that, 
because of hydrogen bonding between intercalents 
within the galleries of the acid containing salts, 
there is less thermal motion than in the CxS03F 
cases. But it may also mean that, in the more 
highly charged CXS03F salts, a distortion of the 
graphite layers has been produced, which has no 
registry on neighboring layers. Certainly, the 
first-stage CXS03F is an inferior electrical con
ductor (a b plane) to the acid containing mater
ials, an3 this low conductivity is most simply ex
plained by assuming a change in the graphite struc
ture. 

Although it has not been possible to obtain 
single crystals of either the graphite fluorosul
fates or their acid relatives, an analysis of the 
disposition of the intercalents, relative to the 
graphite layers, in an acid containing material 
has been attempted on the basis of 00JI data from 
an HOPG sample. The analysis of the SoS. data in
dicates that the SO3F species are present in two 
orientations (roughly equal): one with the £ 
axis parallel to a pseudo two-fold axis (2 pa
rameters: S - 1/2; 30, IF - 3/8) and the other 
with its pseudo three-fold axis approximately 
parallel to the a b plane (z parameters: 
S - 0.7; 30(F) at 3/8; 10(F) at 1/Z). The former 

CxAsfs * F 2 - CxAsF6-F (x >. 24) . 

This extra fluorine cannot be removed under 
dynamic vacuum at ordinary temperatures, and 
magnetic susceptibility measurements fail to show 
any evidence for species such as F7" or other odd 
electron systems. However, upon adding one-third 
of a mole of AsF5 for each mole of CxAsF6'F, the 
extra fluorine is consumed according to the equa
tion: 

3C. AsF.'F * AsF. 4y 6 3 4C^\sF, 6* 
Typically of C ^V,- salts, this material is 
vacuum stable at room temperature. Treatment of 
the fluorine-rich CxAsF6«F materials with excess 
ASF3 leads to consumption of one mole of ASF3 
per mole of CxAsF(j'F according to the equation: 

CxAsFo-F * ^ 3 * h ^ / ^ S -

This last material appears to be identical to 
Cx/2AsFj made directly from graphite and AsFj. 

Experiments with pieces of HOPG have estab
lished that the staging--composition relationship, 
for the fluorine-rich systems, obeys the formula 
CunAsFj-.F. Since this is a similar relationship 
to that which occurs for the Cj2n + A s F6~ > ** * s 

probable that the extra fluorine occupies the holes 
which occur in the Ci2tJ^sf6 gallery and which are 
illustrated in Fig. 2 (in Article 1 above). Each 
of these boles is large enough, to accept a hexa-
fluoro-species as in the CjMFg compounds, hence 
there is no difficulty in locating two fluorine 
atoms in such a hole. (Such an occupancy is re
quired by there being only one hole for two MFg 
in Cj^MF^, but the formula Ci2NF6-F requires one 
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extra fluorine atom for each MF 0. Since the 
fluorine is not lost from the graphite under vac
uum but is consumable by ASF3, it is probable that 
it is present in the galleries as F" ion. Thus, 
each hole in the loosely packed AsFfi- arrangement 
in the gallery of C^AsFg appears to be capable of 
taking up two F" ions. This, of course, means 
that the appropriate formulation for the fluorine-
rich materials would be Ci2n

z+AsF6~F-. Thus, in 
C242+AsF0"F-, the average charge on the graphite 
layers is equivalent to Ci2*AsV(,-. Clearly, 
c24 AsFfi'F- should be a far more potent oxidizer 
than C24 AsFg". Moreover, the interconversion 

^24 ' F J C. '24 

should be manageable electrocheraically, since both 
graphite salts are electrical conductors. An 
attractive extra feature is th3t the intercon
version involves no change in stage; therefore, 
there is unlikely to be a large change in the di
mensions of the graphite. 

An interesting point about the take up of extra 
fluorine by Ci2AsF6 is that graphite alone will 
not intercalate fluorine. Indeed, in the second 
and higher stages, the fluorine only enters the 
galleries which are already occupied by AsF6". 
The unoccupied galleries remain unoccupied. This 
means that elemental fluorine can intercalate 
oxidatively into graphite (probably making F -) 
but, in order to do so, it appears to need a large 
intercalate ion in place. Perhaps the role of the 
AsF<* is to promote the penetration of the small, 
highly charged F" ion. In the absence of the 
AsFj", the F- ion is likely to become strongly 
attracted to a somewhat positive carbon atom at 
the mouth of the gallery and to be rendered in
capable of moving to another carbon of the layer 
for a progression through the gallery. It may be 
that, with the AsFg" in attendance, a fleeting 
ASF7'" species could form, then slough off a dif
ferent F" ion, and thus provide for a leap-frogging 
of F" through the gallery. 

RESEARCH PLANS FOR CALENDAR YEAR 1981 

The extent of fluorine consumption by 
c12n A s F6 salts will be studied as a function of 
stage, n. Since the extra fluorine incorporated 
into the occupied galleries of the C^nAsFe salts 
appears to be F", the Cj2nAsF6.F compounds should 
have much higher oxidation potential than their 
c12n A s F6 relatives. After*, is will be made to 
measure these potential differences. The re
versibility of the process, Ci2n A s F6 * 
1/2F2^^ c i 2 n A s F 6 F ' w i l 1 a l s o explored with 
appropriate electrochemical cells. The addition 
of fluorine to C 1 2 nAsF 6, although not changing 
the stage, should change the gallery spacing. 
Gallery spacing (from x-ray diffraction) may be 
a convenient diagnostic way of following the ex
tent of conversion to Ci2AsF6'F-

Chlorine will not form a stable ccapound 
with graphite alone. It remains to be seen 
whether or not C 1 2 nAsF 6 will incorporate chlorine. 

It is unlikely that two chloride ions could be 
accommodated into a vacancy in an occupied gal
lery of Ci2nAsF6» but one CI" per vacancy could 
occur. Thus, one might anticipate 
Cj2n t e F6 ,l/ 2Cl as a limiting composition. 

Direct synthetic methods involving SnF4, F 2 

and graphite have failed to bring about intercala
tion, but oxidation by salts A2SnFg containing 
strongly oxidizing cations may be effective. A 
salt such as C^SnFj should be excellent for elec
trochemical redox studies of such salts, since 
SnF2 and its solid solutions with the trifluo-
rides, SbF3 or BiF3, are excellent F" conductors. 
Thus, the cell Sn|SnF2(BiF3)|Ci2SnF6 looks most 
promising. An added feature of interest is the 
planar nature of SnF4, which is a sheet polymer. 

The incorporation of PF5 into graphite, in 
the presence of fluorine, (see Ref, 4 of Article 
1), to make PF(f, raises the possibility that the 
perfluorophenyl compound, C6F5PF4 may similarly 
intercalate because of graphite oxidation 
according to: C6F5PF4 • 1/2F2 + e- •* C6F5PF5-. 
The benzene ring orbitals of this anion may well 
provide the means for this anion to back donate 
to the positively charged graphite layers. Such 
electron synergism would reduce the tendency to 
localize positive charge in the graphite layers. 
Thus, such salts as Cy*PF5C6Fs_, if they can be 
made, may behave more like CsnAsFs than 
Ci2jiAsF6, and be superior electronic conductors. 

The search for excellent fluoride-ion and 
proton conductors will continue. The prime 
means of detecting such conductors is to make 
complex impedance measurements on the solids. 
Since the fluoride-ion conductors are to be com
patible with powerful oxidizers, the major prob
lem is one of suitable cell construction for such 
measurements. Suitable solids appear to be salts 
of anions containing large fluxional anions, 
e.g., 2rF73" and TaFs3', but salts in which both 
anion and cation have ill-defined or fluxional 
geometries are also of interest. The possibility 
of tautomerism between the compound (XeF5+) 2GeP6 
and XejFii+GeFs" and the stability of Xe(VT) 
towards further oxidation, marks this system for 
early study. 
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i. Analysis of Transpkitonfum Etemwtts in DMute SoJution* 

Steven D. Brown, Investigator 

1. SEPARATION OF OVERLAPPED V0LTAM1ETRIC PEAKS 
BY RECURSIVE DIGITAL FILTERING 
I'eri 1:. Brown and Steven D. Brown 

A major limitation in the electrochemical 
analysis of materials in dilute solution is the 
overlap of current versus potential peaks of either 
different substances in solution or different oxi
dation states in solution; this is especially true 
for the transplutonium elements. Accurate analysis 
requires the dcconvolution of the overlapped peaks. 
IVc have developed a new method of peak deconvolu-
tion based on the Kalman Filter, a recursive digital 
filtering algorithm which can be used for linear 
pununcter estimation. 

The Kalmn Filter combines estimates of variables, 
based on a model of linear system noise with measure
ments at equally spaced tines to produce optimal 
estimates of the variables and their covariance. 
For peak separation, the most common variables arc 
peak height, peak width, and various peak shape 
paramei... ..•. By using the measurement function and 
single component voltammograms to define the peak 
position and shape, it is possible to reduce the 
dimensionality of the problem until only the peak 
heights need be estimated. In voltammetry, peak 
height is a direct measure of concentration. 

The method has been tested using both synthetic 
data and selected metal systems which show over
lapped peaks. Figure 1 shows the quantitative 
resolution of a three component system which is 
not separable using other teciuiiques. Quantitative 
resolution was possible on data containing random 
noise with peaks as close as 2.5 mV. The method 
is applicable to any voltammetric waveform. Addi
tionally, because the algorithm is small, rapid, 
and recursive, on-line analysis time is considerably 
reduced. 

I. NOISE PROCESSES 1^ ELECTHOC'U-MISTRY. 

Teri F. Brown and Steven D. Brown 

The use of computers iji electrochemical analysis 
lias increased the application of numerical tech
niques for data manipulation. Some of these tech
niques, such as least squares fitting and digital 
filtering, require the assumption that the noise 
contained in the data is random and remains ran
dom throughout any data transformations. 

We have developed analysis procedures using the 
Fourier power spectrum and lag models, based on 
auto- and cross-correlation techniques, which make 

-1.S6 -l.W 
POTENTIAL (V vs SCE) 

Fig. 1. Peak separation of a three-component mix
ture: I. the original data with S/N=15.; Ila., lib. 
H e , the peaks of the individual components , ith 
relative heights of 1:1:1/10 and with 25 mV separa
tion; III. the sum of the component peaks; and IV*. 
the residual of the fit. fXBL 811-7704) 

it possible to determine the distribution of the 
noise when the data is taken and subsequently 
numerically processed. The power spectra in Fig. 2 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
Chemical Sciences Division of the U. S. Department 
of Energy under Contract No. W-7405-ENG-48. 

«1JI B'I.M rzi.H itji.il rti.ii A I . H A M I 
FREQUENCY MULTIPLES 

Fig. 2. The tffect of semidifferentiation using 
different algorithms on the noise distribution of a 
voltaramogram: I. the Fourier power spectrum of the 
original voltamnogram; II, the power spectrum of the 
voltammogram after semidifferentiation by the Gl 
algorithm; and III. the power speccnsR cf the 
voltammogram after semidifferentiation by the Huber 
algorithm. (XBL 811-7705) 

http://itji.il


365 

show the changes that occur in the frequency dis- •, 
tribution of die data when it is semidifferentiated 
to produce narrow peaks in the time domain. In 
this example, one algorithm increased the noise 
(the high frequency components) but left the over
all noise structure unchanged, while the other 
algorithm not only increased the noise, but also 
introduced a lag-2 component and changed the fre
quency distribution, making the noise nonrandom. 
This type of analysis allows one to choose algo
rithms for data handling that both transform the 
data in the desired manner and satisfy the noise 
assumptions needed for rigorous statistical analysis. 

* rt rt 

1. J . J . Toman, R. M. Corn, and S, D. Brown, Anal. 
Cliim. Acta 123, 187 £1981). 

5. WORK IN PROGRESS 

We are cu r r en t l y developing photoacuust ic 
spect roscopic techniques for u l t r a - t r a c e a n a l y s i s . 
Laser-induced photoacoust ic ana lys i s of t race 
Nd + 3 and P r + 3 t using p i e z o e l e c t r i c d e t e c t i o n , has 
shown exce l l en t de t ec t i on l i m i t s , and appears to 
be a promising a l t e r n a t i v e t o e lect rochemical 
approaches -

RESEARCH PLANS FOR CALENDAR YEAR 1901 

During 1981, s t ud i e s w i l l cont inue an the 
app l i ca t i on of numerical tecliniques to e l e c t r o 
chemistry and to photoacoust ic spectroscopy. 
Appl icat ions of the Kalman F i l t e r to sorp t ion 
modified e lec t rochemical responses a rc planned, as 
are s t u d i e s of poorly complexed p e t a l s . Appl icat ions 
to U and Pu ana lys i s a re a n t i c i p a t e d . 
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1. S. D. Brown, "Analyt ical Methods for Metal 
Spec i a t i on , " West Coast Water Chemistry Winter 
Conference, January 1980. 

3 . S. D. Brown, "Convolution Volt amine t r y of Metal 
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4. S, D. brown, "Novel A, Ment ions of Computers 
in E lec t rochemis t ry / ' .Analytical Chemistry Div is ion , 
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5. S. D. Brown, "Metal Specia t ion by Computer-
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* * * 
Work supported a t the Univers i ty of Washington by 

the Office of Naval Research. 
'Work suppor ted , in p a r t , by the Office of Nuclear 
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J. TramWonllMalCaWyz«dCon*ti*ionorco,NO,Hi,and 
Organic Metecutat to FiNte and Patrochamicah)* 

Robert G. Bergman, Investigator 

1. THE MECHANISM OF ALDEHVDE FORMATION IN 1HE 
REACTION OF A UOLYBDENIM HlDRIDE WITH MOLYBDENUM 
ALKVLS+ 

William D. Jones , Michael J . Wax, John M. Huggins, 
and Robert G. Bergman 

Recent evidence i n d i c a t e s t h a t t he t e rmina l 
C-H bond-forming s t e p in hydroformylation ( the oxo 
process) involves two, r a t h e r than one, metal com
p l e x . 1 We have uncovered a s i m i l a r b inuc lea r r e a c 
t i o n i n t h e molybdenum s e r i e s 2 ( see Scheme I and 
1979 Annual Report) and a r e now examining the 
mechanism of t h i s r e a c t i o n . 

The mechanism most c o n s i s t e n t with our ob
servations involves in i t i a l reversible carbonyl 
insertion in 1, followed by attack of metal 
hydride on the 16-electron acyl, S (Scheme I I ) , 
in analogy to a mechanism proposed for hydrofor-
mylationTS We do not yet know very much about 
the true structure or chemical properties of 
bridging hydride intermediate 6. However, we 
have found that when 2a i s heated with CpW(CO)3H, 
which has a stronger metal-hydrogen bond than 
does 1,* aldehyde production is retarded (see 
Table 1) . This indicates that some influence of 
the monomer's M-H bond strength i s "remembered" 
in the bridging hydride dinar, and this property 

Scheme I 

(CO)3MoH + (CO)3MoR 

I 2 

R cf + Cp,Mo,<CO)4 + Cp,Mo2(CO)6 

a . R = CHj 

b. R = C 2 H 5 

c,, R = CHaC6H5 

d, R = CD3 

Several mechanistic possibili t ies have now 
been rigorously excluded. No exchange of methyl 
groups was observed when 2a was heated with the 
methylcyclopentadienyl derivative of 2d under the 
C-H bond-forming reaction conditions, both in the 
presence and absence of 1. In addition, reaction 
of MeCpMo(CO)3H with 2b gives only mixed dimers, 
(MeCp)(Cp)M02(C0)4 and~(MeCp)(Cp)Mo2(CO)6, and 
very l i t t l e of the corresponding Cp/Cp or 
MaCp/MsCp dimers. Along with the lack of de
tected alkane products, these observations provide 
convincing evidence against the intermediacy of 
both free methyl radicals and free CpMo(CO)3 
radicals. That CpMo(C0)3~ does not l i e on the 
reaction coordinate was demonstrated by showing 
that 2a i s not produced when 1 i s heated with 
either" 2b or CH3I. The fact that 1 reacts with 
2b a t aBout the same rate as does the less acidic 
cTerivative CpMo(CO)2(PPh3)H also suggests the 
hydride is not acting as a proton donor in this 
system. The failure of added LiCl to form 
Cj*O(C0)3Cl militates against the existence of 
CpMo(CO)3* as an intermediate. 

Scheme n 

This work was supported by the Director, Office 
of Energy Research, Office of Basic Energy 
Sciences, Chemical Sciences Division of the U. S. 
Department of Energy uider Contract No. 
W-7405-ENG-48. 

CplCWjMoR = • Cp[CO)j,Mo-C-R 

5 

5 + Cp(CO)3MoH - Cp(C0)3Mc— H-Mo(CO>2 Cp 

• RCHO + 3 + 4 

Table 1. Rate constants for reaction between 
Cp(CO)jMH Cp(C0)3M5R in TflF-dg at S0°C.» 

M in Hydride RinAlkyl k (M^sec" 1) 

Mo ffl3 2.S * 10" 4 

Mo % 4.0 x 10" 3 

Mo OWs 8.5 * 10"* 

W ffl3 1.4 * 10" S 

States measured by disappearance of starting 
alkyl resonances in the (MR spectrum. 
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influences i t s propensity for reductive elimina
tion of aldehyde. 

Brief version of LBL-11697. 
1. N. H. Alemdaroglu, J . L. M. Penninger, and E. 
Ottay, Monatsch, Chem. 107, 11S3 (1976), 
2. W. D. Jones and R. G. Bergman, J . Am. Chem. 
Soc. 101, 5447 (1979). 
3 . J . R. Norton, Accounts Chem. Res. 12 , 139 
(1979). 
4. A. P. Humphries and H. D. Kaesz, Prog. Inorg. 
Chem. 25, 145 (1979). 

2. OBSERVATION OF CHEMICALLY INDUCED DYNAMIC 
NUCLEAR POLARIZATION DURING HYDROGENOLYSIS OF A 
COBALT ALKYLIDYNE CLUSTER COMPLEX 

Henry E. Bryndza, Jane E. Fronmer, Louis H. 
Stuhl , and Robert G. Bergman 

The terminal s tep i n the heterogeneous 
Fischer- Tropsch hydrocarbon synthesis i s postu
lated to involve react ion between hydrogen gas 
and a surface-bound alkyl fragment. In an e f f o r t 
to understand th i s process , we have studied a 
re la ted homogeneous model react ion, the in ter 
act ion of t r i coba l t nonacarbonylalkylidyne com
plexes (1) with H2 gas . 

A new synthet ic route to the alkylidyne 
complexes 1 has been developed. 1 This synthesis 
r e l i e s on the interact ion of mononuclear metal 
hydrides with binuclear terminal alkyne com
p l e x e s , as shown i n Scheme I . This method repro-
ducibly generates tr inuclear alkylidyne com
plexes in high yields, in contrast to other ex
isting methods which are characterized by more 
tedious procedures and poorer yields. 

Hydrogenation of the neopentyl aliylidyne 
complex 1 (R = t-butyl) results in the production 

me I "j 
Co 2lC0) 8 + HC»CR ( C O ) 3 C o < - | - i c o ( C O ) 3 

^ C 
I 
H 

H 2 + C o 2 ( C O ) B = [HCoICOlJ 

CP(CO)5MoH 

CH 2 R 

(COljCo^—|—jCo(Colj 

ICO)3 

C H 2 R 

IMo(CO) 2 Cp 

Co 
(CO), 

of 3,3-diniethyl-l-butene as major product in addi
tion to minor amounts of 2,2-dimetnylbutene and 
4,4-dimethylpentenal as shown in Scheme I . Rela
tive yields of the three products depend on the 
reaction conditions. 

When trace amounts of dicobalt alkyne com
plexes (2) are present in hydrogenation solu
tions , strong chemically induced dynamic nuclear 
polarization (CIDNP) i s observed in the olefin 
product upon hydrogenation of 1 in the heated 
probe of an WR spectrometer (Fig. 1). Labeling 
studies indicate that the multiple effect 
CIDNP signals arise from the starti j tricobalt 
aUcylidyne conplex and not from the alkyne 
added to the reaction solution. Furthermore, 
the dinethylbutene produced in those tudies 
shows specific deuterium labeling whe labelled J 
is hydrogenated; the CIDNP signals also show the 
specific labeling results suggesting that al l the 
olefin is generated from the CIDNP enhanced 
pathway. 

After i t s discovery about ten years ago, 
CIDNP was observed in a number of organic reac
tions and has been shown to be expressly jag -
nostic of radical intermediates.2 Howeve , 
CIDYP has been observed in only a very fe organo-
tran5ition metal transformations. 3 Furthc-iore, 
the example suraarized here appears to be die 
first case of the appearance of CIDNP in a 
process involving interaction of two clusters. 
Further studies are now under way aimed at de
lineating the mechanism of this cluster-cluster 
reaction, and identifying the specific radical 
intermediates produced as a result of this inter
action. 

1. D. Seyferth, Advan. Organomet. Chem. 14, 97 
(1976). ~ 

JUL W V W * I ***** 

IBu-CH-CHj + tBu-CH2-CHj + !Bu CH2CH2CHO 
+ Co<(COI|2 

Fig. 1. 1MI spectrum taken during react ion of 
cobalt c l u s t e r 1 with Hi (benzene-d6, 55°C) i n 
presence of c lus ter 2 . Resonance pattern 
(a) internal v inyl hydrogen i n t -butylethylene 
(enhanced CIDNP absorption); (b) carbon-bound 
hydrogen i n 2 ; (c) terminal v iny l hydrogens i n 
t-butylethylene (enhanced CIDNP absorption and 
emission); and (d) dissolved H2- (XBL 812-7939) 
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2. A. R. Lepley and G. L. Closs "Chemically In
duced Dynamic Nuclear Polarizat ion," Wiley, N. Y. 
(1973). . 
3 . See , for example, (a) A. V. Kraaer and J . A. 
Qsbom, J . Am. Chem. Soc. 96, 7832 (1974); 
(b) R. L. Sweany and J. Halpem, i b i d . 99 , 833S 
(1977). ~ 

3. PHOSfHINE SUBSTITUTION IN ns-CmOPENTADIENrl,-
BIS-TRIPHENYLPHOSFHINECOTALT. EVIDENCE FOR A 
DISSOCIATIVE MCHANISMf 

Andrew H. Janawicz, Henry E. Bryndza, and Pobert 
G. Bergman 

I t has been known for almost 20 years that 
rapid CO exchange i n CpCo(CO)2 and CpBh(CO)2 
occurs by an assoc ia t ive (S})2) mechanism1 >2 
rather than by dissoc iat ion of a carbonyl group 
t o g ive a (possibly l inear) CpMCO intermediate. 
The apparent d i f f i cu l ty^ of generating d" com
plexes having CpML structures , e spec ia l ly in 
thermal react ions , might poss ib ly be due to the 
fact that such complexes, in t h e i r l inear geom
etry , are forced bf symmetry to have open-shell 
e l ec tron ic conf igurat ions . 5 However, not many 
detailed studies of substitution lability in 
d8 C0ML2 complexes (where I f CO) have been 
carried out. We decided to test the generality 
of the open shell/slow substitution hypothesis 
by examining the mechanism of ligand replacement 
in CpCo(PPh3)2 (1). 

Complex 1 reacts cleanly with We^ in toluene-
dg to form the mixed complex (2) and M13 
(Scheme I) . The substitution reaction was fol
lowed by NMR at -60°C. A first order plot of 
In [1] vs. time yielded a linear plot, indicating 
that the reaction i s first order in 1 and zero 
order in PMej. As shown in Fig. 2, the reaction 
rate i s also strongly inhibited by added PPI13. 

0.2 0.4 
[PPh3] (M) 

0.8 

Fig. 2 . Dependence of the pseudo-f irst order 
rate constants for reaction of 1 with excess 
FMS3 upon the concentration of added excess 
PH13. (XBL, 812-7938) 

gclwniej. 

PMe, "1 * 

CpCo-PPh3 

PPh, 

CpCo(PPh3)(PMe3) + PPhj 

2 

CcT^» 

Ph/ PI 

V 
1 . 

P P h 3 + C p C 0 P P h 3 - i ^ r 2 

0 
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Three poss ib le mechanisms for t h i s react ion 
are shown i n Scheme I . Mechanism (a) i s assoc ia
t i v e (Sfj2), would exhibi t bimolecular k ine t i c s 
under a l l condit ions , and therefore cannot be 
operating. Mechanism (b) would give a rate law 
which could, under sane condit ions , be f i r s t order 
i n J and zero order i n PM53. However, inh ib i t ion 
by PPI13 could be produced only by buildup of 
s ign i f i cant quant i t ies of a complex such as 
C (I * PH13). No evidence for such a conplex 
was d e t e c t e d . 6 The s i j y l e d i s soc ia t i ve mechanism 
(c) g ives the rate law shown i n Eq. ( 1 ) . At low 
[PPhj], k 2 [ H * j ] » k . i [PPI13], and t h i s equation 
reduces to a f i r s t order rate law. As (PPbjJ i n 
creases , and the f i r s t term i n the denominator 
becomes important, inhib i t ion should s e t i n , as 
i s observed. 

Inorg. Chera. 18 , 654 (1979); (c) H. Berke and 
R. Hoffmann, J . An. Chem. See. 100_, 7224 (1978). 
5 . J . P. lauher and R. Hoffmann, J . Am. Chem. 
Soc. 98 , 1729 (1976). 
6. I ? the concentration of C were t o bui ld 
up, but £ were i n rapid equilibrium with 1 on 
tile NMR time s c a l e , one would expect a dramatic 
change in the chemical s h i f t s of the resonances 
due to 1. No such change i s observed. 
7. We~are grateful to Dr. R. MdCinney for 
sharing the results of his calculations prior 
to publication. For related work, see R. J 
McKinney and D. A. Pensak, Inorg. Chem. 18, 
3413 (1979). — 

8. R. B. Woodward and R. Hoffmann, The Con
servation o f Orbital Symmetry, Verlag Chemie, 
Germany (1970). 

k1k2U][PMe3] 
k.jlPftjl+k^ftfej] (1) 

Using eq. (1), the best f i t curve gives 
kj - 1.15 x 10-3 sec' l and k2/k-j • 4. This value 
for ki corresponds to an activation free energy 
(AG*) of 15.2 kcal/mole at -60°C. (Calculations 
suggest an activation energy of 12-13 kcal/mole. 7) 

The precise structure for the intermediate 
involved, CpCoPPirj, is not yet clear. The symmetry 
and d-orbital configuration of CpCoPPhj is such 
that the lowest singlet state of the simple linear 
conplex has an open-shell structure. 4 The pres
ence of an open-shell electronic structure in the 
transition state of a concerted pericyclic organic 
reaction indicates that a level crossing is en
countered in the MD correlation diagram for the 
process; this normally i s manifested in a high 
activation energy barrier.8 Whether such corre
lations necessarily exist in organotransition 
metal reactions, where fi l led and unfilled d-
orbitals normally l ie much closer together in 
energy, i s not yet clear. Therefore, either 
a) CpCoPPh3 is linear, but i t s open-shell elec
tronic structure does not destabilize i t apprecia
bly, or b) CoCoPPh.3 avoids reaching a linear 
configuration as phosphine dissociation proceeds. 
In any case, our study demonstrates that dissoci
ation substitution is an especially facile, 
rafter than unusually slow, process in 
CpCo(PPh3)2. 

TBrief version of LBL-11160. 

1. A. Wojcicki and F. Basolo, J . Inorg. Nuclear 
Chen. 17, 77 (1961). 
2. H. G. Schuster-Woldan and F. Basolo, J . 
Chem, Soc. 818, 1657 (1966). 
3 . We are grateful t o Prof. J . Collman for 
bringing t h i s predict ion t o our at tent ion: cf . 
(a) J . P. Collman and L. S. Hegedus, "Principles 
and Applications of Organotransition Metal Chem
i s t r y , " University Books, I n c . , 1980; 
(b) J . Berg and J . P. Gollaan, manuscript i n pre
paration. 
4 . (a) M. El ian e t a l . , Inorg. Chen. I S , 1148 
(1976); (b) A. R. Pinhas and R. H o f f m n , 

4. MECHANISM OF HlDROGENOUfSIS OF DlALKlLCOBALT 
COMPLEXES: EVTEENCE FOR AN AUTOCATALYTIC 
MECHANISM INVOLVING A METAL HYDRIDE/METAL ALKVL 
REACTION AS A CRITICAL STEP+ 

Andrew H. Janowicz and Robert G. Bergman 

The cleavage of organotransition metal-
carbon bonds by H2 i s an important s tep in many 
catalytic processes, including the final step in 
hydroformylation,1 homogeneous hydrogenation,2 

and the Fischer-Tropsch reaction. 3 It has com
monly been assumed that M-R hydrogenolysis occurs 
by oxidative addition of H2 to the metal center 
carrying the carbon fragment, followed by forma
tion of a new C-H bond by reductive elimination 
of alkane.4 

Recent evidence indicates that, in hydro-
formylation, the final C-H forming step i s a 
binuclear process ,5a and we have discovered 
analogous binuclaar C-H bc-id forming mechanisms 
in reactions between molybdenum hydrides and 
alkyls.Sb in the present project, we are 
studying the mechanism of hydrogenolysis of 
cyclopentadienyldimethyl cobalt derivatives. 
Reaction of CpCo(PPh.3)Me2 (1) with H2 in ben-
zene-dg at 45°C yields two equivalents of QLj 
and 0.5 equivalents of CpCo(PPh3)2 (2). In the 
presence of an added equivalent of PPh.3, the 
reaction rate i s slower but in this case almost 
a full equivalent 0 f 2 i s formed. Treatment of 
J with D2 yields exclusively CH3D as the organic 
product. 

Monitoring the reaction of 1 with H2 in the 
presence of added phosphine revealed the presence 
of an induction period, whose length was de
pendent on the phosphine concentration (Fig. 3). 
Since an in&iction period sometimes accompanies 
a radical chain mechanism, the hydrogenolysis 
of CpCo(PHi3)(0)3)2 was carried out with D2 in 
the presence of a good radical trap, 1,4-cyclo-
hexadiene.6 The methane produced was exclusively 
CD4, thus eliminating a radical diain process 
as responsible for the induction period. A sec
ond explanation for the induction period i s that 
the hydrogenolysis i s autocatalytic. In agree
ment with this hypothesis, adding both PPh3 and 
the CpCo(PPh3)2 to the init ial reaction mixture 
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Scheme I 

200 400 600 800 1000 1200 1400 
Time (sec) 

Fig. 3. Concentration vs. time plots snowing the 
disappearance of 1 ( ini t ia l concentration = 0 . 1 0 ^ 
when exposed to H2 gas in benzene-do at 45°C, 
with the following additives: fl no additives; 
o 0.025 M PPh3; • 0.05 M PH13; X 0.10 M PPI13; 
O 0.10 M PPI13 and 0.017 H CpCo(PP]v02-

(XBL 812-7940) 

makes the induction period disappear, although 
the v . .rail rate s t i l l exhibits phosphine in
hibition (Fig. 3). 

An autocatalytic mechanism consistent with 
the observations reported above i s outlined in 
Scheme I. We sought additional support for this 
mechanism by attempting to prepare the dihydride 
5, but were unsuccessful. As an alternative, we 
prepared 6,7 the pentamethylcyclopentadienyl 
analog of~l. When 6 and excess H2 were allowed 
to react in benzene-dg at 45°C, CH4 was again 
produced, as was a new material: 
Me5CpCo(PPh3)H2 (7). Dihydride 7 could not be 
isolated as a pure solid but solutions are stable 
for relatively long periods of time under H2. 

Dialkyl 6 and dihydride 7 react readily a t 
45°C to give CH4 and unidentified metal-con
taining products. In the presence of excess 7 
and PPI13, the rate of disappearance of 6 shows 
good pseudo-first-order kinetics. Steady state 

CpCo(PPh 3)Me 2 - CpCo(CH 3) 2 + PPh 3 

i I 
CpCo(PPh 3) 2 - CpCoPPhj + PPhj 

2 4 

4 + H2 3 5 = CpCo(PPh 3)H 2 

PPh, 
5 + 3 — 2 CH 4 + 2 4 

analysis of the mechanism in Scheme II predicts 
that k o ) , s rhould depend on 7 and PPI13 concentra
tions in such a way that a plot of k ^ " ! vs. 
[PPh3]/[J] should give a straight line. In fact, 
the plot did yield a straight line giving 
Kj = 1.83 x 10-* sec and k-iA2 = 1-44. 

In summary, even though the inaccessibility 
of the foimal Co(V) oxidation state prevents 
oxidative addition of H2 to cyclopentadienyl-
cobalt(III) derivatives, they s t i l l undergo 
facile hydrogenolysis. However, this hydrogenoly-
sis involves a metal alkyj/metal hydride reaction 
as a cr i t ical step. I t appears that M-H/M-R re
actions are relatively facile and should be given 
serious consideration as alternatives to mono
nuclear steps in homogeneous catalytic processes 
involving C-H bond formation. 

Brief version of LBL-11932. 
1. M. Orchin and Vi. ftupilius, Cat. Rev. 6, 85 
(1972). 
2. G. Dolcetti and N. W. Hoffman, Inorg. Chim. 
Acta 9, 269 (1974). 
3. C. Masters, Adv. Organomet. Chem. 17, 61 
(1979). ~ 
4. R. R. Schrock and G. W. Parshall, Chem. Rev. 
76, 243 (1976). 

Scheme n 

(Me 5 C 5 )Co(PPh 3 )Me 2 z = r (Ma 5 C 5 )Co(Me 2 ) + PP.l 3 

k -i 6 8 

(Me 5 C 5 )Co [PPh 3 )H 2 +8 — * ~ 2 CH 4 + ((Me5C5)Co>„ |PPh 3 ) m 

dt k2 [§] + k, [PPhj] 
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5 . (a) N. H. Aleradaroglu, J . L. M. Penninger, 
and E. O l t ay , Monatsch. Chem. 107, 1153, (1976); 
(b) W. D. Jones and R. G. Bergman, J . Am. Chem. 
Soc. 101, 5447 (1979). 
6. L. Kaplan, "Free R a d i c a l s , " i n Reactive I n t e r 
mediates , Vol. 1 , M. Jones and R. A. Moss ( e d s . ) , 
John Wiley and Sons, New York (1978). 

5. INTERMOLECULAR CTCLOPENTADIENYL LIGAND EX
CHANGE BETWEEN METAL ATOMS IN ORGANOOOBALT COM-
PLEXES+ 

Henry E. Bryndza and Robert G, Bergman 

Cyclopentadienyl l igand exchange has been 
observed in electronically unsatisfied metallo-
cenes and has been implicated in the degradation 
of polymer bound organometallic catalysts. How
ever, n'j clear examples of such an exchange have 
been discovered for the large class of coordin-
atively satisfied (saturated) transition metal 
complexes.1 We have identified such an exchange 
reaction between two cobalt complexes in dif
ferent oxidation s ta tes . 

In addition, the reactions of numerous 
catalytic species have been postulated to involve 
coordinatively unsaturated complexes. We have 
investigated two such unsaturated species with 
special attention to their electrophilicity. We 
have obtained evidence which shows that both iron 
tetracarbonyl and cyclopentadienyldunethyl-
cobalt(III) remove two electron ligands from 
other coordinatively saturated species. 

Specifically, methyl cyclopentadienyl(tri-
methylphosphine)dimethylcobalt(III) and cyclo-
pentadienylbistriphenylphosphinecobalt (I) undergo 
the equilibration shown in Scheme I. The specifi
city of the trimethylphosphine label in the 
products suggests a cyclopentadienyl exchange 
[path (a)] because trimethylphosphine does not 
dissociate from either the starting material or 
the product of the reaction. In order to rule 
out the other possible route to products [step
wise methyl exchange followed by phosphine ex
change; reaction (b) in Scheme I ] , we caiiiined 

the intermediates one would obtain after methyl 
exchange and found that no products were produced 
under the reaction conditions. This indicates 
that cyclopentadienyl ligand exchange i s taking 
place in this reaction. Ihfortunately, side 
reactions in this system preclude gathering more 
information on the nature of the transition s tate 
for exchange.2 

The reaction of cyclopentadienyl (triphenyl-
phosphine)dimsthylcobalt(III) with iron penta-
carbonyl produces acetone, diiron nonacarbonyl, 
and cyclopentadienyl dicarbonylcobalt(l).3 Tri-
phenylphosphine dissociates rapidly from the 
cobalt(III) dialkyl; substitution of that labile 
ligand with the non-dissociating trimethylphos
phine yields a dialkyl which does not react 
with the iron carbonyl. This evidence suggests 
that an unsaturated cobalt fragment removes CO 
from the iron carbonyl. The cyclopentadienyl 
trimethylphosphine dimethylcobalt(III) does lose 
i t s phosphine ligand to iron tetracarbonyl, an 
unsaturated species, which electrophilically re
moves the two-electron donor from the cobalt 
dialkyl. The series of reactions leading to the 
observed products is shown in Scheme I I . I t i s 
interesting to note that unsaturated species are 
electrophilic enough to remove donor ligands 
from complexes which do not easily dissociate them. 
I t seems likely that the extreme electrophilicity 
of these easily generated species may be more 
general than heretofore believed. Further studies 
will be required to probe the generality of this 
reactivity. 

Brief version of LBL-11826. 
1. For leading references on the Cp ring inter
changes observed for some of the electronically 
unsatisfied metallocenes see (a) C. P. Boekel, 
et a l . , J . Organometal. Chem. 136, 211 (1977); 
(b) G. E. Coates, M. L. H. Green, and K. Wade, 
Organometallic Compounds, Vol. 2, Chapman and 
Hall, London, pp. 90-164 (1972). 
2. Perhaps the intermediate involves bridging 
cyclopentadienyl ligands as seen in stable Pd 
complexes; cf. (a) H. Wemer and H. J . Kraus, 
J . Chem. Soc., Chem. Oman., 814 (1979); 
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o) F e 2 ( C 0 ) 9 — - Fe(C0)4 + Fe(CO) 5 

b) CpCoLMe2 — - CpCo(Me2) + L 

c) CoCoMe2 + Fe(C0)5—-CpCo(CO)Mea + Fe(C0) 4 

d) CpCo(CO)Me2 + 2Fe (COfe —-CpColCOfe + 2Fe (CO)4 + CH3COCH3 

e) Fe <C0>4 + L LFe (C0) 4 

f ) 3Fe(CO) 4 Fe 3 (CO)| 2 

c') CpCoLMe2 +Fe(C0)4 -CpCoMe2 + LFefCOU 

(b) H. Wemsr and A. Kuhn, Angew, Chem. 89, 427 
{1977); (c) A. Kuhn and H. Werner, J. Organometa. 
Chem. 179, 421 (1979). 
3. A cyclopentadienyl carbonyldimethylcobalt(III) 
intermediate is observed which easily generates 
acetone at room temperature. This intermediate 
suggests that CO ligands are removed from iron 
pentacarbonyl by unsaturated cobalt species as 
Fe(CO)s does not dissociate CO at these (25°C) 
temperatures. 

RESEARCH PLANS FOR CALENDAR YEAR 1981 

During the past year we have established 
that carbon-hydrogen bonr'-forming reactions be
tween organotransition metal alkyls and hydrides 
are quite general. Direct reactions of this type 
proceed surprisingly easily, and we have found 
in one case that reaction between a metal alkyl 
and H2 gas (hydrogenolysis) also proceeds via a 
mechanism involving a M-R/M-H reaction as a c r i t i 
cal step. As one part of our work for the up
coming year, we plan to study hydrogenolysis re
actions of metal alkyl complexes, other than the 
single one we have so far investigated, to deter-
mine how many of these related reactions also 
involve "disguised" reactions between metal hyd
rides and metal alkyls. In addition, we will 
begin a systematic study of direct M-H/M-R re
actions to determine the effect of changing 
structure on the rates of these processes. 

The most significant new research begun 
during the present year has been the investiga
tion of hydrogenolysis of cluster complexes con
taining metal-carbon bonds, as models for catalytic 
processes such as the Fischer-Tropsch reaction, 
in which the terminating step involves hydrogen-
induced extrusion of a carbon fragment from a 
multi-metal catalytic s i te (e.g. , a metal sur
face) . This work has also given us our most 
dramatic result : the detection of chemically 
induced dynamic nuclear polarization (CIDNPJ 
during NMR observation of the reaction between 
nonacaxbonyltri cobalt alkylidyne complexes and 
H2, when they are carried out in the presence 
of binuclear cobalt alkyne complexes. The re
sul ts clearly implicate cluster-cluster reaction 
steps, as well as organic free radicals, in the 
mechanisms of such processes. One of our highest 

pr ior i t ies during c»'--idar year 1981, therefore, 
will be to try to Uiuerstand the exact mechanism 
by which the CIDNP phenomena are produced in the 
cobalt cluster system. In addition, we will be 
investigating the generality of this striking 
CIDNP observation by (a) exanining related t r i -
cobalt clusters containing modified alkyl groups, 
(b) determining which binuclear cobalt cluster 
partners are required in order to produce CIDNP, 
and (c) looking for similar CIDNP phenomena in 
alkylidyne clusters containing metals other than 
cobalt. 
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Reaction Pathways for Transition Metal Alkyl 
Cojtplexes," Ph.D. Thesis, LBL-11697. 

5. J. E. Frommer, "Syntheses and Reactions of 
Polymer-Bound Molybdenum Complexes and Hydro-
genolyses of an Alkynyl Cobalt Carbonyl Cluster," 
Ph.D. Thesis, LBL-11698. 

6. T. P. Lockhart, "The Chemistry of 1,4-
Dehydrobenzenes," Ph.D. Thesis, LBL-11699. 

7. H. E. Bryndza and R. G. Bergman, "Reactions 
of n5-Cyclopentadienylcobalt(III) alkyls with 
Cobalt(I) phosphines andiron carbonyls. 
Evidence for Direct n5-Cyclopentadienyl and 
Trimethylophosphine Group Transfer Between Metal 
Centers," LBL-11826. 

8. R. G. Bergman, "Physical Organic Studies of 
Organometallic Reactions," LBL-11827. 
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Invited Talks 

Lectures Presented by Robert G. Bergman. 
These were presented during the past year at the 
places and times l is ted below, unless indicated 
otherwise, t i t l e s of talks givennere, "Carbon-
carbon Bond Forming Reactions Mediated by Bi-
nuclear Organotransition Metal Complexes," 
'Transformations of Organic Compounds Mediated 
by Binuclear Organotransition Metal Complexes," 
'Mydrogenolysis of Metal-Carbon Bonds: Models 
for C-H Bond-forming Steps in the Oxo and 
Fischer-Tropsch Processes," and "Mechanisms of 
Metal-Induced Transformations Involving Malti-
nuclear Reaction Sites ." 

1. Stanford university, Stanford, California, 
February 28, 1980. 

2. Symposium on Formation and Cleavage of 
Metal-Carbon Bonds, American Chemical Society 
National Meeting, Houston, Texas, March 24, 1980. 

3. university of Minnesota, Minneapolis, 
Minnesota, May 28, 1980. 

4. Exxon Corporation, Linden, New Jersey, 
June 17, 1980. 

5. ARCO Research, Glenolden, Pennsylvania, 
June 18, 1980. 

6. Synthetic and Catalytic Reactions Symposium, 
Massachusetts Institute of Technology, Cambridge, 
Massachusetts, June 24, 1980. 

7. General Electric Research Corporation, 
Schenectady, New York, June 25, 1980. 

8. Gordon Conference on Organometallic Chemistry, 
Proctor Academy, Andover, New Hampshire, August 
IS, 1980. 

9. "Physical Organic Studies of Organometallic 
Reactions," Plenary Lecture, Sixth International 
Union of Pure and Applied Chemistry (IUPAC) 
Symposium on Physical Organic Chemistry, Santa 
Cruz, California, August 26, 1980. 

10. Five Lectures in Organometallic Chemistry, 
Suisse Romande Summer Organic Chemistry Workrhop, 
Les Diablerets, Switzerland, September 1-5, 1980. 

11. Union Carbide Company, Bound Brook, New 
Jersey, November 17, 1980. 

12. American Chemical Society Cleveland Section 
Meeting, Cleveland, Ohio, November 19, 1980. 

13. Emory University, Atlanta, Georgia, November 
20, 1980. 

14. university of Florida, Gainesville, Florida, 
November 21, 1980. 

15. Exxon Corporation, Baton Rouge, Louisiana, 
December 10, 1980. 

16. Symposium on the Chemistry of Binuclear 
Complexes, American Chemical Society Joint 



Southeast/Southwest Regional Meeting, December 
11-12, 1980. 

Lectures Presented by Coworkers. Lectures 
entitled, "Syntheses and Reactions of Polymer-
Bound Molybdenum Complexes and Hydrogenolyses 
of an Alkynyl Cobalt Carbonyl Cluster," were 
presented during the past year by Ms. Jane E. 
Frommer at the following places and times: 

1. Union Carbide Company, Bound Brook, New-
Jersey, January 9, 1980. 

2. Oxirane International, Princeton, New Jersey, 
January 10, 1980. 

3. Western Electric Company, Princeton, New 
Jersey, January 11, 1980. 

4. Union Carbide Company, Tarrytown, New Vork, 
January 30, 1980. 

5. Mobil Research and Development, Princeton, 
New Jersey, February 1, 1980. 

6. Fabric Research Laboratory, Dedham, 
Massachusetts, February 4, 1980. 
7. Rohm and Haas, Spring House, Pennsylvania, 
February 20, 1980. 

8. ARCO Research, Glenolden, Pennsylvania, 
February 21, 1980. 

9. Allied Chemical Company, Morristown, New 
Jersey, February 25, 1980. 

10. Merck Sharp and Dohme, Rahway, New Jersey, 
February 26, 1980. 

11. Bell Laboratories, Murray Hill, New Jersey, 
February 29, 1980. 

12. Exxon Research, Linden, New Jersey, March 
4, 1980. 

Lectures entitled, "Chemistry of 1,4-
Dehydrobenzenes," were presented during the past 
year by Mr. Thomas Lockhart at the following 
places and times: 

1. E. I. DuPont de Nemours and Company, 
Experimental Station, Wilmington, Delaware, 
January 30, 1980. 

2. Rohm and Haas Corporation, Spring House, 
Pennsylvania, February 1, 1980. 

3. Western Electric Company, Princeton, New 
Jersey, February 4, 1980. 

4. Monsanto Company, St. Louis, Missouri, 
February 6, 1980. 

5. IBM Corporation, East Fishkill, New York, 
February 20, 1980. 

6. Union Carbide Corporation, Bound Brook, 
New Jersey, February 22, 1980. 

7. General Electric Company, Schenectady, 
New York, February 25, 1980. 

8. Eastman Kodak Company, Rochester, New 
York, February 28, 1980. 

9. Union Carbide Corporation, Tarrytown, New 
York, March 3, 1980. 

10. California Institute of Technology, 
Pasadena, California, August 22, 1980. 

Supported by the National Science Foundation. 
Supported by the National Institutes of Health. 
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2. Chemical Engineering Science* 

a. Hkjh-Preeiure Phaie Equilibria ki Hydrocarbon-Water (Brine) Syttern* 

John M. Prausnitz, Investigator 

1. HIGH-PRESSURE PHASE EQUILIBRIA FOR 
ÊTHANE-WATER (BRINE) 

Wallace B. Whiting, Eldon R. Larsen, and 
John M. Prausnitz 

Geological studies* indicate that there are 
very large deposits of natural gas in deep geo-
pressured reservoirs in the coastal regions of 
Louisiana and Texas. This natural gas (mostly 
methane) is in contact with vater or brine at 
pressures near 100 MPa and temperatures to 200°C. 
At present, i t is not economical to mine these 
reservoirs; but, in view of the very large de
posits, there i s much incentive to make such 
mining economically feasible. This project is 
concerned with obtaining some of the fundamental 
physico-chemical information required to do so. 

We seek a molecular-thermodynamic method for 
calculating the high-pressure phase equilibria 
of aqueous systems containing methane, small 
amounts of other light hydrocarbons, nitrogen, 
and carbon dioxide. Toward that end, we have 
init iated experimental and theoretical research. 
The la t te r i s to supply a suitable model for 
interpreting and correlating previously published 
and new experimental data. 

Experimental. We are using a high-pressure 
static-equilibrium apparatus similar in concept 
to those described by Schneider.2 We have con
structed a high-pressure cell of Inconel (a 
nickel-chromium alloy) with a 25 mm inside diam
eter and an inside height of 330 mm. All surfaces 
within the system exposed to the methane-water 
(brine) mixture are of Inconel or type 316 stain
less s teel . 

The cell i s charged widi a mixture of meth
ane and water (brine). The temperature of the 
cell i s raised by an external, electr ical-resis
tance heating mantle, and the pressure i s 
increased by a hand-operated piston pump. For 
various temperature-pressure conditions, small 
(less than 0.1 ml each) samples of both phases 
(vapor and liquid) are removed after equilibrium 
is attained. We determine the concentration of 
salt by either t i t ra t ion or atomic absorption 
spectrophotometry (depending on the sal t concen
tration) . 

This work was supported by the Director, Office 
of Energy Research, Office of Basic Energy Sciences, 
Chemical Sciences Division of the U. S. Department 
of Energy under Contract No. W-7405-ENG-48. 

Equilibrium between the liquid and vapor 
phases can not be reached unless the contents of 
the cell are f i rs t thoroughly mixed. For this 
reason, we have constructed a gold-plated, cy
lindrical mixing magnet that can be periodically 
driven vertically through the cel l contents by 
external electromagnets. 

Our apparatus is designed for temperatures 
between ambient and 400°C and pressures to 200 
MPa. Working within these ranges, we expect to ob
serve the cr i t ica l region of the methane-water and 
methane-brine systems. Very l i t t l e reliable ex
perimental information is available for the former 
system in this region; none i s available for the 
la t te r . 

Mjlecular-Therrodynamic Model, fie have 
developed three models for the methane-water 
system. For each model, we nave derived a par t i 
tion function from which we can calculate the 
fluid-phase equilibria. 

(1) The perturbed-hard-chain theory of 
Beret, Donohue, and PrausnitzS, 4 for fluid mix
tures of nonpolar compounds has been extended to 
include water by spl i t t ing the potential-energy 
parameter for water into a nonpolar part (from 
the spherically-symmetric portion of the poten
t ia l ) and a polar part (from the orientation-de
pendent portion of the potential) . The l a t t e r is 
approximately proportional to the inverse of the 
absolute temperature. 

(2) By superimposing a chemical dimeriza-
tion hypothesis on the perturbed-hard-chain 
theory, Qnehling et al .5 developed a model that 
i s reasonably accurate for c?!julating the phase 
equilibria of polar fluids. In this model, the 
strong orientational forces between polar mol
ecules are accounted for by postulating the ex
istence of dimers in equilibrium with the mono
mers. Whiting and Prausnitz6 extended this idea 
to water by considering not only water diners 
but trimers, tetramers, and a l l higher-order 
j-mers. We have extended the dimerization model 
to methane-water mixtures. 

(3) By considering the nonrandomness of 
polar fluids, we hwe developed a local-composi
tion theory, which we are applying to the methane-
water system. This theory i s more fully ex
plained in ar t ic le 2 below. 

Methods 1 and 2 above show semi-quantitative 
agreenent with the limited experijnental data 
now available for methane-water. Method 3, the 
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local-composition theory, shows better quantita
tive agreement; we expect to develop i t more 
fully. 

Once we have a satisfactory model for methane-
water, we expect to allow for sa l t effects by in
corporating some of the work of Pi tzer 8 on 
aqueous sal t solutions. 

* * * 
1. R II. Wallace, J r . , T. F. Kraemer; R. E. Taylor, 
and J . B. Wesselman, "Assessment of Geopressurcd 
Resources in the Northern Gulf of Mexico Basin," in 
U. S. Geological Survey Circular 790, 1978. 
2. G. M. Schneider, Chapter 16, Part 2, in 
Experimental Thermodynamics, Volume I I , edited by 
I". Le Neidre and B. vodar, Butterworths, London, 
1975. 
3. S. Beret and J. M. Prausnitz, AlChE J . 21, 1123 
(1975). ~" 
4. M. D. Donohue and J . M. Prausnitz, AIChE J. 24, 
849 (1978). 
5. J . Gmehling, D. D. Liu, and J t M. Prausnitz, 
Chem. Eng. Sci. 34, 951 (1979). 
6. W. B. Whiting and J . M. Prausnitz, Proc. Int. 
Conf. Prop. Steam, 9'ch, Munich, 83 (1979), LBL-9571. 
7. W. B. Whiting and J . M. Prausnitz, paper 
presented at the Sixth West Coast Statist ical 
Mechanics Conference, San Jose, California, June 
1980. 
8. K. S. Pitzer, Accounts of Chem. Res. 10, 371 
(1977). 

2. MODIFICATIONS OF GENERALIZED VAN DER WAALS 
THEORY FOR MIXTURES 

Wallace B. Whiting, Eldon R. Larsen, and John 
If. Prausnitz 

The generalized van der Waals theory has 
been the most useful theory of fluids for 
engineering purposes. The simplicity of the re
sulting parti t ion function far outweighs, in most 
cases, the inaccuracies caused by the assumption 
that the intermolecular potential can be separated 
into a hard-sphere repulsive part and a simple 
attractive part. However, in three regions the 
generalized van der Kaals theory, as presently 
used, becomes significantly inaccurate, tte have 
focused our attention on these three regions. 

Low-Density Region. In the low-density re
gion ," rtne -coSiioirassi5ption of random mixing, or 
uniform density, i s not valid. Because almost 
a l l equations of state are based on the random-
mixing assumption, they predict s-cond-virial 
coefficients that are consistently too positive. 
We have used this observation to develop an em
pir ica l correction 1 ! 2 to the partition function 
that enables reproduction of the experimental 
second-virial-coefficifnt data but does not 
affect properties far Iran the zero-density limit. 
This correction can be applied to any partition 
function of the van der Waals form for pure com
ponents and for mixtures. 

Another approach to the low-density-region 
problem i s to iiprove the attractive part of the 

parti t ion function directly. We have recently 3 

started using the discrete distribution approxi
mation of Barker and Henderson^ to close the 
standard perturbation expansion of Zwanzig5 
after the f i r s t two terms. Previously (as in the 
perturbed-hard-chain theory, 6,7 we truncated the 
perturbation expansion after the f i r s t four terms 
given by Alder e t a l .8 We have found, however, 
that the two-term closed series is essentially 
equal to the four-term expansion a t high densities 
and far superior to i t in the low-density, sec-
ond-virial-coefficient region. This theoretical 
technique is preferred to the empirical method 
above but cannot be applied to equations of state 
other than those based on perturbation theory. 

Critical Region. No generalized van der 
Waals equation of state f i t s pure-component vapor-
liquid-equilibria data near the cr i t ica l point 
i f the adjustable parameters are evaluated from 
data away from the cr i t ica l region. We have ex
amined this problem using several equations of 
state and have decided to proceud with the closed-
series perturbation-theory equation described 
above. Our approach is to correct the Heljnholtz 
energy predicted by the equation of s tate in the 
cr i t ical region to reproduce the known values for 
methane. We determined such a correction func
tion and are now studying the relationship between 
the values of the adjustable parameters in the 
equation of state and the size of the necessary 
critical-region correction. Once we have deter
mined the optiimm correction function, we hope 
to be able to apply i t to any equation of state 
of the van der Waals form for pure components and 
for mixtures. 

Asymmetric Mixtures. The poor (although com
mon) assumption ot random mixing is particularly 
bad for asyjimetric mixtures, in which the mole
cules of the two (or more) components vary 
greatly in size and/or intermolecular potential. 
For such mixtures, homogeneity is not attained; 
local concentrations differ from overall concentra
tions. For a binary mixture, we propose a two-
fluid theory^ in which the local compositions -ire 
related to the overall compositions with Boltzmaim 
factors of the intermolecular energies of the 
local configurations. This idea was f i r s t pro
posed by Guggenheim9 for liquids but has never 
before been applied to fluids of a l l densities. 
By using local surface fractions (rather than 
local mole fractions), we take into account dif
ferences in molecular size, and, by using the 
Boltzmann factors, we take into account dif
ferences in intermolecular potentials. Our in i t i a l 
success with the local-composition theory (for 
the methane-water system) is promising. 

Our local-composition theory can be used in 
ai.y generalized van-der-Waals equation of state 
and can be applied to multicomponent mixtures in 
a straight-forward manner. 

* * * 

1. W. B. Whiting and J. M. Prausnitz, Proc. 'Int. 
Conf. Prop. Steam, 9th, Munich, 83 (1979), LBL-9571. 
2. A. I. El-Twaty, Ph.D. thesis, University of 
California, Berkeley, 1979. 
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3. W. B. Whiting and J . M. Prausnitz, paper 
presented at the Sixth West Coast Statist ical 
Mechanics Conference, San Jose, California, June 
1980. 
4. J. A. Barker and D. Henderson, Rev. Mod. Phys. 
48, 587 (1976). 
ST R. W. Zwanzig, J . Chen. Phys. 22, 1420 (1954). 
6. S. Beret and J . H. Prausnitz, STOiE J . 21, 1123 
(1976). — 
7. M. D. Donohue and J . M. Prausnitz, AlChE J . 24, 
849 (1978). 
8. B. J . Alder, D. A. Young, and M. A. Mark, J. 
Chen. Phys. 56, 3013 (1972). 
9. E. A. Guggenheim, Proc. Roy. Soc. A 148, 304 
(1935). 

3. CALCULATION OF FLUID-PHASE EQUILIBRIA FROM 
EQUATIONS OF STATE 

Wallace B. Whiting, Robert J . Topliss, and 
John K. Prausnitz 

The vital connection between molecular-thcrmo-
dynamic research cni *he industrial use of that 
research i s the computer program. Without an 
efficient and robust algorithm for calculation of 
fluid-phase equilibria from any equation of s ta te , 
technology transfer to the industrial sector is 
nearly impossible. We are developing two dif
ferent types of algorithms for calculation of 
fluid-phase equilibria. 

Free-Energy Minimization. At equilibrium, 
the chemical potential of each species must be 
the same in a l l phases. The direct use of this 
fact in phase-equilibrium calculation is known 
as free-energy minimization. If the true, global 
minimum of the free energy is found, the phase-
equilibrium problem i s , by definition, solved. 
In this calculation, material balance is assumed. 

One of the best algorithms we have found is 
that of Michelsen. 1 This free-energy minimzj 
tion technique alleviates the two most common 
problems with phase-equilibria algorithms: slow 
convergence, or no convejgence, (1) for poor 
i n i ' ^ 1 guesses and (2) in the cr i t ica l region. 
We k 2 used the techniques of Michelsen to de
vise ccoyuter programs that can be used for aay 
equation of state and for ?r.tf combination of 
thermodynamic constraints. 

Material Balance. Conservation of mass i-j 
the concept behind material-balance algorithms. 
In this calcui ' t ion, phase equilibrium is assumed 
(equal chemi^il potentials in a l l phases), and 
the compositions of a l l components in each phase 
are calculated. There are multiple cr i ter ia for 
convergence: for each phase the sua of the mole 
fractions of the species must be unity. The 
algorithm varies a thermodynamic variable (e .g . , 
temperature or pressure) until these cr i ter ia 
are achieved. 

The free-energy-minimization approach differs 
from the material-balance approach because, in 
the former, mass conservation is assumed and the 
equality of chemical potentials is to be achieved. 

We are developing a miterial-balance al
gorithm that can be used with any equation of 
state to calculate the three-phase (vapir-liquid-
liquid) equilibria of asymnstric mixtures. Re
liable heuristics for calculating i n i t i a l guesses 
and reliable methods for detecting degenerate 
three-phase (e .g . , two-phase) equilibria have been 
developed and incorporated into our computer pro
grams. 

* * * 
1. M. L. Michelsen, Fluid Phape fcquil. 4, 1 
(1980). 

RESEARCH PLANS FOR CALENDAR YÊ R 1981 

During 1981, we expect to obtain experimental 
data for methane-water and methane-brine phase 
equilibria using our high-pressure apparatus. We 
also expect to develop further our local -composi
tion theory for -isymmetrir. mixtures, our c r i t i 
cal-region and low-density rtgion corrections to 
the generalized van der Was Is partition function, 
and our computer algorithms for calculating multi
phase, raulticomponent fluid-phase equilibria from 
equations of s ta te . 

1980 PUBLICATIONS AND REPORTS 

Refereed Journals 

1. C. G. Van de Rostyne and J. M. Prausnitz, 
"Vapor Pressures of Seme Nitrogen-Containing, 
Coal-Derived Liauids," J. Chem. Eng. Data 25, 1 
(1980). ~~ 

2. G. Miller, C. J . Radke, and J . M. Prausnitz, 
"Adsorption of Weak Organic Electrolytes from 
Aquous Solution on Activated Carbon," J . Phy^. 
Chem. 84, 369 (1980). 

3. A. Landauer, R. N. Lichtenthaler, and J . M. 
Prausnitz, "Mutual Solubilities of Alkanes and 
Methyl Cellosolve," J . Chem. Eng. Data .75, 152 
(-980). 

M. T. F. Anderson and J . M. Prausnitz, "Com
putational Methods for High-Pressure Phase 
Equilibria and Other Fluid-Phase Propen-ies Using 
a Partition Function. 1. Pure Fluids," Ind. Sng. 
Chem. Proc. Des. Develop. 19, 1 (1980). 

S 5 . T. F. Anderson and J . M. Prausnitz, "Com
putational Methods for High-Pressure Phase 
Equilibria and Other Fluid-Phase Properties Using 
a Partition Function. 2. Mixtures," Ind. Er.^. 
Chen. Proc. Des. Develop. 19, 9 (1980). 

*6. D. D. Liu and J . M. Prausnitz, "Calculation 
of Phase Equilibria for Mixtures of Ethylene and 
Low-Density Polyethylene at High Pressures," 
Ind. Eng. Chem. Proc. Des. Develop. 19, 205 
(1980). 
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7. H. Lazalde-Crabtree, G. J . F. Breedveld, 
and J. M. Prausnitz, "Solvent Losses in Gas Ab
sorption. Solubility of Methanol in Compressed 
Natural and Synthetic Gases," AIChE J . 25, 
462 (1980). ~ 

"8. B. K. Kaul, M. D. Donohue, and J . M. 
Prausnitz, "Henry's Constants and Second Virial 
Coefficients from Perturbed-Hard-Chain Theory," 
Fluid Phase Equil. 4 , 171 (1980). 

+ 9 . W. Merk, R. N. Lichtenthaler, and J . M. 
Prausnitz, "Solubilities of Fifteen Solvents in 
Copolymers of Poly(vinyl acetate) and Poly(vinyl 
chloride) from Gas-Liquid Chromatography. Estim-
nation of Polymer Solubility Parameters," J . 
Phys. Chem. j!4, 1694 (1980). 

%0. A. I . El-Twaty and J . M. Prausnitz, "Cor
relation of K-Factors for Mixtures of JJydrogen 
and Heavy Hydrocarbons," Chem. Eng. Sci. 35, 
1765 (1980). — 

Othe" Publications 

1. J. M. Prausnitz, T. F. Anderson, E. A. Grens, 
C. A. Eckert, R. Hsieh, and J . P. O'Connell, 
Computer Calculations for Mult icomponent Vapor-
Liquid ana Liquid-Liquid Equilibria, Prentice-
Hall, Englewood Cliffs, NJ (1980). 

T 2 . P. J . Hicks, J r . , "The Solubility of Acetone 
and Isopropyl Ether in Compressed Nitrogen, 
Methane, and Carbon Dioxide," M. S. thesis , 
Department of Chemical Engineering, University 
of California, Berkeley (1380). 

3. D. R. Edwards, "Vapor Pressures of Coal-
Related Liquids," M. S. thesis, Department of 
Chemical Engineering, University of California, 
Berkeley (1980). 

4. C. R. Gonzalez-yradier, "Vapor-Liquid 
Equilibrium of High-Boiling Petroleum Fractions," 
M. S. thesis , Department of Chemical Engineering, 
University of California, Berkeley (1980). 

5. G. Lobien, "Activity Coefficients at Infinite 
Dilution for Partially Miscible Liquid Systems," 
Ph.D. thesis , Department of Chemical Engineering, 
University of California, Berkeley (1980). 

Invited Talks 

1. J . M. Prausnitz, "State-of-the-Art Review of 
Phase Equilibria," Keynote Lecturer, Second In
ternational Conference on Phase Equilibria and 
Physical Properties for the Chemical Industry, 
West Berlin, Germany, March 1980, LBL-10767. 

2. J . M. Prausnitz, Wilhelm Lecturer, Chemical 
Engineering Department, Princeton University, 
Princeton, NJ, April 1980. 

3. W. B. Whiting and J . M. Prausnitz, "A 
Perturbed-Hard-Sphere, Local-Ojiposition Model 
for Liquid Mixtures," Sixth West Coast Stat is t ical 
Mechanics Conference, San Jose, CA, June 1980. 

4. D. Edwards, C. G. Van de Rosfcyne, J . Winnick, 
and J . M. Prausnitz, "Estimation of Vapor Pres
sures of High-Boiling Fractions in Liquefied 
Fossil Fuels Containing Heteroatoms Nitrogen 
or Sulfur," Second Chemical Congress of the North 
American Continent, Las Vegas, NV, August 1980. 

5. J . M. Prausnitz, Phillips Petroleum Company 
Research Laboratories, Bartlesville, OK, October 
1980. 

6. J . M. Prausnitz, Centennial Lecturer, Chem
ical Engineering Deparment, Louisiana State Univer
s i ty , Baton Rouge, LA, November 1980. 

* * * 

Supported in part by the Deutsche 
Forschungsgemeinschaft (administered by the 
Technical university of Berlin). 
Supported in part by the Department of Chemical 

Engineering, University of California, Berkeley. 
'Supported in part by the Petroleum Research 
Fund (administered by the American Chemical 
Society). 
Supported in part by the Gas Processors 
Association. 
m 
Supported in part by a fellowship from the 

government of the Libyan Arab Republic. 
ft* Supported in part by the National Science Foundation. 
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A. Low-Energy Nuclear Sciences 

1. Heavy Element Chemistry 

a. Actinide Chemistry* 

Norman M. EdBlstein, Richard A. Andersen, Neil Bartlett, 
John G. Conway, Kenneth N. Raymond, Glenn T. 
Seaborg, Andrew Strietwieser, Jr., David H. Templeton, 
and Alan Zalkin, Investigators 

Specific Sequestering Agents for the Actinides 

1 . SYNTHESIS OF AND 2 3 8 P u ( I V ) REMOVAL FROM MICE 
BY CARBOXYLATE CATECHOYL AMIDES 

F . L. W e i t l , K. N. Raymond and P . Vf. Durb in 

Generation of electr ici ty in nuclear reac
tors and application of actinide elements as 
heat, power, ion, and radiation sources make the 
actinides important industrially. The biologi
cal hazard of nuclear fuels and their actinide by
products and wastes i s a major concern of the nu
clear industry. In general, inhaled soluble ac
tiniae compounds may be transported into the body, 
and inhaled insoluble actinide compounds tend to 
be retained in the lung. Excretion of actinides 
deposited iji a l l those si tes is ordinarily slow; 
and promotion of excretion from the body i s , there
fore, essential treatment for actinide contamina
tion. 

The search for ways to remove actinides from 
the body began soon after the f i r s t reactor-pro
duced plutonium was separated. Diethylene-
triaminepentaacetic acid (DTPA) was synthesized 
and tested in 1957. DTPA is not an ideal ligand 
for tetravalent actinides; i t does not form a 
complete 1:1 chelate with Pu(IV) at pH 7; and i t 
forms stable chelates with several biologically 
essential metals [Ni(II), Zn(II), and Fe(III)] . 
There is a strong chemical and biochemical 
similarity between Pu(IV) and Fe(III); 
2,3-Dihydroxybenzoic acid (DHBA, Fig. 1) is a low 
toxicity monomer, and when given orally or paren
t e r a l s , DHBA enhances excretion of iron from 
chronically transfused animals. Those observations 
suggested that CAM ligands containing carboxyl 
(-CO2H) groups might be as effective for Pu(IV) 
binding as the sulfonated analogues and less toxic. 
Several CAMC ligands (Figs. 2,3) have been designed 
and synthesized. The functional group of these 
derivatives of terephthalic acid is p-substituted 
DHBA; and, in our abbreviated nomenclature, they 
are designated CAMC compounds. They are otherwise 
identical to the prototype CAM ligands, and the 
DHBA units are connected by amide linkages to linear 
or cyclic alkane backbones. 

This work was supported by the Director, Office 
of Energy Research, Office of Basic Energy Sciences, 
Nuclear Sciences Division of the U". S. Department 
of Energy under Contract No. W-7405-ENG-48 

Several synthetic macromolecular CAMC ligands, 
some structurally related monomers, and four sul
fonated CAM ligands (CAMS) have been tested for 
their abil i ty to promote Pu(IV) excretion in mice. 
The structures of the compounds are shown in Figs. 
2-7, and the results of the 24-hr Pu(IV) excretion 
tests are collected in Table 1. Overall, the CA'C 
ligands promote more Pu(IV) excretion than their 
sulfonated analogues. The linear tetramer, 3,4,3-
LICAMC, e l ic i t s excretion of 705 of newly injected 
Pu(IV). The effectiveness of the cyclic ligands, 
3,3,3,3-CYCAMC, is much greater than i t s sulfonated 
analogue. The trimer, 3,4-LICAMC, which cannot 
fully coordinate with Pu(IV), s t i l l is capable of 
promoting about 50% excretion of Pu(IV), A 
sample of 3,4,3-LICAMC was sent to the University 
of Utah. The experimental conditions were the 
same as for the test of 3,4,3-LICAMS. In two 
dogs, retention of Pu(IV) at seven days was 11.8%, 
somewhat less than after treatment with the sul
fonated compound. 

There is a major qualitative difference in 
the biological actions of the carboxylated and 
sulfonated CAM ligands. No CAMS ligand appeared 
to be capable of removing Pu from the liver or 
improving bil iary excretion of Pu. In marked 
contrast, 3,4,3-LICAMC appears to be capable of 
accelerating elimination of Pu(IV) from the mouse 
liver, via bil iary excretion, to a greater degree 
than an equimolar amount of CaNa3DTPA. (Compare 
the amounts of Pu in l iver , GI t r ac t , and feces 
for DTPA and the two CAM ligands shown in Table 
2.) The degree of acceleration by 3,4,3-LICAMC 
of biliary elimination of Pu from the liver of 
the mouse, and promotion of elimination of Pu 
from the liver of an animal that ordinarily re
tains i t remain to be investigated. 

The dosage-effectiveness of 3,4,3-LICAMC was 
studied, and the results are shown in Fig. 8, com
pared to curves for 3,4,3-LICAMS and CaNajDTPA. 
The stoichiometry of the Pu(IV) -LICAMC chelate 
i s believed to be 1:1, and although the curve for 
3,4,3-LICAMC l ies close to the 3,4,3-LICAMS curve, 
3,4,3-LICAMC is more concentration dependent, in 
agreement with the expectation that some 3,4,3-
LICAMC may be lost to competition with other metals. 

Two preliminary tests have been made of the 
toxicity of 3,4,3-LICAMC: (a) A 5-day acute tox
ici ty tes t was extended to 20 injections of 30 
limole/kg/injection in 28 days. The treated mice 
gained weight at the same rate as controls, and 
no tissue changes were visible at autopsy. Histo
logical preparations have not been examined. 



C'O COjH 

CH, "'CH, 

DiMCAMS 

Molecular formula 
Fig. 1. Abbreviation (weight) lUPAC name 

D i M C A M S C , H , , N 0 , . S : . 5 H - O |J05..1| \ . \d imethyi : . . l -d ihydro. \y-?- ' ,u l fohen/arnide 
2.3-DHB C ; H , . 0 , l l M . h 3.1-dihydroxyben/oie acid (XBL 8012-13611) 

OH OH OH OH 
i-o c-o co c=o « sc <$c $c 
C - 0 C - 0 C - 0 C - 0 
T i i i 

HN JUv ,N - N H 

N C H 2 ) „ / NcH2)£ NcHjtf 
3.4.3-LICAMC 

Fig . 2 . Abbreviation m.n Molecular formula Weight IUPAC name 

3,4,3-LICAMC 3,4 C

4 2

H 4 2 N 4 0 2 0 ' 3 H 2 ° 9 8 ° B 1 ,N 5 ,H 1 0 ,N 1 4 - te t ra(2 ,3-dihydroj ty-4-
carboxybenzoylj-tetraazatetradecane 

(XBL 8012-1361S) 

HO OR HO OH 

H O - C - ( ^ - ! ! (CHJV, C - ^ - C - O H 

/ \ 
(CH 2 ) m (CH 2 ) m 

0 \ N 0 

HO OH HO OH 

3.3.3.3-CYCAHC 

F ig . 3 . Abbreviation l .n.n Molecular formula Height IUPAC name 

3,3,3,3-CYCAMC 3,3,3 C^^fao'2• 5 H 2° 5 " B 1,K 5,N ,,B 1 3-tetra(2,3-dihydroxy-4-
carboxybenzoyD-tetraazacyclohaxadecane 

(XBL 8012-13616) 
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OH 
« C-0 

HO-C 6 OH • 

OH 

DHTA DHPA DHIPA 

F i g . 4 . A b b r e v i a t i o n M o l e c u l a r formula Weight IUPAC came 

DHTA C 8 H « V a 2 242 

DHPA C 6 H 4 » 4 H . 177 

DHIPA W W 216 

Disodiura-2,3-dihydroxyterephthlate 

Sodium-2,3-dihydroxy-6-pyridine 
carboxylate 

2,3-dihydroxyisophthalic acid 
CXBL 8012-13612) 

M03s 

=0 c=o r 
1 I 

1 N I 

\ c H j ) m \ cH 2 )„ V 

c=o 
I 
NH 

ICH 2 !„ ' 

F i g . 5 . Abbreviation M 11 in Molecular formula 

2.3.2-LICAMS K 3 C. , . .H J .N,O J ,S ,K,-3H.O .V,..V,.A-.,V,,.i«ra(;.J-dihvdnn>-f-,ull'ii-
benzoyh-lelraa/aundecane 

3.3.3-1.1CAMS Na 3 3 C, ;H„N )0 I 1S,Na,-
2H 1O l4Na-SO, 

4.4.4UCAMS Nit 4 4 CmH„N,0~,S,Na,-
4H,0'jNa.SO, 

A,'.A'''.A'\A'"-ie(rat2.3-dihydroxy-5».uffii-
benzoyh-telraa/atridecane 

A"..V'-.iV".,V"-lelral2.3-dihydroxy-5sull'o-
henzoylHelraazahexadecane 

4.3.4-LICAMS K 4 3 C».rl„,N,Qj,S,Ki-»H.O ,Vl.\\.V"\.V'--letra(2.3-dihydiwy-5-,uiro-
ben/oyh-tetraa/apentadecanc 

3.4.3-LICAMS Na 3 4 C,.H„N,0-,S,Na,-
G.5H.0 

A1.A'',.\,".\"-telru(2.3-dihydro\y-5-Milfo-
ben/oylMetraa/aretnKJecane 

CXBL 8012-13609) 

(b) The test at the University of Utah of effi
ciency of Pu removal in dogs was accompanied by 
clinical tests of renal function, a gross autopsy, 
and preparation of sections for histology. The 
clinical tests yielded normal values, there were 
no grossly visible tissue lesions at autopsy, and 
the microscopic anatomy of the kidneys was normal. 

The CAMC ligands appear to have achieved 
both major design goals - they are as effective 
for in vivo chelation and promotion of PuCIVO 
excretion as the sulfonated analogues, and they 
are significantly less toxic. 



HO, 

I C H 2 ) m ( C H 2 ) m 

\ / 

Abbreviation IY) Molecular formula 

3.3.3.3-CYCAM(Hl 3.3.3 C , n H l l N l O , . - 2 H a O 

: .3 .3 .3-CVCAM)SO,NH) 2.3.3 C'.1.,H„Nl()..(S1Nil(-
2H.O 

3.3.3.3-C'YCAM(SO,Nal 3.3.3 C,„Hl(1NlO,tS,Na-
5HaO 

>.3.2.3-CYCAM(NO_.l 2.3.2 C. 1 .H. 1 „N,0 ; „ -2H ; 0 

A/'.\'\,V\A-"Meira(2.3-dihydri)xy-
hcnAjylJ'tefraa/acyclcthfAadcciine 

-V,.N'.A'".A'l-'-it'tral2.3-dihydroKy •, -̂
sulfuhen/oyhiijiraa/acyclo-
ponladceane 

.Vl./V\A';,.N"-teiral2.3-d"l'vdr«\y-?-
sultoben/oylKeiraa/acycloriexa-
decanc 

.V'.,V,.,V",A"'-leira<2.3-dihydroxy-?-
niirobunAiyll-tctrauzacydotctra-
decane (XBL 8012-13610) 

M O S S @ : : 5 - ° 

, 0 > s ^c ""*©: 

X^\ /' 

Abbreviation Molecular formula 

MO,S~=~OH MO,! 

DiMECAHS 

Weight IOPAC name 

N,N'.N"-trls(2,3-dihydrojey-5-sulfbenzyl)-
N,N' ,N"-tris(2,3-dihydroxy-5-sulfobenzoyl)-
1,3,5-triamli!omethylbenzC:ne 

(XBL 8012-13615J 
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Table 1. Effect of catechoylamide sulfonates and carboxylates 
and related compounds on retention of 238pu(jv) in the mouse. a>b 

1^1 e x c r e t e d 
( ! o f dose) 

F igure No. 

Su l fona ted CAM compounds 

3,4,3-UCAMS 65 5 

D i i s o p r o p y l , 3 ,4 , ,3-LIC»B 44 5 

3,3,3,3-CYGVMS 35 6 

M W B 17 -
3,4,5-l .I5/MS 6 .2 

Carboxyl GW compounds 

3,4,3-LIGV.IC 69 2 

3,3,3,3-CYCAMC 59 3 

3 , 4 - L l C » t 54 : 
PoIy-LrCAMC 37 2 

CHPA b 3.5 1 

m:.* 9 .7 4 

Q F A b 9.0 4 

DHIPAb 5 . 3 4 

\ igands were administered (i .p.) 1 hr and mice were killed 2' 
hr after injection (i .v.) of 23Spu c i t ra te . 

Ligand dosage was 30 jjmole/kfi except for the monomers, DtfTA, 
DUPA, and DHLPA, for which the dosage was 480 iimole/kg, and 
UffiA, for which the dosage was 78 i-no-le/kg. 

Table 2. Retention of " 
chelating agents.a Results are expressed as percent of 

injected dose ±.S.D. normalized to 1 Ji recover)'-

Contro l CaNa-DTPA i , 4 , 3 - U C « S 3,4,3-UCJlMC Poly-LICAMC 

No. of mice 
T i s s i t 

34 5 5 10 

Liver 51 i 7.0 17.7 • 4 .4 23 .8 • 7.9 8.7 ± 3.0 29 .5 • 10.7 

Skele ton 31 i 6 . 3 10 * 1.4 6 .6 i 1.0 9 .7 » 2 .0 10.0 t 1.0 

Soft 
t i s s u e s 

5 .1 i 0 .S 3 . 3 ± 1.4 1.9 i 0 .4 2 .7 ± 0 . 9 9 .1 1 1.8 

C I ( f u l l ) 4 .6 * 1.1 5.2 2 .5 8.0 11.5 

Kidneys 2 .6 ± 2 . 6 0.5 1.3 2.0 2.5 

Excre ta 6 . 1 ± 2 . 0 C 6 3 . 0 e - 6 4 . 1 6 9 . 0 b - 3 7 . 1 d -

aLigands (30 jimole/kg) were injected ( i .p . ) 1 hr and mice sacrificed 24 hr after 
2 3 8Pu(IV) ci t rate ( i . v . ) . 
For 5 Jnice urine, 50.2%; feces, 14.H. 

''Mean ± S.D. for 7 groups of mice. For 10 of those mice urine, 1.0%; feces, 1.95. 
^ r i n e , 30.55; feces 7.0S. 
eFeces, approximately 4% (78). 

file:///igands
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90 H. ^ A-C0NO3DTPA 

\ ^ 0-3.4,3-LICAUC 

X flo X \ 0-3,4,3-LICAMS 

\ \ 
§ 70 v \ 
$ * \ 2 
I 6 0 

a. so -
l<° l<° COnfto body count • 94%oHn|tcttdd9M 

. . . , , n l r j j 1 U i l U il i l J i i , . , 

Utnnd dongi (pm/kg) 

Fig. 8. Effectivensss in adult mouse of a single 
i .p . injection of test ligand in promoting ex
cretion of Z38Pu, Test ligands were injected at 
1 hr and excreta collected and body contents mea
sured at 24 hr after i .v. injection of 238pu(IV) 
ci t rate . (XBL 8012-13612) 

2. THE OXIDATION OF URANItM(IV) BY N-PHENYLBENZO-
HYDROXAMIC ACID AND THE STRUCTURE OF THE REACTION 
PRODUCT: CHL0R0DIOS0-N-PHENYLBENZ0-HYDR0XAM4T0-
BIS (TETRAHYDROFURAN) URANIUM(IV)+ 

W. L. Smith and K. N. Raymond 

Hydroxamic acids have been widely used in t he 
ana lys i s of metal ions because of t h e i r powerful co
o rd ina t ion as b iden t a t e l i gands . The formation con
s t a n t s of hydroxamic acids wi th a c t i n i d e ions sug
ges t t h a t these l igands may serve as func t iona l 
groups i n s y n t h e t i c seques te r ing agents designed 
specifically for the tetravalent actinides. Al
though several actinide(IV) hydroxamates have been 
formed during solvent extraction or precipitated 
in gravimetric analyses, the few complexes which 
have been isolated involve Th(IV). In order to 
explore the feasibility of benzohydroxamic acids 
as sequestering agents for Pu(IV) and U(TV), the 
coordination properties of N-phenylbenzohydroxaraic 
acid (PBHA) with U(TV) have been investigated. In
stead of simple coordination, the hydroxamic acid 
oxidizes U(IV) to UO22 forming the t i t l e compound 
and benzanilide. 

The addition of a 4:1 mole excess of PBHA 
anion with U(IV) led to the formation of 
IX^CltPBHAJCIHF^ I , via the reaction: 

U(I\0 + 3PhC[0)N(0)Ph" + CI" + 2THF + 2H+ • 

U02Cl[PhC(o;NCO)Ph](THF)2 + 2PhC(C0JMPn 
CD 

The uranyl complex has been identified by elemental 
analysis, electronic and vibrational spectra and 
x-ray diffraction. The molecular structure of I 
i s shown in Figs. 9 and 10. 

The oxidation of uraniumCBO to uranyl oc
curred under anhydrous, anaerobic conditions. The 
isolation of benzanilide established that PBHA was 
reduced to i t s corresponding amide, to complete 

\ J. y c ^ , 3 - c ' a 

C19- C I « 

Fig. 9. Molecular geometry of U0,Cl(PBHA)CmF)2. 
(XBL 783-7435) 

the redox couple. No other reductions of hydro-
xamic acids by metal ions have been characterized. 
Lutwick and Ityan observed the oxidation of V(II) to 
V(IV), Ti(III) to Ti(IV) and Sn(II) to Sn(IV) by 
several hydroxamic acids in dilute aqueous solu
tion. However, they did not take special precau
tions against oxygen and i t was la ter shown that 
oxygen was responsible for the oxidation of Sn(II) 
and not the hydroxanulc acids. Considering the fol
lowing aqueous reduction potentials: 

U0 2

2 + + 4H+ + 2e" » U 4 + + 2H20; z" = 0.32 V 

V0 2 + + 2H* + e" - V 3 + + HjO; 0.34 V 

T i 0 2 + + 2H+ + e" •» T i 3 + + H-0; E° = 0.1 V 

and the fact that a l l metal ions are oxidized to 
oxo-cations, i t seems likely that Ti(III) and 
V(III) would also reduce PBHA anion in TOT via an 
oxygen transfer reaction. 

Brief version of LBL-8281; published in J . Inorg. 
Nucl. Chem. 41, 1431 (1979). 

Fig. 10. Stereopair of U02C1(PBHA)(THF)., with 
thermal ellipsoids at the 304 probability level. 

(XBL 782-7191) 
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3. SULFONATED CATECHOLAMIDE ANALOGUES OF 
ENTERQBACTIN1' 

F. L. W e i t l , W. R. Har- i s and K. N. Raymond 

The t rea tment of c e r t a i n gene t i c d i s e a s e s , 
such as 3- thalassemia major (Cooley*s anemia), r e 
qu i res chronic t ransfus ion therapy. This produces 
a secondary hemochromatosis, which eventua l ly r e 
sults in the failure of v i ta l organs due to buildup 
of iron in the tissues, and the death of most pa
tients by early adulthood. Since there is no 
physiological mechanism in man for the removal of 
iron, the treatment of iron overload must rely on 
chelating agents which can effect iron excretion, 
the development of which is now the goal of a 
major program.1 We have shown that the siderophore 
[microbial iron-transport agent) enterobactin (1) 
is the most powerful ion(III) chelating agent known 
to date. While enterobactin is i t se l f not a suit
able candidate for removal of iron from humans, 
other 2,3-dihydroxybenzoylamides are good possi
b i l i t i e s , and we have previously reported the prep
aration of l,5,9-N,N',N"-tris(2,3-dihydroxybenzo>'l) 
cyclotriazatridecane (2) and l,3,S-N,N',N"-tris 
(2,3-dihvdroxvbenzoyl) triaminomethylbenzene (21) 
(Fig. 11). Thermodynamic and biochemical studies of 
these compounds have shown them to be very powerful 
chelating agents for ferric ion. Since we have 
shown that there is a close resemblance of the co
ordination chemistry of Fe(III) and Pu(IV), these 
iron complexing agents are prototypes for Pu(IV) 
complexing agents. 

Sulfonation increases the acidity, resistance 
to a i r oxidation, and aqueous solubility of cate
chols. For these reasons, we expected that sul
fonated catecholamide ligands and related cate
chols would have chelating properties superior to 
those of the parent compounds. We report here 
the synthesis (Figs. 12-14) and preliminary evalua
tion of several sulfonated catechol chelating 
agents. 

The sulfonated tricatecholamides react with 
ferric ion at pH 7-8 to give deep-red solutions 
with Xmax - 480-490 and e 5000-6000. These values 
strongly suggest that the ferric ion is coordinated 
to a l l six phenoli oxygens of the three dihydroxy-
benzoyl side groups. As the pH is lowered, the 
ferric complexes are protonated in discrete one-
proton steps to foim FellL, Fel^L, and Fet^L com
plexes. Each successive protonation shifts A âx 
to longer wavelengths and decreases e. Similar 
results have been observed with 3 and 4 and with 
enterobactin (1). 

Proton-dependent metal ligand foimation con
stants have been determined spectrophctometrically 
by competition with ethylenedlaminetetra-acetic 
acid (Eq. 1). At neutral or basic pH, complexa-
tion by the 

: Fe(L)°" + EDTA*" + 6H (1) 

catecholamides i s strong enough to remove essenti
ally a l l the iron from Fe(EDTA)". Thus, i t was 
necessary to measure this equilibrium at pH~5, 
in order to ensure a detectible distribution of 
iron between the two ligands. 

qc 
T =0 

\ 
i 

o 
H 4-< 

/ \ 
0 = C HCH 

OH 

3? 
I 

(CHjlj (CHjlj 

NcH 8 » c 

" X) 
HO J 

i 
N — H 

% ' 

0 H / C H 2 C l 5 » g 

c: ^ 
Fig. 11. Previous tricatechol ligands and pre
cursor compounds. (XBL 812-8089) 

The proton-dependent formation constants are 
not the best indicator of the abi l i ty of a ligand 



388 

H 2N(CH 2) 5NH(CH2)4NH2 
6 (spermidine) 

7, R = CH,;X = H 
8, R = H; X = H 
9, R = H; X = SO.Na 

Fig. 12. Synthesis of a linear trimeric sulfocate-
cholace ligand. (XBL 812-8093; 

O N H C H Z — ( ( J ) 

RO OR 
11, R-CH,;X«H 
12, R - H ; X - H 
IS. R-H;X-SO,N. 

SOjH S03H 

OH I OH I 
H N C H 2 - ^ s ^ C H j N H 

CHjN CH.NH 

I 

NH 2 CH 2 -̂  C H E N H 2 -

2HCI 
1 5 
BO OR HO OR 

( ^ - C N H C H j - f ^ - C H ^ H C ^ O 

/ ° X ° X 
16, R = C H S ; X = H 
17, R=H;X=H 
18, R = H; X = SOjH 

Fig. 14. Synthesis of a dimeric linear sulfocate-
cholate platform liga;.d. (XBL 812-8090) 

to sequester ferric ion at physiological pH, 
since these constants do not reflect the competi-" 
tion from hydrogen ion for the very basic phenolic 
ligating groups. Therefore, we have calculated 
the equilibrium concentration of [Fe(H20)6]3+ in 
a solution which is 1 MM total iron and 10 uM 
total ligand at pH 7.4. The results , expressed 
as pM (pM = -log [Fe(H2<»6l ) , are shown in 
Table 3. A comparison of various ligands is now 
straightforward; i . e . , a larger pM denotes a more 
effective ligand. The pM values of a l l the t r i -
catecholamides exceed the transferrin pM, in
dicating that these ligands are tftermodynamically 
capable of removing iron from transferrin. Fur-
thermore, the pM values of 9 and 14 indicate that 
ligands are several hundred~times~more effective 
at sequestering ferric ion than is desferri
oxamine B, the current drug of choice for thera
peutic iron removal in man. 

Thus, we have prepared a new class of ligands 
which combine several properties needed for an 
effective iron-removal agent. Like enterobactin, 
they have an exceptionally high affinity for iron, 
much higher than transferrin or desferoxamine B. 
Unlike enterobartin, they are hydrolytically stable 
over a wide range of pH. In addition, sulfona-
tion greatly increases the water solubility of 

Table 3. p ^ Values for synthetic catecholaittides 
and pertinent biological iron chelators 

Fig. 13. Synthesis of trimeric sulfocatecholate 
platform ligands. (XBL 812-8097) 

Compound pM 
Enterobactin (1) 35.S 
14 29.4 
3 29.1 

28.5 
Desferrioxamine B 26.6 
13 25.1 
Transferrin 23.6 
N,N-dimethyl-2,3-dihydroxy-5-

sulfobenzamide 19.2 

''Total Fe concentration = 10" 6 M; 
concentration « 1 0 _ s M; pH 7.4. 

to ta l ligand ''Total Fe concentration = 10" 6 M; 
concentration « 1 0 _ s M; pH 7.4. 
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these ligands and stabilizes their dihydroxybenzoyl 
groups toward a i r oxidation. Finally, recent 
studies in this laboratory have shown that, while 
the hydroxamate ligands such as desferrioxaroine B 
are kinetically unable by themselves to remove iron 
from transferrin, the catecholate ligands reported 
here readily remove the iron from this iron-trans
port protein of human serum. 

"This work was supported in part by the National 
Institutes of Health under Grant No. HL-2477S. 
1. W. F. Anderson and M. C. Killer, Eds., 
abstracted from J. Med. Chem. 22,, 1281 {1919). 

Synthetic and Structural Studies of 
Actinides and Other Compounds 

4. PEMW1ETHYLCYCL0PENTADIENVL DERIVATIVES OF THE 
TRIVALatI LANTHANIDE ELEMENTS (NEODYMIUM, SAMARIUM, 
AND YTTERBHM)f 

T. D. T i l l e y and R. A. Andersen 

The an ion ic Ms^Cs-derivatives of t h e t r i v a l e n t 
lan thanide elements (Nd, Sra, Yb) have been p r e 
pared , as have t he n e u t r a l t r i v a l e n t s p e c i e s . The 
anionic or neutral species are 

S. ALKYL AND HYDRIDE BIStTRMTHYLSILYL)AMIIIO 
DERIVATIVES OF THE ACTMIEE ELEMENTS; PBEPRATION 
AND HYDROGEN-reJIERIlW EXCHANGE* 

S. J . Sii^ison, H. W. Turner, and R. A. Andersen 

Reaction of hydrogen with metal-carbon bonds 
i s an elementary reaction that i s fundamental to 
some catalytic processes, v iz . , hydrogenation and 
hydrocarbon activation. This investigation was 
init iated with the aim of establishing the po
tent ia l of f-element organometallic compounds in 
these processes. 

The hydride and methyl derivatives of the 
actinide metals of the type [C^3Si)2N]^K, where 
M is thorium or uranium and R is hydride or methyl, 
undergo y-elifliinatlon of either hydrogen or methane, 
a hydrocarbon activation process, giving metallo-
cycle I. The mechanism of 

Q ) 2 / \ 
[(Me,Sl),N],M Si te , 

\ / 2 

N \ 
M e ^ i 

I , J! = Th, U 

[Li (0Et 2 ) 2 ] [ CMe5C5) 2 I « 1 2 ]«- •MCI, 
Et-,0 

[ N a ( O E t 2 ) 2 ] [ ( M e 5 C 5 ) ^ K l 2 ] 

<bCl, 
CMe 5C 5) 2Vb(thf) *CMe 5C 5) 2ybClCthf3 

PhMe/thf 

useful s t a r t i n g mate r i a l s for syn thes i s of com
pounds wi th o the r func t iona l groups, fo r example 
t he s i l y l amides : 

[CMe sC 5;i 2NEl 2] 

(Me^PjMClCthfl 

(Me 5 C 5 ) 2 HJ(SiMe 3 ) 2 

t h i s process can be regarded as a concer ted oxida-
t i v e - a d d i t i o n of t he y-hydrogen atom from a M33SiN-
group followed by r educ t ive -e l imina t ion of hydrogen 
o r methane. 

The e l imina t ion of hydrogen, but no t methyl, 
i s r e v e r s i b l e , i . e . , add i t i on of hydrogen t o I 
genera tes the hydr ide . When deuterium i s used i n 
p l ace of hydrogen, t he perdeu te roueute r ide i s 
formed. The l a t t e r r e a c t i o n i s a novel a c t i v a t i o n 

HMINCSihfe J) 2] 3 • ttKNlSiCCDj^].,^ 

*Brief ve r s ion of LBL-11189, submitted t o 
Inorganic Chemistry. 

process i n which 55 hydrogen atoms a r e exchanged 
for deuterium, a r e a c t i o n wi th no p receden t . The 
mechanism of t h i s process i s shown i n t he scheme 
shown below. 
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HMe3Si) 2 N] 2 M^ \ 
-S iMe, 

l ( M e 3 S i l 3 N ] 2 M / SiMe2 

Me3SI 

/ 
I 

Me3Si 

•SiME2CHDj 

N —SiMe2CH2D 

MeaSi 

CHD 

- » . HMejSi l 2 Nl 2 M; 

N 

I 

[ |Me 3 Si l a N| 2 M SiMe2 

J . " 0" 
M«3Si 

1-
I I M — c i . M i - u i ' y" \ C H 2 

^ S i M e 2 

CH 2 

H M i 3 S i l 2 N ] 2 M ' X ' \ s i M e 2 

I 

MB 3Si 

I / B 

/ /"' 
1 

M«3S* 

\ 
I 

TBrief version of LBL-11609; submited to J . Am. 
Oiem. Soc. 

The mechanism of these insertion reactions 
can be generalized as shown in the scheme below, 
using MejCCnN and Me3CN=C as examples. 

6. ACTINIDE-CARBON BONDS: INSERTION REACTIONS 
OF CARBON MONOXIDE, TERT-BuTYLISOCYANIDE, AND 
TERT-BITTYLCYANIDE INKT" 
[ (Me 3 Si ) 2 N] 2 rtCH2Si(Me)2NSiMe3

+ 

S. J . Simpson and R. A. Andersen 

Insertion of small organic molecules (CO) 
into metal-carbon bonds is an elementary reaction 
that is essential to many catalytic processes, 
i . e . , Fischer-Tropsch. This investigation was 
ini t iated v ith the aim of establishing the po
tential of f-element organometallic compounds in 
these reactions. 

The actinide metallocycles (I) undergo re
action at room temperature with carbon monoxide 
(20 atm), tert-butylisocyanide, tert-butylcyanide, 
and trimethyIsilylazide to give I I , I I I , IV, and 
V, respectively, where M i s thorium or uranium. 
Thus, carbon monoxide and tert-butylisocyanide 
yield products formally derived from insertion of 
these isoelectronic, 1,2-dipolar molecules into the 
carbon-silicon bond of metallocycle I . In contrast, 
tert-butylcyanide yields a product derived from 
insertion into the actinide-carbon bond of I , The 
1,3-dipolar species, MesSiNs, yields a simple 
coordination complex. 

HMe3Si)2NJ2 M .SiMe2 

l 
Me3Si 

NjSiMe3 

| {M e 3 Si> 2 Ni 2 M SiMe2 

lis 

|IMt3Si) 2N) 2M / \ |IMe3Si)2N]2M 

\ . 
I I 

/ 
"S'M«2 

Brief version of LBL-11730; submitted to Journal 
of American Chemical Society. 
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7. DIVALENT LANTHANIDE CHEMISTRY; BIS(PENTA-
MEIHVlafCLOPENTADIBIYL) EUROPIUM(II) AND 
YTTERBIUM(II) DERIVATIVES: CRYSTAL STRUCTURE OF 
BISCPHTO»lBTimCTCLOPE>n'ADIENYL)YTTERBI»l(II) 
TETRAHYDROFURAN HEMI (TOLUENE) AT 176 K? 

T. Don Tilley, Richard A., Andersen, Brock Spencer, 
Helena Ruben, Allan Zalkin and David H. Templeton 

In contrast to the reasonably extensive l i t e r 
ature associated with trivalent lantlianide organo-
metallic compounds, the divalent oxidation state 
of these metals has largely been ignored, except 
for complexes with the cyclopentadienyl ion.l~5 
We have now prepared some coordination complexes of 
europium(II) and ytterbium(II) with pentamethyl-
cyclopentadienyl and have determined the crystal 
structure of one of them. 

Addition of three molar equivalents of sodium 
pentamethylcyclopentadienide to europium trichlo
ride in refluxing tetrahydrofuran yields the di 
valent species, (Me5Cs)2Eu(THF)(OEt2) upon crys
tall ization from diethyl ether. In contrast, the 
mono-tetrahydrofuran complex, (MesCj^EuCTHF), 
is obtained when toluene i s used as a solvent of 
crystallization. These two compounds can be in-
terconverted, e .g. , crystallization of the mono-
tetrahydrofuran complex from diethyl ether yields 
(Me5C5)2Eu(THF)(Et2Cfl, whereas crystallization of 
the la t te r complex from toluene yields (MesCs)2 
Eu(THF). 

The magnetic moment of (MejCs) 2Eu(THF) (0Et2) , 
v%" 7.99 B.M., follows Curie behavior from 5 to 
50 K. This behavior is consistent with the %7/2 
ground s ta te expected for a europous (f7) ion. 

The divalent ytterbium derivative, (MesCs) -£lb 
(TUB), is most readily prepared from sodium pen
tamethylcyclopentadienide and ytterbium dichloride 
in refluxing tetrahydrofuran. If diethyl ether, is 
used as crystallization solvent, green (MesCs)2 
Yb(0Et2) and red (MesCs)2Yb(THF) are isolated by 
fractional crystallization. If toluene is used 
for crystallization, CMe5C5)2ibCTHF) • 1/2 PhMe 
is isolated. 

The divalent ytterbium(II) species ( f l 4 ) is 
vigorously diamagnetic (from 5 K to 50 K), as 
expected for a lSn ground s ta te ytterbous ion, 
and normal, diamagnetic lH and " c ^ H ) nuclear 
magnetic resonance parameters are observed. How
ever, the proton chemical shift of the methyl 
resonance of the MesCs group is temperature de
pendent, ranging from 6 1.98 at 80°C to « 2.19 at 
-50°C. The tetrahydrofuran resonances are also 
temperature dependent; between 80° and -50qC the 
a-protons range from 5 4.02 to 6 3.30 and the 
S-protons range from 6 1.81 to 6 1.32. 

Crystals of bisfpentamethylcyclopentadienyl) 
ytterbium(II) (tetrahydrofuran) (hemi-toluene) are 
monoclinic, space group P2i/n with cell dimensions 
a = 11.358(8) A, b = 21.756(19) A, c = 10.691(7) A, 
f = 101.84(5)°, and V = 2585.6 A3 at 176(5) K. 
With Z = 4 and a molecular weight of 533.62 g 
i m l ' l , the calculated density i s 1.37 g <ai"3. 

The molecular structure was determined by 
single crystal x-ray diffraction methods. The 

three-fold coordination of the Yb(II) ion i s 
planar with the ytterbium Cp(centro*d) average dis
tance of 2.37 A and an angle between the centroids 
of the two Cp-rings of 144°. In addition, the 
average Cp-Yb-0 angle is 108°, giving approximate 
C2 symmetry about the Yb-0 axis, as can be seen 
in Fig. 15. The approximate C2 symmetry i s carried 
further in the THF molecule and in the staggered 
conformation of the CsMes groups (see Fig. 16). 
The Cp-rings are planar and normal to the Yb-Cp 
axis in both cases as indicated by the lack of 
significant systematic variation in Yb-C (ring) 
distances. The methyl groups, however, are bent 
out of the plane of each Cp-ring away from the 
Yb(II) ion with the largest deviation in each ring 
(0.18 A for C(9) and 0.21 A for C(17)) occurring 
for those methyl groups with the closest intra
molecular contacts. Otherwise, the CsMes-groups 
have normal geometry. The THF molecule is prob
ably disordered since the rms amplitudes of dis
placement for C(22) and C(23) are much larger than 
for other carbon atoms and are liighly anisotropic. 
Such disorder is normal for THF molecules.6 The 
toluene molecule is not coordinated to the Yb atom 
and resides in this structure in a disordered 
fashion as shown in Fig. 17. 

* -v * 

TBrief version of LBL-10490; Inorg. Chem. 19_, 
2999 (1980). 
1. T. J . Marks, Prog. Inorg. Chem. 24, SI (1978J. 
2. E. 0. Fischer, H. Fischer, J . Organomet. 
Chem. 3, 181 (1965). 
3. R. G. Hayes, J . L. Thomas, Inorg. Chem. 8, 
2521 (1969). 
4. F. Calderazzo, R. Pappalardo, S. Losi, J . 
Inorg. Nucl. Chem. 28, 987 (1966). 
5. G. W. Watt, E. W. Gillon, J . Am. Chen. Soc. 
91, 775 (1969). 
57 R. R. Rietz, et a l . , Inorg. Chem. 17, 658 
(1978) and references therein. 

Fig. 15. ORTEP diagram showing atom numbering. 
(XBL 799-11775) 



Fig. 16. ORTEP diagram showing the staggered con
figurations of the Cp rings. (X8L 799-11777) 

Fig. 17. Disordered model for the toluene molecule. 
Carbons C(2S) and C(26) were given full occupancy 
and C(27), C(28), and C(29) were given half 
occupancy, corresponding to two toluene iuolecul'-5 
per unit cell containing four ytterbium ions. 

QBL 803-8701) 

8. CRYSTAL AND MOI-ECULAR STRUCTURE OF 
HYDRIDCTRIS[BIS(TOrMErHyLSILYL)AMID0]URANIU>Ifnr)1-

Richard A. Andersen, Allan Zalkin, and David H. 
Templeton 

We have determined the crystal structure of 
the t i t l e compound, a hydride derivative of uranium 
(IV), and have shown that the analogous thorium 
compound is isostructural. The related uranium(III) 
compound, which lacks only the hydride ion, also 
crystallizes in the same structure. Since this com
pound i s the f i r s t moncneric, nonohy iride deriva
tive of the f-block elements to be prepared, i t was 
essential to establish i t s geometry unequivocally 
by x-ray studies. 

Hydridotris lbis(trimethylsily)amidoJthorium 
(TV), hydridotris(bis(trijiethyl:ily)amdo]uraniu5) 
(IV), and trisfl>is(trimethylsily)amidoJuranium 
(III) were prepared as previously described. 1,2 
The crystals used in the x-ray analysis were grown 
froa pentane (-10°C). The brown, hexagonal-shaped 
crystals of the uraniuji hydride crystallize in the 
trigonal space group P31c, and have cell parameters 
a = 16.402(8) A and c. = 8.501(4) A, and 
V = 1980.6 A. 3 There are two molecules in the unit 
cell . 

The molecular structure was determined by 
single crystal x-ray techniques. An ORTEP drawing 
of the structure and a packing diagram are shown in 
Figs. 18 and 19. The uranium atom is on a ctys-
tallographic 3-fold axis and bonded to three ni tro
gen atoms. Uranium is disordered in the 2. direction 
at locations 0.51 A above and below the plane at 
2 = 1/4. The electron density in the channel, that 
runs parallel to c at the origin, is attributed to 
pentane solvent molecules in highly disordered 
arrangements. 

Although [(MejSi^N^UH is isostructural with 
the binary silylamides of those lanthanide deriva
tives which have been structurally characterized 
(Nd, Eu, and Yb), the uranium species is tetraval-
ent. The uranium-nitrogen bond length of 2.Z4A 
is very close to those previously found for termin
a l , tetravalent uranium-nitrogen bond lengths in 
[U(NEt2)4]2. [U(MeNCH2CK2NMe)2]3, 
[U(MeNCH2CK2NMe)2]4, ana tU(NPh->)4], which are 
2.22, 2.21, 2.27, and 2.24 A, respectively. The 
thoriun (TV)-nitrogen bond length in the six-
coordinate tetrahydroborate derivative, 
Th[N(SiMe3)2J3BH4, is 2.32 A. The ionic radius 
of thoriumfTV) i s estimated to be about 0.05 A 
larger than that of uranium[IV).4 Hence, a 
uraniun(IV)-nitrogen bond length of about 2.27 A 

Fig. 18. ORTEP view down, but slightly off, the 
£axis. (XBL 802-8029) 
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Fig. 1.9. Packing diagram as seen down the c axis. 
(XBL 802-80;-) 

U(III) U(IV) Th(IV) 
Colbi Dark red Brown White 

a 16.56(5) 16.402(8) A 16.47(3) A 

c 8.43(4) 8.501(4) A 8.53(3) 

V 2002 A 3 1981 A 3 2004 A 3 

* A * 

'''Brief version of LBL-10489. 
1. H. If. Turner, S. J . Simpson, R. A. Andersen, 
J . Am. Chera. Soc. 101, 2782 (1979). 
2. R. A. Andersen, Inorg. Chem. 18, 1507 (1979). 
3 . R. A. Andersen, D. H. Templeton, A. Zalkin, 
Inorg. Chera. 17, 2317 (1978). 
4. R. D. Shannon, Acta Crysta l logr . A 32, 751 
(1976). — 

9. DIVALEVI' LAMilANIDE CHEMISTRY; PREPARATION OF 
SOME FOUR AND SIX COORDINATE BIS(TRl.'-iETHYI,SILYL-
AMIDO) COMPLEXES OF EUROPIUM(II). TIE CRYSTAL 
SmUCTURE OF BIS[DI(TRIMETHYLSILYL)AMIDO)BIS(l,2-
DIMFTHOXYETHANE) EUROPIUMd I)+ 

T. non T i l l ' ! ' , All:- " • •" in fi.-h.ird A. AnJcrscn, 
and David H. Templeton 

As pa r t of a study of divalent lanthanide 
compounds, we have prepared some coordination 
complexes of b is [d i ( t r i r ,e thyls i ly l )amido] 
europium(II) and determined the c rys t a l s t ruc tu re 
->f ope of them. 

The bes t synthesis of the te t ra tydrofuran 
complex i s : 

2Eu[N(SiMe 3 ) 2 ]. + EuCl. -HyU3ClEu[N(SiMe 3).,;] 2 

ClEu[N(SiMe.),] 2 + 

Na-Naphthalene -221— [ (MSjSiJ jN^E^thf^ 

All attempts to i s o l a t e an intermediate chloro-
amide have f a i l ed . However, addit ion o£ sodium 
naphthalene t o the chloro-amide, prepared i n s i t u , 
y ie lds a yellow so lu t ion from which yellow 
F'^P«l.SiMeJ,] 2 ( thf) 2 may be i so la ted by c r y s t a l 
l i z a t i o n from pentane. 

The tetrahyurofuran in Eut f^SiMe^^thf ) > 
can be displaced by 1,2-dimethoxyethane or bipyri-
dine yielding yellow [(l*»3Si)2Nj2Eu(teOCH2CH20Me) 
or [(MejSi]2N]2Eu(Bipy), : -spectiveiy. Both co
ordination complexes are soluble in hydrocarbon 
solvents from which they may be crystallized. The 
1,2-dimethoxyethane complex follovs Curie behavior, 
*M = QilTO" 1 , from S t o 45 K with CM = 8.82 and 
Peff = 8.43 B.M. The magnetic moment, like that 
of gadolinium(III), is consistent with a 8S7/2 
ground s ta te . In contrast the base-free europ-
ium(III) silylamide, Eu[N(SiMe3)2]3, is a temper
ature-independent paramagnet (T.I .P.) ; the tem
perature-independent susceptibility is about 0.4 
B.M. and i s consistent with a ?FQ ground s ta te . In 
addition, the ytterbium(lll) derivative, 
Yb[N(SUfe3)2]3, follow Curie behavior (S-45 K) with 
V'_;ff = 3.10 B.M. 

can be estimated, in good agreement with the ob
served value. Since the ionic radius of 
uranium(III) i s about 0.08 A longer than that of 
thorium(IV), a uranium(III) -nitrogen bond length 
can be estimated to be about 2.4 A, much longer 
than that observed. Thus, the U-N bond length 
in [(Me2Si)2N]3tH supports the identification 
as a compound of tetravalent uranium. 

unfortunately, a crystal of U[N(SiMe3)2]s 
suitable for a full structure determination 
could not be obtained, but i t was found to be iso-
structural with the hydride, HU[N(SUte3)2]3. The 
larger cell dimensions and volume (Table 4j of 
the trivalent species are consistent with the 
fact that uranium(III) is larger than uranium(IV). 

Table 4. Cell dimensions (A) of the t r i s (b i s ( t r i -
methylsilyl)amido complexes of U(III), U(IV) 

<mA TkfTVl 
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Isolation of well-developed crystals of 
Eu[N(SiMe3)2J2Cdme)2 enabled us to carry out this 
f i r s t single crystal x-ray analysis of a molecular 
complex of europium(II). 

Yellow crystals of bis{di(trijnethyl£:ilyl) 
amido]europium(II) bis(l,2-dimethoxyethane) 
crystallize in the monoclinic space group C2/c 
with cell parameters: a - 13.398(4) A, 
b = 17.454(6) A, c = i5".013(5) A, B = 92.91(3)° 
and V = 3506 A3. For Z = 4 and a molecular 
weight of 652.98, the calculated density is 
1.24 g/cm3. 

Figures 20a and 20b i l lus t ra te the two con
formations of the 1,2-dimethoxyethane ligands 
that give rise to disorder in the C(9) and C(10) 
atoms. Disorder in the rest of the 1,2-di-
methoxyethane ligand is probably present but 

Fig. 29. (a) (STEP drawing as viewed down the 2-
fold axis, (b) ORTEP drawing showing the molecule 
in the other configuration due to the disorder 
in C(9) and C(10). (a) (XBL 7911-12675) 

(b) (XBL 7911-12676) 

is small enough to be treated as an anisotropic 
thermal motion. 

Figure 21 i s a view of the coordination 
geometry about the six-coordinate europium(II) 
ion. The two bulxy silylamide groups are sur
prisingly close to one another, resulting in 
an N-Eu-N angle of only 134.S". Kepert has 
shown, from points-on-a-sphere repulsion energy 
calculations, that , for six-coordinate complexes 
of the type M(bidendtate)2(unidentate)2, the 
unidentate ligands are pulled together when 
the bidentate ligands have small normalized bites, 
where the normalized bite of a chelating ligand 
is the distance between donor atoms in the che
late group, divided by the metal-donor atom 
distance.! i t is the bidentate nature of the 
1,2-dimethoxyethane ligands that prevents the 
two silylamide groups from repelling each other 
to a greater extent. 

The EU(III)-N bond distance is 2.53 A, the 
f i rs t such bond length determined, whereas the 
Eu(III)-N bond length in Eu[N(Si3te3)j], i s 2.26 A. 
The difference of 0.27 A is due mostly to the 
chanre in bond length with oxidation s ta te , es t i 
mated as 0.23 A from the ionic radii l isted by 
Shannon.2 

* * * 
+Brief version of LBL-10858. 
1. D. L. Kepert, Prog. Inorg. Oiem. 23, 1 (1977). 
2. R. D. Shannon, Acta Crystallogr. Sec. A 32, 
751 (1976). ~ 

Fig. 21. ORTEP view of the coordination sphere 
about Eu(III). (XBL 803-8765) 
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10. PREPARATION AND CRYSTAL STRUCTURE OF THE _ 2-
DIMETHOXYETHAIffi COMPLEX OF BIS[DI(TJIIMETHlLSILYL) 
AMIDO]DICHLOROURANIUM(IV)+ 

Laughlin G. McCullough, Howard W. Turner , Richard 
A. Andersen, Al lan Zalk in , and David H. Templeton 

As p a r t of a s tudy of t he comparative chem
i s t r y of organometal l ic compounds of t h e t r a n s i 
t i o n metal Group 4B s e r i e s and the a c t i n i d e s e r i e s , 
we have prepared b i s [ d i ( t r i m e t b y l s i l y l ) a m i d o ] 
dichlorouraniun(IV) and determined the c r y s t a l 
s t r u c t u r e of i t s 1,2-dimethoxyethane complex. 
Addit ion of two molar equ iva len ts of sodium 
b i s ( t r i m a t h y l s i l y l ) a m i d e t o a te t rahydrofuran 
s o l u t i o n of uranium t e t r a c h l o r i d e , followed by 
c r y s t a l l i z a t i o n from pentane , y i e l d s mic roc rys t a l s 
o f [(MS3Si)2N2]2l02- Addit ion of 1,2-dimethoxy-
ethane t o t he d ich loro spec ies y i e l d s 
l(Me3Si)2N]2UCl2 (dimethoxyethane) as green 
prisms fr-.«n pen tane . The complex may a l s o be 
prepared d i r e c t l y from sodium b i s ( t r i j n e t h y l s i l y l ) ' 
amide and uranium t e t r a c h l o r i d e i n 1,2-dimethoxy-
ethane. 

The c r y s t a l s a r e orthorhombic, space group 
Pbca, wi th c e l l parameters : (a) - 15.207(4) A, 
(b) = 12.021(3J A, (c) - 33.427(9) A. For Z = 8 , 
V = 6110.6 A3, and a molecular weight of 719.84, 
the c a l c u l a t e d dens i ty i s 1.565 g an" 3 . The 
molecular s t r u c t u r e was determined by s i n g l e c r y s 
t a l x-ray d i f f r a c t i o n methods. 

The uranium atom i n t h i s s t r u c t u r e has approx
imate C, symmetry (F ig . 22) and i s hexacoordi-
na ted t o t he two oxygen atoms of the dimethoxy-
ethane (IME) l i g a n d , t o two n i t r o g e n atoms of t he 
b i s ( t r ime thy l s i l y l amide ) l i g a n d s , and t o two 
ch lor ide i o n s . 

The geometry of t he coinplex was i n i t i a l l y 
surprising since our intuition suggested that the 
two sterically large (Me3Si)2N groups would occupy 
trans-positions rather than cis ones in a cis-

octahedral arrangement. The observed geometry 
can be rationalized by reference to Kepert's 
point-pn-a-sphere model.1 In a molecule of the 
type M(bidentate)A2B-2 the location of 

= oxygen atones of 1,2-dimethoxyethane 
' CI 
•• N(SiHe3)2 
: uranium 

Fig. 22. ORTEP view of the structure of the di
methoxyethane complex. (XBL 803-8700) 

The A atoms relative to the B atoms is dictated 
by the M-A and M-B bond distances. Monodentate 
ligands that have the shortest metal-ligand bond 
lengths will occupy the less sterically crowded 
B si tes in complexes where the normalized bi te of 
the chelating ligand i s small. The average 
uranium-nitrogen bond length in [(MejSi)2N]2UCl2 
(1,2-dimethyoxyethane) (2.34 A) is shorter than 
the uranium-chloride bond length (2.63 A), and 
the normalized bi te (the distance between donor 
atoms in the chelate group divided by the metal-
donor atom distance) of 1,2-diraethoxyethane i s 
1.06. Thus, the observed geometry is in accord 
with Kepert's model. 

Brief version of LBL-11042. 
1. D. L. Kepert, Prog. Inorg. Chan. 23, 1 (1977). 

11. BONDING IN HETAL-BOROHYORIDE COMPLEXES1" 

N. Edelstein 

The borohydride ligand has been shown in 
various structural studies to bond to a wide 
variety of metal ions via bidentate, tridentate, 
and, in one instance, monodentate hydrogen bridges. 
vibrational spectroscopy also provides data which 
can be used to determine the metal-borohydride 
coordination geometry in a large number of com
pounds. Bernstein et a l . , 1 in their discussion 
of the neutron diffraction structure of U(BH4)4, 
which has both double and t r ip le hydrogen-bridged 
metal boron bonds, proposed using the metal-boron 
bond length as a criterion for determining whether 
the metal ion i s bonded by two or three bridging 
hydrogen atoms to the boron atom. This idea implies 
that one can assign an ionic radius to the boro
hydride ion. Bernstein et a l . determined the 
values - 1.3 A and - 1.6 A for the ionic radii 
of a t r ip le hydrogen bridge group and a double 
hydrogen bridge BH4" group, respectively. 

Raymond et al. ,2»3 have recently syste
matized the structural cr i ter ia for ionic bonding 
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in (C5H5)-, (C8H8)2" and NfSiCOTj)^" metal com
plexes and have used Pauling's approach to calcu
late corrections for differences in coordination 
number for a particular ion. Following Raymond's 
c r i te r ia , we have correlated the structural data 
for doubly and tr iply hydrogen-bridged metal-
boron bonds with ionic radii for the metal ions 
obtained from Shannon's t ab le . 4 Plots of ionic 
radius vs. metal-boron distance are shown in 
Figs. 23 and 24. 

The correlation between ionic radius and the 
metal-boron bond length is remarkably good, con
sidering the uncertainties in the metal ion-boron 
bond lengths, the different methods, temperatures, 
and phase:; for which structures were determined, 
the large range of coordination number and of the 
periodic table covered, plus the variety of other 
ligands attached to the metal atom. For most 
molecules the metal-boron bond distance can be cal
culated with r°ssonable accuracy using the ionic 
bonding model. Clearly, i t is not possible to 
draw conclusions about covalent bonding between 
the metal atom and the borohydride group solely 
from structural considerations based on die metal-
boron distance. 

The one compound which does not f i t this cor
relation is [C(CH3)3Si)2N]3ThBH4.s The Th ion is 
formally six coordinate in this molecule, and the 
ionic radius obtained for the triple-hydrogen 
bridged BH4" group £unambiguously assigned from 
the infra-red spectrum) is much too large 
(Fig. 24). The bistrimethylsilylaraide group is an 
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Fig. 24. Metal ionic radius vs. M-B bond length 
for compounds with metal-boron tridentate hydrogen 
bridges. (XBL 804-64S) 

1.3 _ BIDENTATE COORDINATION 
1 1 1 

1.1 
u 

~ 0 9 << 
| 0 J 

'c 
2 OS Be Be 

c* / 
a/ ; a" 
S A) 

' 'G3 

-

0.3 / • B . " 
0.1 

/ . B 

1 
-

S 4 1.6 IS 2 0 ZZ 2.4 ae ZA 3.0 

M-B bond length (A) 

Fig. 23. fetal ionic radius vs. M-B bond length 
for compounds with metal-boron bidentate hydrogen 
bridges. (XBL 804-646) 

extremely bulky ligand which is known to form low 
coordination nunber complexes with metal ions of 
large ionic radii such as the lanthanides. Al
though this ligand acts in a monodentate manner, 
i t appears to have a much larger effective co
ordination number due to i t s s ter ic bulJc. From 
Fig. 24 one can extrapolate an effective coordina
tion number >_ 12 for the Th ion in U(CH3)3Si)2N]3 
TJ1BH4. 

Brief version of LBL-10855; to be published in 
Inorganic Chemistry. 
1. E. R. Bernstein e t a l . , Inorg. Qem. 11, 
3009 (1972). — 
2. K. N. Raymond, In Organometallics of the f 
Elements. T. J . Marks, R. D. Fischer, lias., 
D Reidel Publishing Co.: Boston (1979) p . 249. 
3. JC. N. Raymond and C. W. Eigenbrot, J r . , 
Accts. Chem. Res. 13, 276 (1980). 
4. R. D. Shannon, Acta Crys. A 32, 751 (1976). 
5. R. A. Andersen, D. H. Templeton, and 
A. Zalkin, Inorg. Chem. 17, 2317 (1978). 
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12. 1,4- AND l,6-DI-TERT-Bim(m00CTATErRAENES+ 

Matthew H. Lyttle, Robert W. KLuttz, and 
A. Streitwieser, J r . 

As part of our search for volatile and air-
stable organoactinide compounds, we had previously 
prepared cyclooctatetraenes (COT) highly sub
st i tuted by tert-butyl groups.1 Our earlier 
preparation of 1,4-di-tert-butylCOT was a specific 
synthesis; we have now developed an alternative 
synthesis from COT oxide as outlined in Fig. 25 
that can readily be generalized to other substit-
uents. In the process we discovered some unusual 
properties of this hydrocarbon. 

Deprotonation of the di-tert-butylcycloocta-
triene shown with potassium amide in a mixture of 
liquid ammonia and tetrahydrofuran gave 
1,4-di-tert-butylcyclooctatetraene dianion, which, 
on oxidation with iodine, gave a product whose 
nmr spectrum indicated a mixture of 1,4- (1) and 
1,6-di-tert-butyl-cyclooctatetraene (2). Treat
ment of the mixture with AgNOj in boiling alcohol 
gave the si lver ni t ra te complex only of 2 as a 
crystalline material having a satisfactory analy
s i s . Treatment of this s i lver complex with am
monia regenerated the hydrocarbon having the nmr 
spectrum only of 2. The spectrum changed gradu
ally to that of the equilibrium mixture of 1 and 2. 
The vinyl proton region of the nmr spectrunfof the 
mixture i s shown in Fig. 26 with the assignments. 

A solution of the mixture of 1 and 2 was 
allowed to equilibrate at temperatures from 25°C 
to 50°C with the results in Table 5. A plot of 
lnK vs 1/T was linear and gave the thermodynamic 
data: Mf = 0.48 Kcal mol - 1 and AS° = 0.92 e.u. 
What is most surprising in these results is that 
2 is significantly more stable than 1 despite the 
proximity of the bulky tert-butyl groups to each 
other in 2. Our interpretation is that the ter t -
butyl groups are held in such a position that 

Q t-BuLI f / ' = \ , - B u L I / = \ 

E'.0.37- ' ^ s A ^ / ^ o H"0n••-'"1•" ^ ^ J V 

/ = ^ v S0CI,-pyr. / ^ S 

xMv< ^^ x^=o< 

jAgNOj 
N.R. 

' 1 ) KNH, 

2 ) I, 

Fig. 26. Proton nmr spectrum in the vinyl region 
of a mixture of 1 and 2. (XBL 813-508) 

s ter ic repulsion i s actually small but that Van 
der Waals attraction is significant. 

Solutions of the AgNO, complex were treated 
with ammonia and immediately held at constant tem
perature in an nmr probe. The ratio of 1 and 2 
was determined as a function of time and~gave the 
kinetic results summarized in Table 6. These re
sults leid to the activation parameters, 
AH* = 14.7 Kcal mol-1, AS* = - 26.3 e.u. The 
enthalpy of activation is not too different from 
that of some reported mono-substituted cyclo
octatetraenes (COT): OOT-COOEt,2 12.8 Kcal mol" 1; 
COT-Ofe20H(2 15.4 Kcal mol - 1 ; COT-OCHj,3 16 Kcal 
n o l - 1 , COT-OC(CHj)3,3 13 Kcal mol" 1. However, 

Table 5. Equ* librium constants for the 
interconversion of \ and 2; K = [ l ] / [2 ] . 

'A'SNOj 

Fig. 25. Preparation of 1,4- and 1,6-di-tert-
butylcyclooctatetraenes. (XBL 812-8091) 

Temp,°C K 

25 0.702 

30 0.714 

40 0.728 

45 0.739 

50 0.75 



Table 6. First order rate constants for the 
conversion of 2 to 1 as a function of temperature. 

Temp. °C k, , 10 sec' 

25 7.8 

30 12 

40 23 

45 41 

the entropy of activation i s far more negative 
than those of the other systems. Apparently, 
many motions of the tert-butyl group are frozen 
out in the planar octagonal transition state in 
our reaction. 

* * * 

This research was supported in part by a 
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13. BIS-u-(CTCLOBUIBlOCYCLOOCrATETRAENE) 
URANIlM(IV)t 

Wayne D. Luke, Stuart R. Berryhill, and Andrew 
StTeitwieser, J r . 

the t i t l e compound 3 has special interest in 
organoactinide chemistry~because of the highly 
strained and fused 4-member ring. Interesting 
questions involve the induced distortion of the 8-
membered ring and the consequent effects on 
bonding. Moreover, the relatively rigid structure 
permits a detailed analysis of the nmr spectrum 
into contact and pseudo-contact contributions. 

Cyclobutenocyclooctatetraene dianion, 1, was 
prepared by deprotonation of the triene 2 with 
KNH, in liquid ammonia as described by Staley.l 
Reaction with UCI4 in THF gave the dark green 
crystalline uranocene, 3. The visible spectrum 
shows the expected bathochrondc shift of an alkyl-
substituted uranocene with >>jnax at 623 nm 
(e = 610). The crystal structure was reported 
previously;Z this structure determination showed 
only sl ight distortion of the 8-membered rings 
from a regular octagon and the uranium remained 
accurately along the centers of these rings 
(Figs. 27a and 27b). 

The magnetic susceptibility of 3 was measured 
via the vibrating magnetometer method over the 

Fig. 27. (a) and (b): Structures of various 
uranocenes and their precursors. 

(a) (XBL 8011-12103) 
(b) (XBL 8011-12104) 

range of 4.2 K to 100 K to provide the data 
plotted in Fig. 28. The magnetic susceptibility 
displays Curie-Weiss behavior from 15 K to 100 K 
with p e f £ = 2.36 B.M.; 6 = 8.5 K and is essenti
ally temperature independent below 15 K. Suscepti
b i l i ty measurements at 30°C by the Evans method* 
gave a value of X^VE = 2.34 x 103, emu mol-1. This 
number is in excellent agreement with that extrap
olated from the low temperature data, 2.23 x 10"3 
emu rnol'l. This temperature dependence behavior 
corresponds well with that of uranocene and sev
eral of i t s derivatives. 

The nmr spectrum was particularly significant. 
The iH nmr spectrum as a function of temperature 
is summarized in Fig. 29. Two of the rins protons, 
like the ring proton resonances in uranocene and 
substituted uranocenes, are linear in T" 1. In 
contrast, the low-field ring proton resonance and 
both of the methylene proton resonances are non
linear, indicative of temperature-dependent con
formational mobility. Using the known crystal 
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Kg. 28. The reciprocal of the molar magnetic sus
ceptibility as a function of temperature (Curie-
Weiss plot ) . The least squares line based as in
dicated on the points shown yields the Curie con
stant = 0.690 emu °K mol" 1, 9 = 8.5 K, 
Ueff = 2.36 B.M. (XBL 812-8092) 

structure of 3 (fief. 2) in conjunction with some 
reasonable assumptions, we could calculate the 
geometry factors* for the exo and endo protons to 
be -0.709 x 1021 cm"3 and -16.97 x 1021 cm-3, 
respectively. 

The resonances of 3 referenced t o l a s a 
diagmagnetic standard give the following isotropic 
shifts at 30°C: 6 16.35 ppm (exo), -30.05 ppm (endo), 
-33.28 ppm, -41.48 ppm, -49.38 ppm (ring). The 
approximate conformational equivalence of the exo 
and endo hydrogens implies that they should have 
equal contact shif ts . Equation (1) can be derived 
for such a case to relate the observed isotropic 
shift (6) differences directly to the geometry 
factors (G) that determine the pseudo-contact shif t : 

* 
3!cT u endo 

(1) 

This ana lys i s y i e l d s a value of 12.5 B.M.2 f o r 

\3 - p2, wi th corresponding pseudocontact s h i f t s of 
-2 .03 ppm (exo) and -48.5 ppm (endo) and a con tac t 
s h i f t of 18.4 ppm. These ca l cu l a t ed va lues show 
t h a t t he d i f ference i n the s ign of t he observed i s o 
t r o p i c s h i f t s of t he methylene protons r e s u l t s 
from the fact that the isotropic shift for the exo 
protons is principally contact in nature whereas 
the endo isotropic shift is dominated by the pseu
docontact component; the 'tesgic angle" l ies close 
to the exo-hydrogen. There is some uncertainty, 
but our estimate supports the conclusion of 
Fischer et a l . 5 . 6 that vj- 0. 

Finally, we searched for possible ring-
opening reactions of 3 to form $; but heating with 
potential dienophiles such as dimethyl acetylenedi-
carboxylate, bis-trimethylsilylacetylene, and 
maleic anhydride gave no evidence for Kels-Alder 
products. These results show that electrocyclic 

1/1 X 1000 (°K) 
Fig. 29. Isotropic shifts of 3 relative to the 
dianion as a function of reciprocal temperature. 
The protons on the 8-membered ring are not assigned 
and the resonances are labeled A,B,C in order of 
increasing field. Linear relations for the chem
ical shifts of B and C are given by: 
6(B) = 6.25 ± 0.48 - (12809 *_ 123)/T; 
6(C) = 14.05 + 0.77 - (17582 ± 197)/T. 

(XBL 8011-12102) 

ring opening of the type 3 -+• 4 is not more facile 
than for benzocyclobutene~itself. 

he conclude that despite the s t rain of the 4-
membered ring, compound 3 behaves as a rather normal 
uranocene witii l i t t l e change in bonding. The 
structure did, as hoped, provide important results 
as TegaTds the nmr spectrum which could be gener
alized to other uranocenes. 

This research was supported in part by grants from 
the National Science Foundation. 
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Physical and Spectroscopy Studies 

14. OPTICAL SPECTRA AND ZEEMAN EFFECT FOR Er 3* DJ 
U1PO4 AND HfSi04+ 

T. Hayhurst, G. Shalimoff, N. Edelstein, L. A. 
Boatner, and M. M. Abraham 

One of the most important problems in radio
active waste isolation is the choice of material 
to be used as a container. I t has been suggested 
that the mineral mcmazite and i t s synthetic 
analogs have chemical and physical properties 
which make them attractive candidates as host 
materials for long-lived actinide ions.I I t is 
ijnportant to characterize the possible s i tes where 
impurity ions could be incorporated into these ma
ter ials and to determine the oxidation states of 
the actinide ions after incorporation. 

Monazite i s a mixed orthophosphate containing 
(La,Ce,Y,..OP0 4. Pure Ianthanide orthophos-
phates are structurally divided into two classes: 
the f i rs t half of the series (LaP04 to GdPO,j) has 
the monoclinic monazite structure while the second 
half of the series (TbP04 to LUPO4, YPO4, and 
SCPO4) has the tetragonal zircon structure. Pre
vious studies have shown by electron paramagnetic 
resonance (EPR) techniques that Gd3 + occupies 
identical substitutional si tes in both single 
crystal and powder samples of the tetragonal 
orthophosphates.2 

The electronic states resulting from an f11 

configuration restricted to I>2d symmetry can be 
described with an effective Hamiltonian of the form 

H = Hx + [^ + H3 + H 4 , 

where H^ is the electrostatic interaction, H2 is 
the spin-orbit interaction, H^ i s the crystalline 
field interaction, and H4 contains configuration 
interaction terms, three-body interactions, and 
additional magnetic terms.3 

^ Preparation and characterization of the 
Er-^iUiFO^ crystals by EPR was very similar to the 
previously reported work on Er 3 +:HfSi04.* The 
ground state g values for Er3+:LuK>4 were found to 

be g„ = 6.386 and g, = 4.970,5 compared to 
g,. ="4.316 and g x = 6.682 for Er 3 + :HfSi0 4 . The 
absorption lines of both crystals were observed 
by detecting the transmitted light from a 10O-W 
tungsten-halogen lamp. Transitions between 12,000 
and 28,000 cnrl were photographed on a spectro
graph with a dispersion of about 5.2 A/mm while 
the transitions between 6,000 and 12,000 cm"! were 
observed using a scanning monochromator with a 
PbS detector. 

Fifty-five transitions were assigned to 
Er3+:LuPO,j and 46 transitions to Er3 +:HfSi04. The 
free ion and crystal field parameters associated 
with Hi, H2, and H, were then varied via least 
squares optimization of the agreement between the 
calculated and assigned transitions. The addi
tional free ion parameters associated with H4 
were fixed at the Er 3 +:LaClj values. Some assign
ments were then confirmed by comparing calculated 
and measured g values where i t was possible to 
observe magnetic field splittings of the absorp
tion lines. 

Satisfactory f i ts were obtained in both cases, 
with a residual (a) of 13.2 cm"1 for Er3+:LuP04 
and 14.5 cm"1 for Er 3 +:HfSi04. In addition, the 
model was tested on ErS+YKty by f i t t ing to pre
viously reported data. 6 .7 the calculated g values 
for the ground states iji each case agree well with 
the EPR measurements. The fit ted parameters for 
Er 3* in a l l three crystals, LUPO4, YPO4, and 
HfSiCvf, can be compared in Table 7. The crystal 
field parameters reported here will provide a 
good starting point for future work on tetraposi-
tive actinide ions in this type of host crystal. 

* * * 
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Table 7. Crys ta l f i e l d parameters for Er (cm ) . 

Parameter LuPO. YP0„ HfSiO. 

P 2 

F 4 

F 6 

97015 97058 97530 

69141 69142 68589 

48232 48232 49022 

2366 2368 2368 

146 279 -520 

68 155 427 

-760 -756 -884 

-537 

F u 44051 44062 44137 

a a 15.9 15.9 15.9 

B a 632.0 632.0 632.0 

y a 2017. 2017. 2017. 

.p2 a 157.5 .157.5 157.5 

™3 a 48.0 48.0 48.0 

T 4 a 18.0 18.0 18.0 

.J5 a -342.0 -342.0 -342.0 

T 7 a 214.0 214.0 214.0 

T 8 a 449.0 449.0 449.0 

M°a 4.5 4.5 4 .5 

M 2 a 2.52 2.52 2.52 

M 4 3 1.71 1.71 1.71 

p 2 a 667.0 667.0 667.0 

P 4 a 500.3 500.3 500.3 

P 6 a 333.5 333.5 333.5 

a 13.2 14.7 14.5 

aFrom Ref. 3 . 

15. VIBRATIONAL SPECTRA AND NORMAL COORDINATE 
ANALYSIS OF NEPTlNIuW (IV) BOROHYDKIDE AND 
NEPTUNIUM CIV) BORODEWERIDE1' 

R. H. Banks* and N. Ede l s t e in 

Uranium borohydride, U(BKj)4, the f i r s t 
t e t r ak i s -bo rohydr ide known, was syn thes ized 
during the Manhattan P r o j e c t . Hf(BH4)4, 
ZrCBtyH, and Th(BH4)4 l i k e U(BH4)4 a r e s o l i d s 
a t room temperature , but Hf(BH4),j and Z rCBH^ 
a re appreciably more v o l a t i l e than t h e i r a c t i n i d e 
analogs . We have r ecen t ly repor ted t he syntheses 
of Pa{BH4)4, Np(BH4)4 and PuCBfy^. As expected, 
Pa(BH^)4 has phys ica l p r o p e r t i e s (melt ing p o i n t , 
subl imat ion temperature) in te rmedia te t o those 
of Th and U borohydr ides . However, Np(BH4)4 and 
Pu(BH4)4 a r e l i q u i d s a t room temperature with 
vapor p r e s su re s l i k e those of Hf(BH4)4 an^ 
Zr(BH4) 4 r a t h e r than l i ke U(BH 4 ) 4 and Th(BH4) 4. 

The seven known metal t e t r ak i s -borohydr ides 
a r e a l l of the same symmetry in the gas phase b u t , 
in the solid s ta te , exhibit three types of crys
ta l structures. Analyses of the vibrational spec
tra have been reported for the tegragonal, poly
meric structure displayed by Th, Pa, and U boro
hydrides and for the cubic monomeric structure 
shown by Zr(BH4)4 and HftBJty^. Those studies re
vealed that the vibrational spectra are highly de
pendent on solid-state structure, and very notice
able spectral differences were observed for the 
two structure types. However, in certain regions 
of the spectra, i t was not clear whether molecular 
geometry or other factors were primarily respons
ible for dissimilarities. In addition, the assign
ments of some spectral features remained doubtful 
and need further examination. 

We report in this paper an analysis of the 
IR and Raman spectra of Np(BH4)4 and Np (204)4 
which, like the analogous Pu compounds, display 
the third structure type, tetragonal and monomeric. 
An attempt was made to elucidate some of the uncer
tainties in earl ier analyses and to explain the 
origin of the nonfundamental bands seen in the 
IR spectra from 25 to 7400 cnrl for Np(EH4)4 and 
in the near IR region for 2r(BH4)4- I t was found 
that the unobserved Ti fundamentals and modes in
volving the less abundant 10R atoms were very im
portant and required a heavy reliance on the nor
mal coordinate calculations using the derived 
force field. 

Solid state spectra for Np(BH4)4 and Np(BD4)4 
are shown in Fig. 30. The program NORCRD was 
used to calculate frequencies and normal coordi
nates. I t sets up the normal coordinate problem 
in terms of mass-weighted Cartesian coordinates 
in which the kinetic energy matrix is a unit matrix 
and the potential energy matrix contains the force 
constants in terms of bond distances and angles. 
In diagonalizing the V matrix the frequencies and 
normal modes are obtained. Since there are fewer 
observed spectral data than independent force con
stants , an approximate general valence force field 
was derived using a limited number of the more 
important constants. 
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Fig. 30. Solid state 
Np(BD4)4 at 77 K. 

It? spectra of Np(BH4)4 and 
(XBL 794-9123A) 

l is ted in Table 9. The standard deviation i s 
10 cra-1 for 32 of the 36 allowed fundamentals. 

The solid state structure of Np(BH4)4 has a 
vibrational spectrum which i s basically similar to 
those of Zr and Hf borohydrides. A few differences 
are seen, mcstly in the lower energy spectral re
gion. These differences persist in the gas phase 
where a l l MCBH4J4 molecules are isostructural. 

Although the two force fields found for 
NpCBH4)4 and HfCBHa),) cannot be compared in fine 
detai l , the values of the force constants are very 
similar, especially those related to the BH4 
group. . Similarity is to be expected since the 
BH4 modes prove to be not strongly dependent on 
metal size or mass. Greater differences are found 
in the force constants involving the MH3B struc
tures; but, in general, these constants follow 
the same trend where the MB constant is higher than 
the Mib constant. As was also noted in the vibra
tional analyses of Hf and Zr borohydrides, MB 
bonding may be significant in these molecules. 

The optimum force field is given in Table 8 
and the calculated frequencies i t produces are 

'Brief version of LBL-10901; accepted for publica
tion in J. Chem. Phys. 
Permanent address: Chemistry Departmsnt, Argonne 

National Laboratory, Argonne, IL 60439. 

Table 8. Best-fit force constants for neptunium 
borohydride at 77 K 

Primary Force Constants 
Internal Coordinates Value 

Interaction Force Constants 
Internal Coordinates Value 

uBHt 3.51 md/A vBHjj : vBH^ 0.04 md/A 

v B H b 2.36 vM^ : vM^ 0.02 

^«b 0.37 uMB : <5iy«b -0.09 md 

vMB 1.28 vBr^ : U^BH^ 0.04 

ayfflb 0.28 md/A vM^ : S iy t^ 0.04 

«%•*, 0.36 

6 V«b <CS> 
0.26 

si^BMB 0.18 a 

^ e torsion force constant is essentially undetermined since the 
A2 mode is not observed. I t was set at 0.18 and kept constant 
during a l l f i t s . 

Internal coordinates in this constant interact only with other 
like coordinates in the same BH. group. 



Table 9 . Fundamental v i b r a t i o n s (cm~x) of 
N p ( K l 4 ) 4 a n d N P ( B D 4 ) . 

Normal 
Made 

NPCBH4)„ 

Observed Calcula ted 

NP(BD 4) 4 

Observed Calcula ted 

Vj * 2551 2S57 1912 1911 
T 2 V2 L 2143 2144 1548 a 1603 

^ 2069 2078 1516 1485 
T V 7 

4 L 
1247 1266 926 897 

& 1225 1223 917 895 

^ 1138 1104 860 824 

* 7 * 2 575 437 447 

^ 475 488 415 

v« 130 156 112 139 

^ 2557 2554 1913 1905 

^ 2149 2147 1517 1523 

vA 1283 1284 955 953 

"A 517 517 475 466 

E 
v l 2123 2117 1619 1589 

V 1260 1270 90S 899 

V 1053 1089 795 807 

V 4 E 571 413 

V 168 142 154 125 

v , ' l 2116 1587 

^ 1256 889 

^ 1084 810 

V* 565 405 

^ 405 288 

A 288 204 

a T h i s mode i s i n Fermi resonance wi th 2 « 3 2 ( B ) . 

16. ELECTRONIC SOLUTION SPECTRA K)R URANIUM AND 
NEPTUNIUM IN OXIDATION STATES { I I I ) TO (VX) BJ 
ANHYDROUS HYDROGEN FLU0RIDE+ 

M. Baluka,* N. Ede l s t e in , and T. A. O'Donnell^ 

Spectra have been recorded for so lu t i ons in an
hydrous hydrogen f l uo r ide (AHF) of uranium and nep
tunium in ox ida t ion s t a t e s ( I I I ) t o (VI) , F igs . 31 

NANOMETERS 
4M 600 300 W BOO 

al 

I 
1,1 

I ,'• 

i t r 
'!/ A • V v I 'J [ 

400 600 100 MO MO 

6) 

400 600 BOO Z W 

400 600 000 B » 

Fig . 31 . Opt ica l s p e c t r a of (a) U(III)/AHF and 
AsFs (2 a tm); (b) U(IV)/AHF and AsFs (2 a tm) ; 
(c) UF5/AHF and AsFs (1 .5 a tm); (d) UF6/AHF and 
AsF s (1 .5 atm). (XBL 809-2021) 
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Fig. 32. Optical spectra of (a) Np(III)/AHF and 
AsFs (2 atm); (b) Np(IV)/AHF and AsFc (2 atm); 
(c) NpF5/AHF and AsF5 (2 atm); (d) NpFg/AHF and 
BFj (z atmj. The * above certain peate represents 
absorption occuring on the second absorption 
scale (OD between 1 and 2) of the Cary 17. 

(XBL 809-2022) 

and 32. The fluorides of these elements can be 
made soluble in AHF by the application of BF3 or 
AJF5 at approximately two atmospheres pressure to a 
suspension of the metal fluoride. U(III) or NP(III) 
can be obtained easily by the treatment of U or Np 
metal with AHF - ASF5. 

The optical spectra for U(III) , Np(III), and 
NP(IV) in AHF are very similar to those in acidi
fied aqueous solution, but that for U(iV) suggests 
that the cationic species i s (JF?2*. The AHF 
spectra for the elements in oxidation states (V) 
and (VI) are not comparable with those of the 
formally analogous aqueous solutions, where the 
elements exist as well-defined dioxo-cations. 
However, these AHF spectra can be related to spec
t ra in the gas phase, in the solid state or in 
nonaqueous solvents for each element in i t s appro
priate oxidation s ta te . 

TBrief version of LBL-11018; submitted to Inorganic 
Chemistry. 
^Present address: Institute for Low Temperature 
Research, Polish Academy of Sciences, Wroclaw, 
Poland. 
^Present address: University of Melbourne, 
Victoria, Australia. 

17. ELECTRON' PARA>WKETIC RESONANCE SPECTRA OF 
E r ( I I I ) , D K H I ) , AND Gd(I l I ) IN YTTRIUM AND 
LANTHANUM HYDRIDES"1" 

B. Spencer* and N. Ede ls te in 

Many lanthanide, actinide, and transition 
elements form binary hydrides that look metallic, 
have metallic conductivities, and show other 
metallic properties such as ordering at low temper
ature. 1 Substantial regions of nonstoichiometry 
and transition to sendmetallic behavior, as the 
trihydride composition is approached, also char
acterize these materials. Yttrium and lanthanum 
typify lanthanide behavior by combining with hydro
gen at moderate temperatures and low hydrogen pres
sures to approach a cubic fluorite structure for 
the dihydride with the hydrogen atoms occupying 
tetrahedral sites in the cubic, metal l a t t i ce . 

The present study was undertaken to confirm 
the oxidation state of the metal and the hydridic 
nature of the hydrogen by obtaining electron para
magnetic resonance (EPR) parameters sensitive to 
the oxidation s tate of the metal and to the sign 
of the charge on the hydrogen for representative 
lanthanides (Er, Dy, and <id) diluted in the non
magnetic host materials YHX and LaHx. For hydride 
compositions near x = 2.0, the environment of the 
dopant metal ion should be cubic for the majority 
of the ions present, thus providing a convenient 
situation for determining the oxidation state and 
electronic ground state of the ion in question so 
as to distinguish between protonic and hydridic 
crystalline electric fields. 
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X-band EPR spectra, which were recorded with 
the samples in flowing helium gas a t a temperature 
of -10 K, are shown in Table 10. Samples of 
KH2 and YH3 doped witi\ Vb, Sra, Eu, and Ce did not 
give observable signals. However, the cerium 
samples were particularly sens, -ive to a i r oxida
tion and formed some oxide prior to arc melting so 
the hydride samples may not have contained signif
icant amounts of Ce. 

The EPR spectra summarized in Table 1 are 
characteristic of the tr ivalent ions of Er, Dy, 
and Gd, thus confirming the +3 oxidation s tate for 
the metal ions with three electrons presumably 
denoted to the conduction band in the dihydrides. 
Sm3 , with a rg ground state in a cubic hydridic 
crystal field, should have an anisotropic EPR 
transition so that failure to observe spectra for 
samarium is consistent with the +3 s ta te . Europium 
might be expected to remain Eu 2 4 with an easily ob
servable isotropic " S j / , ground state since pure 
EuH, cannot be convert&a to a higher hydride, 1 so 
failure to observe spectra for samples doped with 
europium i s consistent with Eu3* in YH .̂ ytterbium, 
which could be expected to exhibit an isotropic Ty 
ground state i f present as Yb3+, apparently remains 
in the diamagnetic +2 state as i t does in pure 
orthorhombic Y0H2, since spectra are not observed 
for Yb in this cubic host. Preliminary studies 
of pure Y0H2, however, did give EPR transitions at 
g = 4.7 and 3.9, perhaps indicating some Yb3* in 
this lower symmetry environment, as has been sug
gested! to explain the slight room temperature 
paramagnetism of YbH2. 

Gd gives a single isotropic line at 
g • 1.996 in YH2 and g = 1.96 in LaH2.Q as expected 
for an S-state ion, although the zero : field sp l i t 
ting expected even in a cubic environment is ab
sent. Such collapse of a zero-field multiplet into 
a single line i s characteristic of exchange nar-
nowing through coupling via conduction electrons, 
as i s found for Gd in gold^ and for Gd in d-band 
intermetallic compounds.3 The broadening of the 
Gd3* resonance line in LaHx> as x increases from 
2.0 to 2.6, could reflect either the decrease in 
conductivity or the decrease in s i t e symmetry or 
both, as hydrogen occupies additional octahedral 
s i t e s . The complex spectra obtained for Gd 3 + in 
YH3 show that exchange narrowing by coupling 
through conduction band electrons is no longer 
effective as the hydride loses i t s metallic char
acter. 

Brief version of LBL-1193S; to be submitted to 
Inorganic Giemistry. 
Permanent address: Department of Giemistry, 

Beloit College, Beloit, It'I 53511. 
1. K. M. McKay, in Comprehensive Inorganic 
Chemistry, Vol. 1. , J. C. Baiiar c t a l . eds. ; 
Pergamon, New York, C1973), p. 38. 
2. K. Baberschke and Y. V. Spalden, Phys. Rev. 
B 19, 5933 (1979). 
3. G. E. Barberis, et a l . , Phys. Rev. B 19, 
5495 (1979). — 

Table 10. Summary of 3>R observations at - 10 K. 

Ion Mol. Observations 

Dy 3+ 

^ 

0.6 

5 L a H 2 - 3 
1 ™2 

1 ""3 
4 " t s 
2 YJ2 

2 W 3 
S L a H 2 . 0 

LaH. '2.4 

LaH 2.6 

Single line, g = 6.60 + 0.05, 
AH = 125 gauss 

Complex spectrum, principal lines 
at g = 10.9, 5.0, 3.7 

No spectra observed 

Single line, g = 6.9 ± 0.2, 
4H = 287 gauss 

Weak lines at g = 6.1 i 0.5 and g = 14 * 1 

No spectra observed 

Single line, g = 2.00 + 0.02, 
AH = 305 gauss 

Complex spectrum from g = 19 to 1.0 

Single line, g = 1.96 ± 0.04, 
AH = 195 gauss 
Single line, g - 1.96 •. 0.04, 
AH = 300 gauss 

Single line, g = 2.00 • 0.05 
AH * 433 gauss 
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IS. SPECTRUM AND ENERGY LEVELS OF Pr3* IN TbBT^ 

J. G. Camay, J .-C, Krupa, P. Delamoye, and 
M. Genet* 

The strong features in the absorption spectnm 
and the laser excited fluorescence spectrum of 
P r 3 + diluted in ThBr4 have been interpreted as 
arising from levels of P r 3 + in a Dzj symmetry 
s i t e . Forty-three levels have been fit ted to 
the usual parameters with an rms deviation of 61 
cn ' l . The parameters are l is ted in Table 11. 
There are many processes going on in this crystal, 
as can be seen from Fig. 33, which shows the struc
ture of the 3pg absorption. In pure D2d symmetry, 
this should be a single sharp line assigned to 
the transition rs - r i . The structure indicates 
many vibronic frequencies and also the possibility 
of another s i t e . However, the strong features of 
the spectnm belong to the D2d syimetry s i t e . 

Brief version of LBL-11601; to be published in 
J. Chem. Phys. 

Table 11. Parameters obtained from fit t ing 
Pr 3* in ThBr̂  in o r l . 

F 2 68354 

F 4 50310 

F 6 33799 

F° 11558 

rr 738.8 

a 21.26 fixed a 

B/12 -66.67 fixed a 

Y 1342.9 fixed a 

4 260.0 

4 -644.2 

B44 929.2 

B 6 

B o 
1089.0 

R 6 

B 4 240.6 

Notes: Final f i t had 42 levels and 6 parameters 
BK's, F0. 
RNE = 61 cm"1, where RMS - [E(E t.-E 0J 2/L-P] 1 / 2, in 
which L - number of levels, and P * number of 
parameters. 
^ ixed at the aqueous values, Ref. 1. 

ThBr 4 : P r 3 + 

TT speclra 

4920 4870 3 

Fig. 33. Structure of the T> absorption l ine. 
" [XBL 8011-12051) 

*Institut de Physique Nucleaire, Orsay, France 
1. W. T. Camall, P. R. Fields, and K. Rajnak, 
J. Chem. Phys. 49, 4424 (1968). 

RESEARCH PLANS FOR CALENDAR YEAR 1981 

The basic purpose of the project in heavy 
element chemistry is to study lanthanide and ac-
tinide materials in order to provide the basic 
knowledge necessary for their safe and economic 
util ization in present and future technology. This 
work encompasses related problems of an applied 
nature in actinide chemistry. 

The nrogram includes the preparation of new 
gaseous, liquid, and solid phases and studies of 
their physical and chemical properties. Techniques 
for characterization include x-ray diffraction, 
optical and vibrational spectroscopy, magnetic reso
nance, and magnetic susceptibility. Equilibrium 
and kinetic data for complex formation will be mea
sured. From these complementary studies, new in
sights into the structural and chemical principles 
of actinide compounds will be obtained with which 
to design new synthetic schemes to produce new ma
te r ia l s . 

A t yor aspect of our program i s the design 
and testing of sequestering agents for actinide 
ions that can engulf the ion and generate neutral 
or negatively charged complexes. Synthesis and 
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evaluation of actinide-specific sequestering agents 
wil l continue. The testing of the carboxylated 
catecholyl amides such as 3,4,3-LlCAMC wil l con
tinue and new modifications wil l be examined. En
t irely new ligand structures whidi incorporate 
monoprotic ligand groups isosteric with catechol 
will be examined. These include 2-hydroxypyri-
dine-N-oxide and i t s isomers and derivatives. 

The thermodynamics .̂ f actinide binding by our 
sequestering agents will be studied by solution 
equilibrium competition studies and potentioraetric 
techniques. 

The mode of bonding of the acrinides and 
similar ions by the human iron transport protein 
transferrin will be studied, since this is the 
major mechanism of Pu(IV) transport in mammals. 
The kinetics of the release of actinide ions from 
transferrin to the actinide sequestering agents 
will be examined. 

Further studies of organoactinides are 
planned. Our new synthesis of 1,4-disubstituted 
cyclooctatetraenes starting with cyclooctate-
traene oxide lends i tse l f to various substituents. 
The synthesis also provides routes to deuterated 
t-butylcyclooctatetraenes required to confirm the 
assignment of ring proton chemical shifts in 
uranocenes; the preparations now in progress will 
be completed. The 1,5-di-t-butylcyclooctstetraene, 
recently synthesized, will be converted to the 
corresponding uranacene. The discovery by dynamic 
NMR studies of intramolecular attraction between 
the aryl rings in l,l'-dimesityluranocene will be 
confirmed by preparation and study of the mono-
substituted uranocene. The synthesis of 
cvclohexyluranocenes will be completed, and we 
expect to s ta r t synthetic studies of silylurano-
cenes. We will continue efforts to prepare stable 
ally l i e uranium compounds. Oui NMR studies of 
uranocenes will continue with emphasis next on 
ISC NMR. 

We will continue collaboration with Dr. J. 
Green of Oxford in the determination of PES spectra 
by sending substituted thorocenes. We will also 
continue the collaboration with Dr. N. Rosen of 
Munich in re la t iv is t ic Xo-SW calculations of 
uranocene structures. Our own extended HiJckel 
calculations will be extended to re la t iv is t ic 
calculations. 

The l-cyclooctatetraenyl-2-cyclopentadieny-
lethane which we prepared recently will be used 
to study i t s various anions and for conversion to 
a uranium derivative. We will continue our 
attenpts to prepare bridged uranocenes. 

If the availability of suitable personnel 
permits, we will continue our studies of trans
uranium organometallic chemistry, particularly with 
the preparation and chemistry of neptunium and 
plutonium compounds. 

Studies on the preparation and physical 
properties of new actinide amides, alkoxides, 
alky I s , and borohydrides will continue. The 
reaction chemistry on compounds of the type 
XK[N(SiMe3)2]3 where X i s H, BH4, or Me and M is 

Th or U wil l be pursued. Reactions with unsatu
rated and other organic molecules with the intent 
of developing new chemistry i s of particular in
terest . Studies wi l l continue on the low-valent 
Ci.e., divalent oxidation) state of Sm, Eu, and 
Yb with the bulky ligands Ofe3Si)2N and CsMe5. 
Our principal objective i s to understand the 
chemistry and reactivity of these low-valent ma
t e r i a l s . 

The spectroscopic program will emphasize the 
crystal spectra of lanthanide and actinide ions 
in a variety of host crystals. Optical studies 
(in collaboration with the Solid State Division 
of ORNL) were init iated this year on lanthanide 
ions diluted in L.UPO4. This synthetic material 
i s closely related to the mineral monozite which 
has chemical and physical properties that make 
i t s synthetic analogues attractive candidates as 
host materials for long-lived actinide ions for 
radioactive waste isolation. This work will be 
expanded to include radioactive actinide ions 
and related host materials, such as YPO4 and 
ScPO .̂ W c n * w i l 1 "^ t inue on magnetic and optical 
studies of the actinide borohydrides. A major 
effort is underway to classify the free-ion spec
t ra of U, obtained this year as a function of 
current and time after excitation, and the higner 
Z actinides such as Am and Cm. 
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Fossil Energy 

a. Electrode Surface Chemistry* 

Philip N. Ross, investigator 

Introduction. Commercialization of phosphoric 
acid ruel cell technology requires a capital cost 
reduction and an extension of power plant l i fe 
compared to currently available technology. 
Significant capital cost reduction can be achieved 
if an oxygen reduction catalyst that is catalyti-
cally more active than platinum can be developed. 
The objective of the present research is to develop 
the physical and chemical understanding of the 
oxygen-platinum surface interactions necessary 
for the rational selection of alloying ligands 
that modify the basic catalyst properties of 
platinum. I t is fel t that the platinum-oxygen 
bond energy, which we can measure directly, will 
be changed when ligands are bonded to the surface 
platinum atoms and that , by the use of appropriate 
ligands, an optimal bond energy will result in 
enhanced catalytic activity relative to the pure 
platinum surface. 

The molten carbonate fuel cell is undergoing 
extensive research and development as an advanced 
fuel cell system for converting synthesis gas to 
electric power. Current operating schemes 
involve passage of the fuel gas, following con
taminant removal, past a porous nickel anode 
which contacts an electrolyte. The hydrogen and 
carbon monoxide are electrochemically oxidized 
in the fuel cell anode via 

H, 00^" ** H20 + CO, * 2e 

The objectives of our research are to study the 
kinetics and mechanism of oxygen reduction on 
electrode materials of practical interest. 

1. OXYGEN ADSORPTION ON Pt INTERMETALLIC SURFACES 

P. N. Ross and G. Derry 

Many theoretical descriptions of catalytic 
reactions a t metal surfaces attribute the remark
able catalytic properties of Pt to the unique 
d-electron configuration in this atom. The Engel-
Brewer bonding rules suggest the enormous 
thermodynamic stabili ty of intermetallies like 
Pt3Ti is due to strong metal-metal d^orbital 
bonding which is absent in the pure metals. Tne 
Engel-Brewer bonding picture for this class of 
intermetallics has not yet been confirmed by 
probes of the electronic structure. I t is the 
objective of our in i t ia l study of Pt-Group IV 
intermetallic surfaces to determine the nature of 
the metal-metal bonding by photoelectron spectros
copy. An electron energy analyzer of the hemi
spherical type,* developed specifically for angle-
resolved photoemission here at LBL, has been 
buil t . The analyzer has been integrated into UHV 
system with both x-ray and helium gas discharge 
photon sources. Photoemission studies of PtgTi 
are in progress. 

CO + CO*" * 2C0 9 + 2e~ 

The carbon dioxide produced is recycled to the 
air intake for the cathode to form the gas mixture 
that is electrochemically reduced via 

C02 + l /20 2 + 2e ^ CO*-

Supported by the National Aeronautics and Space 
Administration under Contract No. NSE-2193 and 
by the Lawrence Berkeley Laboratory Director's 
Office under Contract No. W-7405-EKG-48 with the 
U. S. Department of Energy. 

1. This apparatus is described in LBL-10025 by 
S. D. Kevan and D. A. Shirley. 

Commercial fuel cell development programs have 
concentrated their work on performance character
is t ics and materials evaluation in subscale 
hardware. Kinetic studies in alkali metal 
carbonate electrolytes have been done only with 
noble metal electrodes, e .g. , Au. Lit t le is 
known abou* the reaction kinetics or mechanism 
on materials used in practice, e .g . , nickel oxide. 

"This work was supported by the Assistant Secretary 
for Fossil Energy, Office of Fuel Cells, Advanced 
Concepts Division of the U. S. Department of Energy 
under contract No. W-7405-ENG-48 through the Fuel 
Cell Project Office, NASA Lewis Research Center, 
Cleveland, OH. 

2. THE KINETICS OF THE O2/CO2 REACTION LN 
D̂LTEN CARBONATE: REACTION ORDERS FOR O2 and C02 

ON NiOT»* 

P. N. Ross and J. Winnick5 

Kinetic studies were init iated in the oxygen 
reduction reaction on nickel electrodes in a 
carbonate eutectic of a composition used in the 
corasercial fuel cel l programs. Kinetic rates 
free of mass transport effects in the electrolyte 
were obtained using a potentiostatic transient 
method with a nonporous (lithiated) nickel oxide 
electrode. Six different CO? part ial pressures 
(O.S-5%) and three 02 partial pressures (10, 19, 
33$) were used to obtain the orders of the reaction 
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in OO2 and O2. Transport free polarization 
curves were used to derive the kinetic symmetry 
factor (Bronsted coefficient) and Tafel slope. 

The reaction orders were obtained from the 
partial pressure dependence of the exchange 
current density ( I 0 ) and from the values of the 
Bronsted Coefficient (a). Let 

/ 5 1 o g l \ 

then the reaction orders for the anodic (I +) and cathodic (I_) partial currents are: 

( Slog I A L - l * (a/2) 

5 K 1 ^ j ' » • (a/2) 
'E,T \ 

( 'ilog I A 

anodic 

cathodic 

n - 2/1 * (a/2) anodic 

n + (a/4) cathodic 

The exchange current density was found to follow 
the relation 

I 0 = 0.75 P ^ P £ ' 4 expt-6 x 10 3/(T + 273)) , 

2 
where I i s in A/cm for T = 550 - 750° and 
part ial pressure of 0.1-0.5 atm. Thus, m = 0 
and n = 0.4. The Bronsted Coefficient was found 
to be 0.65. Therefore, we find: 

/ aiog i \ . ° 

('' aiog i \ 

- 0.63 anodic 

+ 0.32 cathodic 

+ 0.23 anodic 

- 0.66 cathodic 
E,T 

I t is interesting to note that none of the 
reaction mechanisms yet proposed for the CO2/O2 
reaction in alkali carbonate melts are consistent 
with the reaction orders we report here. They are 

also very different from the values reported by 
Appleby and Nicholson1 for Au, which is indicative 
of differences in kinetics between Au and NiO 
electrodes. I t is also possible that the NiO 
electrode surface chemistry changes as a function 
of the CO2/O2 ratio by virtue of the Lux-Flood 
acid-base properties of the carbonate electrolyte, 
i . e . , the equilibrium concentration of oxide ion 
in the melt. Future mechanistic studies of the 
CO2/O2 reaction should consider the use of 
(specific) oxide ion electrodes to monitor 
possible changes in melt basicity with gas 
composition. 

Co-sponsored by NASA Research Contract NSG-2193 
and the Office of the Director, Lawrence Berkeley 
Laboratory. 
Brief version of LBL-10937; accepted for publication 

in Journal of the Electrochemical Society. 
"Permanent address: Department of Chemical 
Engineering, Georgia Institute of Technology, 
Atlanta, GA 30332. 
1. A. J . Appleby and S. B. Nicholson, J . 
Electroanal. Oiem. 53, 105 (1974); J . Electroanal. 
Chem. 83, 309 (1977)7 

RESEARCH PLANS FOR CALENDAR YEAR 1981 

No further work with molten carbonate electrolytes 
is planned. The study of intermetallic bonding 
in the Pt-Group TV compounds using photoelectron 
spectroscopy will continue. Studies on the 
chemisorption of oxygen on Pt-Group IV inter-
metallic compound surfaces will be init iated. 

1980 PUBLICATIONS AND REPORTS 

Refereed Journals 

1. P. N. Ross. "Hydrogen Chemisorption on Pt 
Single Crystal Surfaces in Acidic Solutions," 
Surface Science 101, 1 (1980). 

LBL Reports 

1. P. N. Ross and J. Winnick, "The Kinetics of 
the CO2/O2 Reaction in Molten Carbonate: Reaction 
Orders for O2 and CO2 on NiO," LBL-10937; accepted 
for publication in J. Electrochem. Soc. 

Invited Talks 
1. P. N. Ross and J. Winnick, "The Kinetics of 
the CO2/O2 Reaction in Molten Carbonate: Reaction 
Orders for O7 and CO? on NiO," lS8th Meeting of 
the Electrochemical Society, October 5-10, 1980. 
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b. Deuterium Analysis ol Coal by NMR* 

Alexander Pines, Investigator 

1. CYLINDRICAL SAMPLE TURBINE FOR MAGIC ANGLE NMR1 

R. Eckman and A. Pines 

Measurement of isotropic chemical shift spectra 
in NMR of solids by magic angle sample spinning 
requires a high speed sample turbine, as is well 
known from recent novel studies of 13c and 2D in 
solids. For high resolution deuterium NMR in 
solids, these requirements are particularly 
stringent since: (a) the axis must be stable to 
within 0.001°, and (b) the spectral bandwidth 
is limited to the spinner frequency due to the 
need for synchronous sampling. Mechanical design 
improvements in the sample turbine NMR probe now 
allow easily reproducible frequencies of rotation 
in excess of 300,000 rpm with previously used 
polymer turbines. Figure 1 shows the high resolu
tion isotropic chemical shift spectrum of deuterated 
solid dimethoxybenzene indicating that the turbine 
axis is stable to within 0.001°. Thus, the 
mechanical system exceeds the requirements for 
high resolution deuterium NMR in solids. A 
number of resolved 2D spectra in solids have 
been obtained for the first time in this way. 
Construction of new sample turbines from boron 
nitride and glass ceramic materials is in progress. 
These should allow significantly higher frequen
cies of rotation which can make isotropic spectra 
of carbon-13 at high field (wLt13C} = 90 MHz 
readily available. Further improvements in the 
NMR probe rf design to give greater efficiency 
and increased power capability are also under way. 

Based in part on LBL -'. 
(1980). 

J. Mag. Res. 41_, 440 

This work was supported by the Assistant Secretary 
for Fossil Energy, Office of Coal Research, 
Liquefaction Division of the U. S. Department 
of Energy under Contract No. W-740S-ENG-48 through 
the Pittsburgh Energy Center, Pittsburgh, PA. 

Fig. 1. Resolved "D NMR spectrum in solid 
deuterated dimethoxybenzene obtained by ma^ic 
angle spinning with synchronized sampling. The 
aromatic peak is spl i t into two lines, indicating 
inequivalent aromatic deuteron sites in the solid T 

in contrast to the liquid where the methoxy groups 
rotate freely. (XBL 8010-12563) 

2. DEUTERIUM SPIN-LATTICE RELAXATION IN MAGIC 
ANGLE SPINNINĜ  

R. Eckman and A. Pines 

The spin-lattice relaxation time, ' i t , for 
deuterium in non-rotating solids can be extremely 
long. This makes the analysis for many chemically 
distinct types difficult , if not impossible. The 
Ti's measured selectively for several model com
pounds in magic angle NMR, given in Table 1, in
dicate a trend for which a simple model has been 
proposed. Molecular motion of one deuterium type, 
for example the rotating methyl group, provides 
spin-lattice relaxation via the quadrupole mechan
ism. Cross relaxation with other deuterium types 
is brought about by the sample rotation about the 
magic angle which causes the resonances of dist inct 
types to overlap for a fraction of the cycle. 
Preliminary results , showing no dependence of 
-$D4 Tj's on temperature or frequency of sample 
rotation, agree with this model. Further detailed 
temperature dependence studies in addition to NMR 
high field measurements are under way to confirm 
the model. In addition, Tj measurements in 
oriented single crystals are in progress which 
can be conclusive to understanding this model, 
as well as higher order cross relaxation mechanisms. 
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Deuterium type 
Compound -CD, -CD., -*»* 

perdeutero-para-di-t-butylbenzene 
uui-^fciy.) 

perdeutero-terephthalic acid diethylester 
[I)sC202C<fD4C02C2D5l 

perdeutero-hexamethylbenzene [C12D18] 

perdeutero-dimethylnaphthalene (C12D121 

perdeutero-terephthalic acid dimethylester 
IB3CO2W4CO2CD3] 

tereuhthalic acid dimethyl ester(H3032C4>D4C02CH3] 

perdeutero-para-di-methoxybenzene [D3CO1H34OCD3J 

para-dimethoxybcnzene [H3CO0D4OGH3J 

0.01 

0.14 

0.04 

0.09 

0.86 

7 

22 

28 

640 

5 

400 

'Based in part on LKL-9948; Chero. Phys. Lett. 71, 
376 (1980). 

3. PROTON-DEUTERIUM CROSS POLARIZATION IN 
ROTATING SOL1DS+ 

R. lickman, L. Muller, and A. Pines 

The NMR of rare isotopes is typically difficult 
to detect (e.g. , small amounts of deuterium in 
solids). h'e recently demonstrated that sensitivity 
of magic angle deuterium NMR in solids can be con

siderably increased by application of proton-
enhanced NMR in which spin polarization i s 
transferred from an abundant (proton) spin system 
to the rare (deuterium) system. This was possible 
because the sample rotation modulates the quadru-
pole coupling so that a l l dueterons can undergo 
Hartmann-Hahn matching with the proton system 
for some fraction of the spinner cycle. Our goal 
was to apply this result to double-quantum magic 
angle NMR as well as to maximize the sensitivity 
gain in %-2H cross polarization. Proton-enhanced 
deuterium spectra magic angle spinning solids have 
been obtained with good signal enhancement. Cross 
polarized signals show considerable gain over the 
unenhanced signals. Maximum enhancement factors 
for some polycrystalline model compounds are 
given in Table 2. Cross polarization was performed 

Table 2. Deuterium signal proton-enhancement factors in magic 
angle spinning solids. 

Caipound 
Theoretical 

S C P/S° 
Experiiissntal ujiis 

S C P /S° (Hfc) 

308 random-deutero hexamethylbenzene 

4.9? random-deutero durene 

dune thoxybenzene 
{3H2CO-<J>P4-OCH2D 

CD (2 ) 
Total 

m 
(2) 

3.0 

5.7 

2.1 

3.2 

4.4 

2.2 
2.7 
1.4 

14 

34 

33 
130 
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both by single and multiple contact sequences. 
Theoretical and experimental investigation of the 
dynamics of ^H-̂ H cross polarization is in progress 
in order to maximize gain in sensitivity. This 
also includes measurement of the dependence on 
the frequency of sample rotation, a)?, over a wide 
range and the effect of off-resonant rf fields. 
Preliminary evidence was found to suggest that 
cross relaxation in the proton-enhanced experiment 
can occur via an effective field deuterium double-
quantum spin fl ip accompanied by multiple spin slips 
in the proton system. High resolution deuterium 
magic angle NMR can now be applied to a variety of 
systems of chemical interest as well as basic coal 
research, to study the evolution of hydrogen during 
processing. 

signal the sensitivity of magic angle deuterium 
experiments to spinner s tabi l i ty can be eliminated. 
Sharp double quantum lines and echo spectra were 
obtained with magic angle spinning, even though 
the normal deuterium signal was broadened beyond 
detection levels. Such deuterium NMR experiments 
should provide useful tools for observing the nature 
and evolution of deuterium (or hydrogen) s i tes in 
solids. 

Based in part on LBL-10331, Chem. Phys. Lett. 74, 
376 (1980); and LBL-11360. ~~ 

Based in part on LBL-10245, Chem. Phys. Lett. 76, 
149 (1980); and LBL-10338, Phys. Rev. A. 22, 638~ 
(1980). 

4. DOUBLE QUANTUM NMR IN S0LIDST 

R. Eckman, L. Muller, J . B. Murdoch, and A. Pines 

Two aspects of double quantum NMR have been 
pursued in solid state deuterium studies: (a) as 
we showed previously, the double quantum deuterium 
spectrum is independent of quadrupole broadening 
to f irs t order and thus gives the chemical shield
ing powder pattern directly. Our new contribution 
is to study the orientation of the deuterium 
shielding tensor by analyzing the shape of the 
double quantum transfer function. As shown in 
Fig. 2, the powder lineshapes are sensitive to 
these details, (b) By observing the double quantum 

5. CARBON-13 NMR OF WHOLE AND PROCESSED COALS 

D. Wemmer, D. D. Whitehurst,5 G. Drobny, 
and A. Pines 

We have continued our studies of coal and coal 
processing by carbon-13 NMR, in collaboration with 
Mobil Research and Development. Four types of 
carbon (aliphatic, oxygen-bonded aliphatic, 
aromatic ani condensed aromatic) can be dis
tinguished directly in the solid s ta te . This 
lias permitted a correlation of carbon type dis
tribution with the source of coal, the type of 
coal and with changes which occur during process
ing. An example of evolution of aromatic carbon 
content during solvent refining in Fig. 3 shows 
a change only at ~ 805 conversion. The solvent 
refined coal (SRC) and the residue both exhibit 
an increase in aromatic carbon content. A number 
of our results are contrary to those obtained 
by indirect techniques, such as solution infrared 
spectroscopy, which until recently have not been 
able to study the solid samples directly. 

Based in part on LBL-10533; Proc. Roy. S o c , 
in press. 
Current address: Department of Chemistry, 

Stanford University, Stanford, California. 
"Mobil Research and Development. 

Fig. 2. The top is an undistorted chemical 
shielding powder pattern with axial symmetry. 
This is normally unobservable since the quadrupolar 
broadening for deuterium is typically one hundred 
or more times greater than the above linewidth. 
The lower curve is that obtained by double quantum 
NMR in which quadrupolar broadening is eliminated. 
It provides a value for the shielding anisotropy 
and an analysis of the wavy lineshapes allows a 
determination of orientations for the principal 
axes of the shielding tensor. (XBL 811-7666) 
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0 10 20 30 40 50 60 70 80 90 100 
Percent Conversion 

Fig. 3. Change in aromatic carbon content for 
solvent refined coal (SRC) and residue as a 
function of conversion in the solvent refining 
process. Tiiese numbers were obtained by proton 
enhanced 13C NMR directly in the solid samples. 

(XBL 806-10552) 

^ 

// 
I ! 

! .!, ;i 

Fig. 4. Carbon-13 enrichment of the carbonyl 
position in dibensyl ketone allowed an accurate 
study of the increase in 1 3 C / 1 2 C ratio during 
photochemical irradiation due to the nuclear 
magnetic isotope effect. (XBL 806-9851) 

6. SYNTHESIS OF ISOTOPICALLY LABELED MOLECULES 
A\rD LIQUID AND SOLID CRYSTALS* 

S. Wolfe and A. Pines 

A number of our experiments require the use of 
isotopically labeled photochemical precursors, 
liquid crystals, or large single crystals. Synthe
t ic work involves the preparation of isotopically-
enriched starting materials, their incorporation 
into liquid crystal molecules, preparation of 
single domain samples, orientation with polarized 
microscope techniques, Bridgeman preparation of 
single crystals, orientation with x-ray techniques, 
measurement of isotope content by mass spectrom
etry, e tc . For example, 13c enrichment of the 
carbonyl position of dibenzyl ketone allowed us 
to easily follow the nuclear magnetic isotope 
effect during photochemical decomposition as 
shown in Fig. 4. Other examples are a ten-step 
synthesis of a specifically labeled 2D and 1 3 C 
molecule for chain configuration studies. In 
exploring new methods for catalytic exchange of 
protons by deuterium, we have found 10% Pt on 
carbon to be a suitable catalyst when mixed with 
the material and D2O at 150-170° in a glass bomb. 
This catalyst is more active and less susceptible 
to poisoning than the reduced Pt02 used.previously. 

+Brief version of a r t i c le in J . Chem. Phys., 
in press. 

7. SYMMETRY OF MDTICNAL MOLECULAR JUMPS IN SOLIDS 

D. E. Wemmer and A. Pines 

The symmetry and energy barriers for molecular 
reorientation in a number of solids have been 
studied using high resolution solid state 13C-1H 
double resonance. A dynamical application of 
group theory shows that similarities in the powder 
pattern for the slow jump region are extremely 
sensitive to the point group of the molecular 
potential. The symmetry places constraints on the 
number and types of motional parameters which 
may be obtained by NMR. For example, in solid 
permethylferrocene motional jumps of 2ir/5 are more 
than four times more probable than those of 4ir/5. 
The activation energy in the jump process i s 
13.5 k joules/mole. Furthermore, from the change 
in lineshape due to motion, the orientation of 
the principal axes of the chemical shielding tensor 
were determined. This is '•'hown in Fig. 5. 

Based in part on LBL-10563, J. Am. Chem. S o c , 
in press. 
Current address: Department of Chemistry, 

Stanford university. 
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Res. 41, 440 (1980), 

Fig. 5. Top half of ferrocene ring showing 
orientation of ring carbon-13 chemical shielding 
tensor. The twist in principal axes by angle $ 
has been measured at - 20° by motional lineshape 
studies. (XBL 811-7667) 

RESEARCH PLANS TOR CALEVDAR YEAR 1981 

Research will continue in the following areas: 

1. Development of deuterium magic angle 
spinning NMR and application to model complex 
molecules with partial deuteration as basis for 
study of hydrogen evolution during coal processing. 

Z. Application of double quantum NMR with 
magic angle spinning to deuterium as well as 
other isotopes including nitrogen-14. The double 
quantum double resonance should allow studies of 
rare isotopes with high resolution and with high 
sensitivity. 

3. Spin diffusion and spin relaxation of 
quadrupolar nuclei in solids, to study local 
structure and dynamics. 

4. Collaboration on coal research using 
carbon-13 and extension to other nuclei such as 
deuterium, nitrogen-14, and sulphur-33. 

1980 PUBLICATIONS AND REPORTS' 

Refereed Journals 

1. M. Alia, R. Eckman, and A. Pines, "Spin 
Diffusion and Spin-Lattice Relaxation of Deuterium 
in Rotating Solids," Chem. Phys. Lett. 71̂ , 148 
(1980), LBL-9948. 

2. L. Muller, R. Eckman, and A. Pines, "Deuterium 
Double Quantum NMR with Magic Angle Spinning," 
Chem. Phys. Lett. 74, 376 (1980), LBL-10331. 

3. J. Tang, L. Sterna, and A. Pines, "Anisotropic 
Spin-Lattice Relaxation of Deuterated Hexamethyl-
benzene," J. Mag. Res. fU, 389 (1980). 

4. R. Eckman, M. Alia, and A. Pines, "Deuterium 
NMR in Solids with a Cylindrical Magic Angle 

Sample Spinner,' 
LBL-10864. 

LBL Reports 

1. D. (tanner, A. Pines, and D. D. Khitehurst, 
"NMR Studies of Coal and Coal Abstracts," 
LBL-10533, in press: Proc. Roy. Soc. 

2. Luciano MuUer, "Double Quantum Deuterium 
Echoes in Magic Angle Spinning Polycrystalline 
Solids," LBL-11360, submitted to Oiem. Phys. 

Invited Talks 

1. A. Pines, Symposium on Chemistry and Physics 
of Coal, American Physics Society, New York, 
N.Y., March 1980, invited lecture. 

2. A. Pines, Chemistry Department, University 
of California, Riverside, California, April 1980. 

3. A, Pines, Royal Society Discussion Meeting 
on New Coal Chemistry> London, England, May 1980, 
invited lecture. 

4. A. Pines, Royal Society Discussion Meeting 
on NMR in Solids, London, England, June 1980, 
invited lecture. 

5. A. Pines, Shell Research Laboratories, 
Amsterdam, The Netherlands, June 1980, invited 
lecture. 

6. A. Pines, Physics Department, university 
of Delft, The Netherlands, Seminar. 

7. A. Pines, "Selectivity in Multiple Quantum 
Spectroscopy," Rocky Mountain Conference on 
Analytical Chemistry of Spectroscopy, Denver, 
Colorado, August 1980, Plenary Lecture. 

8. A. Pines, "Selective Absoqition of Groups 
of Photons in Spectroscopy," 12th International 
Meeting on Spectroscopy, Sydney, Australia, 
August 1980, Plenary Lecture. 

9. A. Pines, Chemistry Department, University 
of Sydney, Sydney, Australia, August 19S0, Seminar. 
10. A. Pines, Advanced NATO Workshop on High 
Resolution NMR in Solids, Sardinia, Italy, September 
1980, invited lectures. 

11. A. Pines, "New Vistas in Chemical Instrumenta
tion," Dedication of New Facility, California 
Institute of Technology, October 19S0, invited 
lecture. 

12. A. Pines, Chemistry Department, University 
of Brisbane, Brisbane, Australia, August 1980. 

13. A. Pines, Physics Department, university of 
Pennsylvania, Philadelphia, March 1980, Seminar. 

14. A. Pines, Purdue University, Lafayette, 
Indiana, March 1980, Seminar. 

15. A. Pines, Department of Chemistry, UCLA, 
Los Angeles, February 1980, Seminar. 
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16. A. Pines, Physics Department, University of t c , , - • , , . ,. „.. ,_. , 
California, Berkeley, Feb?uary 1980, Seminar" ^ e ? ^ t e s o n a n c e ? " g ' * ° n W U C l 6 a r 
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c. Oil Shale Retort Components* 

Alan V. Levy, Investigator 

Introduction. An oil-shale-containing crucible 
in an argon-filled laboratory furnace was used 
to expose specimens of mild and stainless steels 
to shale retorting products at temperature-time 
combinations representative of modified in-situ 
retorts . These exposures, at temperatures near the 
1000°C that actually occur in underground retorts 
and for the durations that will occur in full 
scale retor ts , can now be used to test materials. 
Shale in various stages of pyrolysis, combustion, 
and cooling are being used to better define the 
conditions where corrosive attack of metals is most 
destructive. The promise of protective aluminide 
coatings on mild steel to prevent harmful corrosion 
is being pursued along several avenues to determine 
what variables affect the performance of the coat
ings and what processing variables will produce 
superior coating systems. 

1. CORROSION IN SIMULATED IN-SITU OIL 
SHALE RETORTS* 

G. Nguyen and A. Levy 

The corrosion behavior of carbon and stainless 
steels was determined in above ground, simulated 
in-situ o i l shale retorts by exposing 1 in. x 
3 in. x 0.25 in. specimens directly in shale beds 
that were retorted at the Laramie Energy Technol-
ology Center (LETC) and the Lawrence Livermore 
National Laboratory (LLNL). Underground retort 
exposures were also studied in thermowell perform
ance in a horizontally oriented retort operated by 
the Geokinetics Corp. 

The differences were determined between 300 and 
400 series stainless steels exposed to Green River 
shale in a 10-ton retort at LLNL. The temperatures 
in the run spiked to 900°C, but exceeded 825°C for 
only 4 hr. Figure 1 shows the scales formed on 
316SS and 410SS, the former having 18% chromium 
(Cr) content, the la t ter only 12% Cr. The differ
ence in Cr content was a major factor in the large 
difference in corrosion, but not the only difference. 
Other factors, such as the crystallographic structure 
and the presence of nickel and molybdenum, also 
contributed to the markedly less corrosion of the 
316SS. 

The multi-layer, porous scale that formed on 
the 410SS is typical of heavy scale formations 
on any alloy in an oi l shale retorting environment. 
It is composed of a gradation of chromium sulfides 
to iron-chromium sulfide spinels. The thin, 
primarily CT2O3 scale on .the 316SS, should be 
compared to the scale layers on the 410SS, con
sidering the great difference in magnification 
of the two pictures. 

This work was supported by the Assistant Secretary 
for Fossil Energy, Office of Coal Research, 
Iteterials Components Division of the U. S. Depart
ment of Energy under Contract No. W-7405-ENG-48. 
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Fig. 1. Scales formed on 316SS and 410SS 
L-2 retort. (XBB 801-1591 

Corrosion is a chemical reaction and is 
affected by temperature. Figure I shows the amount 
of scale formed on 1018 mild steel placed in wo 
different locations in the 10 ton retort at LETC, 
test S-60. The test was conducted with Green 
River shale and a i r and saturated steam, with a 
total retorting time of 64 hr, 50 hr on a i r 
and steam. The amount of scale formed at the 
600° and 875°C areas of the retort is markedly 
different; note the difference in magnification 
of the pictures. This test indicates that A55 
mild steel piping does have a limited, but possibly 
acceptable l i f e , at temperatures no more than 
S50-650°C in retorts . The scaling rate at the 
lower temperatures could be planned for. 
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<SOO°C 

90 M 

Fig. 2. Scales formed on 1018 mild steel at 
600" and 87S°C in S-60 retort . (XBB 801-1S7A) 

A A A 

Brief vers in of LBL-12019. 

2. CORROSION IN LABORATORY CRUCIBLE TESTS 

William Goward 
Studies are being conducted in a laboratory 

furnace crucible containing oil shale at various 
stages of retorting to determine the oxidation 
and sulfidation behavior of different alloys that 

are candidates for use in full scale retorting 
operations. 

304SS and 1018 steel have been exposed in a 
laboratory crucible containing unreacted Anvil 
Points (24 gal/ton) shale and spent Colony Mines 
Colorado shale (35 gal/ton) at 1000°C for 50 hr. 
The system was flushed with argon at the start 
of the test. The specimens were submerged in 
the shale, which was ground to an appropriate 
particle size for the laboratory crucible. The 
exposure of 304SS to spent shale resulted in the 
formation of a scale consisting of a top layer of 
chromium sulfide that has small particles of iron 
oxide in it and an underlayer whose matrix is 
predominantly chromium oxide with particles of 
iron oxide distributed in it. Some internal 
oxidation and sulfidation occurred at the grain 
boundaries. There is also a chromium depleted 
zone just underneath the scale due to the diffusion 
of chromium out to the surface of the metal where 
the scale growth occurs. Figure 3(a) shows the 
cross section of the exposed sample. The F.DAX 

b 12.5 pm 
Fig. 3, (a) Scale and internal oxidation/ 
sulfidation on a 304SS specimen from crucible 
test, (b) Scale and internal oxidation/sulfidation 
on 1018 exposed in crucible tests. (XBB 813-2347; 
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analyzer on the scanning electron microscope wa.; 
used to verify the constituents of the scale and 
the internal oxidation and sulfidation products. 

The exposure of 1018 to the fresh oil shale 
resulted in the formation of an iron sulfide and 
manganese sulfide scale. There was more material 
loss of the 1018 than the 504SS. More internal 
oxidation/sulfidation occurred in the 1018 than 
in the 304SS. Figure 3(b) shows the cross section 
of exposed 1018. 

The data indicates that the corrosive attack 
which occurs on steels in an oil shale environment 
is related to the type and condition of the shale; 
with which the metals are in contact, as well as 
the composition of the steel and the test tempera
ture and time. The exposure of 504SS caused it 
to form a somewhat protective Cr203 scale, which 
resulted in less internal Corrosion occurring. 
The 1018 had essentially a non-protective scale, 
consisting primarily of iron sulfide, and, hence, 
more external as well as internal corrosion 
resulted. 

The laboratory furnace crucible tests showed 
the same corrosion behavior as the actual retort 
tests except that 1018 was observed to have more 
internal attack in the laboratory tests. 

40*11 

Fig. 4, Varying structures from same aluminizing 

5. ALUMINIDE COATINGS FOR FERROUS ALLOYS 

W. Goward and D. Boone 

The ability to use inexpensive aluminide 
coating processes to upgrade the corrosion 
resistance of low cost steels in oil shale retort
ing environments has been further demonstrated 
by additional testing during the last year. 
Aluminized 1018 mild steel showed greater resis
tance to corrosion at 1500°F in a simulated in-situ 
retort exposure than some uncoated higher alloyed 
steels. 

Examination of the initial coating structures 
and degradation modes revealed a range of coating 
structures depending on alio)' composition and 
structure and coating application variations. 
Figure 4 shows some of the varying structures 
which result from the same aluninizing cycle on 
several 300 series stainless steels. 

A review of the literature indicated that much 
less information is available for the potentially 
useful iron alumini.de systems than for the nickel 
and cobalt base aluminides. Examination of the 
structures of the as-formed iron aluminides 
revealed that many coatings were formed by an 
outward diffusion mechanism (a low activity nut-

SOtM 

Le on several 300 series stainless s teels . 
(XBB S09-115SV) 

http://alumini.de
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ward type coating] and resulted in excessive and 
potentially detrimental entrapment of pack mix in 
the outer zone of the coating (Hg. 5). Such 
occurrences can be controlled by changes in pack 
cementation aluminum activity and the use of 
separately generated aluminum sources, so called 
out-of-the-pack techniques. Specimens have been 
coated under a variety of controlled aluminizing 
techniques to better understand the growth 
mechanisms and resulting structures obtainable. 

Potential problems in the prick cementation 
aluniinizing of large structures could be overcome 
by the use of slurry and wire spray tediniques 
that nrc being evaluated. An additional advantage 
of these processes over the chemical vapor 
deposition technique which has been demonstrated 
in oil shale retort service is the potential for 
incorporation of additional beneficial elements 
such as silicon into the coati :.;s. In other 
studies, coatings containing s J icon have been 
shown to be extremely resistant to contaminated 
fuel environments. Specimens of slurry-applied 
aluminide coatings are being evaluated for 
structural and compositional features as a 
function of processing parameters prior to test
ing in an oil shale retort. 

1018 AL0N1ZCD STEEL 

4. LASER MODIFICATION OF COATINGS AND ALLOYST 

W. Goward and D„ Boone 

Studies of the mechanisms of protection 
provided by the in-situ formation of oxide 
barrier scales on metals have identified the 
importance of substrate structure as well as 
composition on the nature of the barrier scale. 
Grain size, phase distribution, and active 
element type, form, u-id distribution a l l are 
found to influence the nature and adherence of 
the barrier oxide layer. 

Surface thermal modification treatments such 
as laser fusion have been shown to have a large 
effect on the microstructure of both substrates 
and applied coatings. The principle effects 
of these treatments on coatings have been to 
promote the densification, adherence, and grain 
size refinement of the coating applied by a 
slurry or thermal spray process. In this treat
ment considerable intermixing of substrate and 
coating materials can occur. These effects 
combine to modify the formation of the oxide 
barrier scale forming on the surface of the 
coating. However, l i t t l e information is available 
on the effects of process variations in these 
high energy fusion treatments on the structure 
and protectiveness of the resulting oxide. A 
study is being conducted to examine the effects 
of laser surface treatment and selected pre~ 
treatments on the fully dense, MCrAlY electron 
beam, physical vapor deposition (EBPVD) applied 
coatings systems. 

Results of laser treatments showed that a 
controlled surface layer, 10-100 urn thick, could 
be processed with no detrimental substrate 
interactions. Examination of the laser treated 
coating revealed an essentially strixtureless 
affected zone with a dispersion of very fine 
second phase particles ~<100D A in diameter 
[Fig. 6). Later examination, using SAM, indicated 

' 4 -^*4 

Fig. 5. Microstructure of an iron aluminide 
coating on 1018 mild steel. (XBB 801-160) 

Fig. 6. TESt o£ replicated sample showing the 
fine dispersion of particles present in the 
lased area. (XBB 813-2344) 
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in p r o t e c t i v e oxide s t r u c t u r e were observed. The 
p re -ox id ized l e a d e r s t r u c t u r e i s shown, as we l l 
as the l a s e r t r e a t e d zone with t he d i s t r i b u t i o n 
of l i n e oxides funresolvable a t t h i s magn i f i c a t i on ! . 

The deep etched mic ros t ruc tu re shows the 
heavi ly oxidized leaders in t he u n - l a s e r a f f ec t ed 
coa t ing and the uniform f ine structure o f t h e 
l a s e r a f fec ted coa t ing . S t r u c t u r a l d e t a i l s of 
t h i s zone are now being s t u d i e d . An a d d i t i o n a l 
fea ture of t h i s deep etched mic ros t ruc tu re i s 
the d e t a i l of the underside of the p r o t e c t i v e 
oxide forced i n - s i t u on the l a s e r t r e a t e d c o a t i n g . 
S t r u c t u r a l and growth morphologies of these 
oxides a re being s tud ied by t h i s technique 
because they are af fec ted by process ing v a r i a b l e s . 

I25^m 

Fig. 7. Difference in sur face morphology between 
lased and unlased a reas upon subsequent oxida t ion 
exposure. fXBB 815-2545) 

'Br ie f vers ion of LBL-12020, 

the f ine d ispersed p a r t i c l e s t o be aluminum, 
y t t r i um, and oxygen r ich (AI2O3-Y2O3). Subsequent 
oxidat ion exposure r e s u l t e d in the formation of 
a more adherent , smooth AI2O5 layer over the 
l a s e r t r e a t e d area {Fig. 7 ) . The p ro tce t iveness 
and d u r a b i l i t y of t h i s oxide i s p red ic ted to be 
g r e a t l y increased over t ha t of the small c r y s t a l 
l i t e sur face area of the imlased por t ion of the 
oxide . 

In a t tempts to fu r the r improve t h i s e f f e c t , 
pos tu l a t ed t o r e s u l t in p a r t from the presence 
of the f ine ly d ispersed a c t i v e element conta ining 
ox ides , p r e - l a s e r t rea tments were inves t iga ted 
including pre -ox ida t ion of l eader growth s t r u c t u r e 
t o promote g r e a t e r dens i ty of dispersed oxides 
and sur face doping with y t t r ium and hafnium. The 
l a s e r - t r e a t e d s t r u c t u r e of the pre-oxid ized 
CoCrAlY i s shown in Fig. 8. Again, improvements 

Loied cooling 

IMoted coating 

24 ^m 

Fig. 8. Cross section of a lased area after deep 
etching with a methyl bromine solution. 

(XBB 813-2346) 

RESEARCH PLANS FOR CALENDAR YEAR 1981 

Exposures of coated and uncoated metal specimens 
to underground r e t o r t combustion cond i t ions and 
product c o l l e c t i o n environments w i l l be c a r r i e d 
out as a v a i l a b i l i t y occurs in underground r e t o r t s . 
The corros ion problems in above ground r e t o r t i n g 
operat ions w i l l be defined and specimens w i l l 
be exposed in r e t o r t o p e r a t i o n s . Laboratory 
c ruc ib l e t e s t i n g w i l l concent ra te on determining 
the r e l a t i v e corros ion behavior o f candida te low 
a l loy and s t a i n l e s s s t e e l s , uncoated and coa ted . 
Shales a t var ious s t a t e s of p y r o l y s i s , combustion, 
and spent condi t ions w i l l be used t o determine 
a t what s tage in the i n - s i t u process cor ros ion 
i s most seve re . 

Above ground r e t o r t i n g condi t ions w i l l he used 
in labora tory t e s t s t o determine the behavior of 
metals and r e f r a c t o r i e s t h a t a r e candidates for 
use in r e t o r t s . The combined e f f e c t s of ab ra s ive -
co r ros ive environments on m a t e r i a l s w i l l be 
assessed . Liquid products from r e t o r t i n g oper
a t ions w i l l be obtained and specimens exposed 
in them t o determine the co r ros ive p o t e n t i a l o f 
the f l u i d s . Refinements in coat ing composition 
and process ing to improve p r o t e c t i o n l e v e l s , 
p r imar i ly of aluminides on carbon and low a l l o y 
s t e e l s , w i l l he made. 

1980 PUBLICATIONS AND REPORTS 

LBL Reports 

1. A. Levy and R. Bellman, J r . , "Corrosion of 
I te ta ls in Oil Shale Environments," LBL-12019. 

2 . D. H. Boone, W. D. Goward, and P. G. Moore, 
"S t ruc tu re o f Laser Treated MCrAlY C o a t i n g s , " 
LBL-12020. 
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Other Publications 

1. A. Levy, "Corrosion of Metals in Oil Shale 
Retorting Operations," in Proceedings of NACE 
Materials and Corrosion Problems in Energy Systems 
Conference, New Orleans, Louisiana, February 1980. 

2. A. Levy and D. Whittle, "Corrosion of Steels 
in In-Situ Oil Shale Retorting Environments," 
NACE Corrosion '80 National Meeting, Chicago, 
I l l inois , March 1980. 

Invited Talks 

1. A. Levy, "Corrosion of Metals in In-Situ Oil 
Shale Retorts," DOE-LETC 3rd Annual Oil Shale 
Conference, Denver, Colorado, January 1980. 

2. A. Levy, "Materials Behavior in Oil Shale 
Retorting," AIME-TMS Bay Area Chapter Meeting, 
Stanford Ihiversity, January 1980. 

3. D. Boone, "Laser Surface Treatment of NiCrAlY 
Coating," International Conference on Metallurgical 
Coatings, San Diego, California, April 1980. 

4. A. Levy and D. Boone, "Corrosion of Aluminized 
Steel in Oil Shale Retorts," AIME-TMS Annual 
Meeting, Pittsburgh, Pennsylvania, October 1980. 

5. W. Goward and D. Boone, "Effects of Laser 
Surface Treatments of MCrAlY Coatings," AIME-TMS 
Annual Meeting, Pittsburgh, Pennsylvania, October 
1980. 
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d. Chemistry and Morphology of Coal Liquefaction' 

Alexis T. Bell, Robert G. Bergman, James W. Evans, 
Heinz Heineman, Alan V. Levy, Gabor A. Somorjai, 
and K. Peter Vollhardt, Investigators 

Introduction. The f i r s t year of this project 
has been completed, and much of the time and 
effort has been concentrated on equipment building, 
assembling, testing, and staffing. This, of 
course, has been more true in the areas of work 
with spectroscopic and high pressure equipment 
than in organic chemical reactions. More experi
mental results are therefore reported in the 
areas of hydrogen transfer mechanisms and catalysis 
and organo-metallic chemistry. 

This project has brought together a team of 
organic, physical, and organometallic chemists, 
chemical engineers, and material scient is ts , some 
of whom have had extensive industrial experience. 
The advantages of an interdisciplinary approach 
have become apparent in regular meetings, numerous 
discussions, and suggestions, often cominn from 
analogies in other areas. Finally, the project 
provides an excellent training ground for future 
workers in synthetic fuels research and development, 
because a l l work is carried out by graduate 
students and post-docs under the leadership of 
experts in a variety of fields. 

1. SELECTIVE SYNTHESIS OF GASOLINE RANGE COM
PONENTS FROM CO AND H2 

A. T. Bell 

The design and construction of the experi
mental apparatus have occupied a major portion 
of the time during the past year. Two catalyst 
testing units were designed and constructed. The 
f i rs t uti l izes a fixed bed of catalyst and is in
tended for screening of new catalyst preparations. 
The second unit uses a high pressure st irred auto
clave. This reactor can be used to study mass 
transfer effects with either catalysts in oi l 
suspensions or larger catalyst particles con
tained in a rotating basket. 

This work was jointly supported by the Director, 
Office of Energy Research, Office of Basic Energy 
Sciences, Chemical Sciences Division, and 
Assistant Secretary for Fossil Energy, Office of 
Coal Research, Liquefaction Division of the 
U. S. Department of Energy under Contract No. 
IU-7405-ENG-48 through the Pittsburgh Energy 
Technology Center, Pittsburgh, PA. 

A schematic of the apparatus used in conjunc
tion with the autoclave reactor i s shown in Fig. 1. 
Reactants are purified and then fed to the auto
clave via mass flow controllers. The vsv of such 
controllers makes i t possible to maintain a con
stant supply of H2 and CO over long durations. 
The reactor is a 450 cm3 Parr autoclave and is 
fi t ted with a thermocouple well and an impeller 
that can be rotated at speeds of up to 1000 rpm. 
The autoclave can be maintained at elevated tem
peratures by means of a furnace connected to a 
temperature controller. 

Both gases flow out of the autoclave and the 
liquids contained within them are analyzed by gas 
chromatography. The gaseous products are sampled 
from a heat-traced line maintained at reaction 
pressure. The hydrocarbons present in the gas 
phase are analyzed on a SO m glass capillary column 
coated with OV-101 and contained within a Varian 
Aerograph Model 3700 gas chromatograph. The prod
ucts leaving the capillary are detected by a flame 
ionization detector. The contents of CO, H2, and 
C} through C5 hydrocarbons in the product gas 
are analyzed using a 3-in. column packed with 
Chromsorb 106. The effluents from this column 
are detected by a thermal conductivity detector. 
An analysis of the liquid in the autoclave is 
achieved using the capillary column. The data 
generated by the chromatograph are stored on-line 
using a Commodore PET microprocessor connected 
to a floppy disc. Following acquisition, the data 
are analyzed to determine peak areas and a table 
of product composition is generated by the micro
processor. I t is anticipated that by using such 
a sophisticated product analysis scheme, i t will 
be possible to obtain a complete mass balance 
around the reactor. 

The flow manifold used in conjunction with 
the fixed bed reactor is similar to that shown 
in Fig. 1. The reactor in this case i s a stain
less s teel tube that is heated in a temperature-
regulated sand bath. The gaseous reaction prod
ucts from this reactor are analyzed using the 
procedures described above. Thus, the chroma.:-
ograph and data acquisition system serve both 
reactor systems. 
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Fig . 1. Autoclave apparatus schematic. (XBL 811-7592) 

2. ELECTRON MICROSCOPE STUDIES OF COAL DURING 
HYDROGENATION 

J . IV. Evans, J . A. L i t t l e , and M. I . Perez 

This project will concentrate on characteriza
tion of coal microstructures and observation of 
in s i tu gasification reactions in an environ
mental cell . So far this study has concentrated 
on the i n i t i a l characterization of coal micro-
structures using a Phillips 400 TEH/STEM micro
scope, but i t will be broadened to include the 
use of a small environmental cel l in a Hitachi 
6S0-kV microscope so that both the temperature 
and pressure of different gases can be simultane
ously controlled over the specimen while i t i s 
being viewed directly in electron transmission. 
A residual gas analyzer has also been purchased 
from Anacon Ltd. to monitor the gases leaving 
the environmental cell so that the course of the 
conversion reaction can be followed kinetically. 

Figure 2 shows a high-ash anthracite which 
was found to contain many particles containing 
only titanium as seen in the x-ray display (Fig. 
2, at A). By using a finely focused electron 
beam with a probe diameter of approximately 100 A, 
micro-micro diffraction patterns could be obtained 
and the mineral part icle identified as anatase, 

a form of Ti02. The detection of titanium bearing 
particles is important because titanium has a 
detrimental effect on the Co-Mo catalyst used in 
liquefaction processes. Figure 2 (B and Q shows 

Fig. 2. Transmission electron micrograph of high-
ash anthracite showing a titanium bearing parti
cle at A and a partially degraded clay particle 
CBandCJ. QBL 803-3120) 
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a large grain of clay, the extensive streaking 
of the diffraction spots indicating that the grain 
is composed of very many thin clay platelets . Al
though the mineral underwent rapid degradation 
under the electron beam (e.g. , at C), i t was 
tentatively labeled as ser ic i te , a form of mus-
covite. 

Figure 3 is a montage of micrographs in
dicating the sequence of events from identifica
tion of the macerals in a high volatile class A 
bituminous coal by optical methods to examination 
in the electron microscope. Figure 4 shows micro
graphs of the two different areas "A" and "C" 
shown in Fig. 3. Figure 3a is from a fusinite 
band and shows particles tentatively identified 
as kaolinite from the x-ray and diffraction data. 
Figure 4b i s from the v i t r in i te region of the 
specimen (C) and Fig. 4c shows an electron micro
graph from the Telocollinite region with very 
small regularly shaped particles containing mainly 
aluminum with a small amount of calcium. 

Figure 5 shows an example of a Western sub-
bituminous coal. The high moisture content of 
this coal together with i t s high volatile content 
may make i t susceptible to part ial charring in 
the ion-beam thinner. The catalytic effect of 
certain minerals within coals is often ascribed 
to their ability to 'Vet 1 1 the surface of the coal 
and provide additional reaction s i tes . As 
a possible semi-char this coal will already have 
"gasified" to some extent and therefore i t is 
instructive to compare the elemental distribution 
in the coal. This is seen in Fig. 5, Elemental 
mapping of the silicon and titanium expose the 
s i l ica and t i tania part icles, which appear as 
essentially discrete particles against a back
ground of random 'noise* from the x-ray detector. 
The sulphur scan shows a general level of sulphur 
throughout the sample, as might be expected from 
the organic sulphur in the coal grains. However, 
the calcium scan shows no localization of calcium-
containing particles but, instead, a high level of 
calcium spread evenly over the coal grains of this 
particular area. Thus, i t would appear that 
calcium does have a good ability to 'wet1 the 
surface of the coal. 

Fig. 4. Electron micrographs showing microstructures and particles 
associated with the different macerals in the coal, (a) Particles of 
kaolinite in the fusinite band, (b) Microstructure of the v i t r in i te band, 
(c) Microstructure and particles from a tel locoll inite region, 

(CBB S07-S895) 

US- J V 

Fig. 3. Montage of optical and electron micro
graphs showing the preparation method used to 
accurately characterize the coals and correlate 
both optical and electron-optical micrographs, 
(a) Optical micrograph showing vitrinite 
(c) and fusinitc (A) h;inds. [b) The same areas as 
(a) mounted in a folding grid, (c) The same area 
as (a) and (b) viewed in transmitted light. 
(d) The area after ion beam thinning, (ej Low 
magnification electron micrograph of the sample, 
(f) Higher magnification electron and micrograph 
showing more image detail. (CBB 807-8897) 
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Fig . 5 . Elemental d i s t r i b u t i o n i n the sub-bitum
inous coal specimen, (a) STEM micrograph of 
a r ea , (b) X-ray ana lys i s of t he whole a rea . 
(c\ S i l i c o n maD. fdl Titanium map. (e) Sulphur 

(XBB 807-8747) map. (f) Calcium map. 

3 . CATALYZED LOW TEMPERATURE HVDR0GENATI0N OF 
COAL 

G. A. Somorjai and A. Cabrera 

With the advincement of surface ana lys i s 
t echn iques , i t i s now poss ib le t o cha rac t e r i ze 
t he s t r u c t •*, composit ion, and oxida t ion s t a t e s 
of sur face . -"us and molecules on t he atomic 
s c a l e . Progi* s madr ir . t h i s f i e l d once again 
encouraged t he s tudy f ca ta lyzed coa l conversion 
fo r t he purpose of g aer ing more information on 
the b a s i c s t eps of t . e p rocess . 

There a re s e v e r a l r ecen t papers on the hydro-
genat ion and oxida t ion of g raph i t e ca ta lyzed by 
meta l p a r t i c l e s (transition jnetals and a l loys 
of t r a n s i t i o n m e t a l s ) . Surface c h a r a c t e r i z a t i o n 
i n t h e s e s t u d i e s was by electron-microscopy. In
s t rumenta t ion developed by sur face sc ience i s 
capable of combining both s t u d i e s of t he ac tua l 
k i n e t i c s a t high p res su res and s t u d i e s of surface 
a n a l y s i s i n u l t r a h i g h vacuum with t he sample i n 
s i t u . We have developed and b u i l t an u l t r a high 
vacuum system t h a t enables s tudying c a t a l y t i c 
r e a c t i o n s a t high p res su res and cha rac t e r i z ing 
t h e sur face by s e v e r a l techniques i n t he same 
chamber, ftte a r e p r e s e n t l y applying the system 
t o t he s t u d i e s of t he ca t a lyzed , low temperature 
hydrogenation of g r a p h i t e . 

4 . SELECTIVE HYDROGENATION, HYDROGENOLYSIS, 
AND ALKYLATION OF COAL AND COAL DERIVED LIQUIDS 
BY ORGANOMETALLIC SYSTEMS 

K. P. C. Vol lhardt 

Nucleophi l ic Addit ions t o Cat ion ic T rans i t i on 
Metal Arene Complexes (Wilson Tarn and K. P . C. 
Vollhardt)". 

In an effort to delineate the potential of 
using organonietallic catalysts and reagents for 
the nucleophillic depolymerization and lipophiliza-
tion of coal models, double nucleophillic addi
tions to CpCoC6H62+ were studied. Such additions 
had been attempted in rhodium and iridium com
pounds previously by others but had, when success
ful, only led to single adducts. I t was found 
that nucleophiles of moderate basicity, e .g. , 
methoxide, malonate, and cyclopentadienide anion, 
furnish disubstituted complexed cyclohexadienes. 
Addition occurs vicinally, stereospecifically exo, 
and to the benzene ring only, in accord with theo
retical expectations. Other nucleophiles lead 
to ligand displacements and decomposition. The 
bisadducts are exceedingly thermally and air sensi
tive precluding further chemistry. Nevertheless, 
the basic feasibility of this approach to benzene 

Nu Nu 

Co** 
2Nu~ ft 

Co 

^ 

Nu= CHjO", ~CH(C02CH3), 

ring substitution has been demonstrated. Sev
eral other systems were investigated, particularly 
complexes based on iron and manganese as shown 
below: 

Nu~ 

Fe(CO)3

+ Fe(CO)3 

MntCOtf 



New compounds have been fully characterized 
and analyzed. Some of the complexes obtained 
show nobility of the hydrogens located endo. Hydro
gen shifts occur stereospecifically, presumably 
via metal hydride intermediates, but neither 
ring carbonylation nor carbon monoxide reduction 
were observed. 

Preparative Separation of Organometallic 
Diastereomers, Structural Isomers, and Homologs 
on Ultrasphere ODS.t Uohn M. Huggins, Joseph A. 
King, J r . , K. Peter C. VolUiardt, and Mark J . 
Winter). 

Successful separations of complex mixtures 
of organometallic compounds by chromatography are 
rare. However, high performance reversed phase 
liquid chromatography (RPLC) of isomeric n5-cyclo-
pentadienyl-n''-cyclobutadiene cobalt complexes 
and of structurally analogous dinuclear molybden
um derivatives has been achieved. Although some 
of these compounds are moderately to strongly air-
sensitive, quantitative isolation on a prepara
tive scale is possible by using deoxygenated and 
argon saturated mobile phases. Among the organo-
metallic complexes resolved are diastereomers and 
structural isomers; their separation demonstrates 
both the versati l i ty and high resolving power of 
RPLC (Figs. 6-9). All separations were accom
plished using 10 ran x 250 ran ULTRASPHERE ODS 
columns (sample loop 1ml). Conditions are speci
fied in the figure captions. Init ial gravity elu-
tion chromatography of the compounds shown gave 
inseparable mixtures. 

Supported in part by NSF and NIH. 

(CH 3) 3Si ^ ^ / C ^ c ^ 

Fig. 6. Chromatogram of S to 10 mg of a mixture 
of (I)-(III) in 1.0 ml; flow 1.3 ml/min; 
CH3CN-H2O, 9:1. (XBI. 814-2216) 
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Fig. 7. Chroniatogram of 5 to 10 ing of a mixture of 
(IV)-(VII) in addition to other compounds in 
1.0 ml; flow 2.8 ml/min; CH3OH-H2O, 19:1. 

^ i (XBL 814-2217) 
15 20 

MINUTES 



432 

6 0 75 
MINUTES 

Fig. 8. Chromatogram of 5 to 10 mg of a mixture of 
( I ) , ( I I ) , and (VIII) in 1.0 ml; flow 3 ml/min; 
CH3OH-H2O, 9:1. This separation necessitated the 
coupling of two preparative columns in series. 

(XBL 815-785) 

15 3 0 
MINUTES 

Fig. 9. Chromatogram of 5 to 10 mg of (IX)-(XIV) in 
1.0 ml; flow 0.5 ml/min; CH3CH-H2O, 5:1. 

(XBL 814-2218) 

5. CHEMISTRY OF COAL SOLUBILIZATION AND 
LIQUEFACTION PYR0LYSIS STUDIES 
R. G. Bergman 

The Thermal Chemistry of Tetralin (Paul B. 
Comita and Kobert u. Bergman) * . . - . - . . • •• , 

The thermal chemistry of te t ra l in (1) has 
been under intense investigation recently,!" 5 

due to interest in the fate of hydrogen donors 
that are used as recycle liquids in the solvent 
refining of coal. The reactivity of tetral in 
appears to be dependent on the presence of hydro
gen, hydrogen acceptor molecules, different types 
of reactor surfaces, and surface history. This 
has resulted in conflicting data in the l i tera
ture and confusion as to what the thermal reac
t iv i ty i s in the absence of any catalytic effects. 
In an effort to resolve this situation, we have 
examined the reactivity of te t ra l in resulting 
from several different methods of activation. 

Three methods for energization of 1 were in
vestigated: conventional flow pyrolysis, infrared 
multiphoton excitation, and sensitized infrared 
laser thermal activation. All three give r ise to 
s ix major products: benzocyclobutene (2), 
styrene (3), o-allyltoluene (4), indene~(5), 
1,2-dihydronaphthalene (6), and naphthalene (7), 
(see Scheme I ) , and several minor products, the 
primary concern of this work is to delineate the 
energetics of the ethylene-loss channel (giving 
rise to 2 and 3) versus the hydrogen-loss channel 
(giving r ise to 6 and J) without interference from 
catalytic effects. 

A mfriber of parameters affected the product 
distribution for the decomposition in a flow reac
tor , including the composition of the surface, 
the history of the surface, and the pressure of 
the system (see Table 1). However, dehydrogena-
tion was always the predominant decomposition 
mode. Unconditioned surfaces, higher pressures, 
and longer contact times in the reactor led to 
more dehydrogenation of 1. 

Multifhoton excitation of 1 in the gas phase 
was accomplished with a pulsed CO2 TEA laser tuned 
to 945.99 n " 1 , All s ix major products found 
from the p> rolysis also resulted from photolysis 
of tetralij i , including one additional product, 
phenylacetylene. The distribution of these prod
ucts, however, was a t variance with the distribu
tion from the pyrolysis (see Table 1); the major 
reaction channel for the multiphoton dissocia
tion of te t ra l in involved ethylene loss. 

In the third method of activation, I and 
varying pressures of SiF4, an inert sensitizer 
which absorbs strongly in the infrared, were 
irradiated with an unfocused, pulsed CO2 TÊ  laser 
tuned to 1027.36 cm"1. Pure tetral in does not 
decompose under unfocused conditions; thus, a l l 
chemistry is due to sensitization by SiF4- All 
six major products were again found. 

The number of pulses and the maximum tempera
ture of SiF4 both had pronounced effects on the 
product distribution. The variation in the num
ber of pulses had a number of effects. With in
creasing number of pulses the percentage of 2 and 
6 decreased, and the percentage of 3, 5, and~7 
increased. This is consistent with 2 and 6 
being prJuuary products, and at least~some frac
tion of 3, 5, and 7 being derived from them. Sen
sitized photolysis~of 2 gave r i se to a clean iso-
merization to 3 , the sole product of the reaction 
(70S conversion)., Sensitized photolysis, pf»6 QQl 
conversion) gave rise to twb major*products ,~7 
(68J of product) and 5 (111). Temperature varia
tion was achieved by changing the beam intensity 
and by varying the sensitizer pressure. Less 
secondary decomposition took place at lower 
temperatures. Dehydrogenation is predominantly a 
result of 1,2-eliMnation of"H7"1see Table 2) . 

We draw the following conclusions from the 
above experiments: (1) A significant fraction of 
the dehydrogenation reaction in the flow reactor 
is surface catalyzed. This leads to an anomalously 
large amount of 1,2-dihydronaphthalene and naphtha
lene in the reaction products in these flow pyro
lysis studies and very likely in a l l previous in-
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Table 1. Product distribution for thermal reaction of 1. 

Conditions 
*"**' W 4 conver-
5 6 7 other si on of 1 

Flow pyrolysis, 1 atm N 7, 2 . 4 a , b 18.3 0.5 17.5 10.7 45.8 4.2 
quartz reactor, 750°C. 
Vacuum flash pyrolysis, 
0.05 torr, quartz reactor, 34.7 9.9 7.9 4.1 31.8 8.2 3.4 
75D°C. 

Multiphoton excitation, _ 
0.325 torr 1, energy/pulse 72.6 11.7 g 3.4 4.2 6.2 0.0 2.0 
0.4 joules,~13,020 pulses. 

Multiphoton excitation, 
0.325 torr 1, energy/pulse 54.8 19.7C 2.6 5.5 9.0 trace 8.4 
0.8 joules,~Z790 pulses 

SiF. sens i t iza t ion , 1 1 T„ = 
6S08C, 5 torr SiF 4 , m a x 58.5 8.3 20.8 2.2 10.3 0.0 0.0 
0.325 torr 1, 4960 pulses. 
SiF 4 sens i t iza t ion , 1 1 T 
1490°C, 6 torr SiF 4 , m 

0.325 torr 1, 180 pulses. 
38.2 20.1 8.4 9.4 15.5 5.6 2.8 

74.8 

0.5 

0.8 

1.5 

7.7 

hunters are percent of total product found. All data have been corrected for FID response. 
cIncludes phenylacetylene response. 'Visible emission in the focal region was observed in 
this experiment. 

Table 2. Deuterium labeling in products from 
photolysis of l-a^j . 3 

* of total 
mixture 

Isotopomer ($) 

Product 
* of total 
mixture d4 d3 *2 dl 

2 57.8 100b,c 0 0 0 
3 10.6 32 8 29 31 
4 8.2 100 0 0 0 
.5 - 4J . . -0 . .42. •". 1 5. • 
6 12.8 10 83 7 0 
7 2.3 0 1 95 4 

photolysis conditions: J-d 4 CO.325 torr) was 
irradiated with 300 pulses, 0.27 joules per pulse, 
with 5 torr SiF 4 . TJJ^ was 1240°C. "The numbers 
are the percent of product with the indicated 
number of deuterium atoms as determined by GC-MS 
analysis. 16 cjhe data are corrected for 13c 
natural abundance and 98.7% deuterium incorpora
tion in l -d 4 . 

vestigations. (2) The lowest energy homogeneous 
reaction channel for te t ra l in is the retro-[2+4] 
channel giving rise to benzocyclobutene. This 
fact is borne out in both the multiphoton and 
SiF 4 sensitized experiments where surface chem
istry does not appear to be important, [3) The 
low energy dehydrogenation channel of tetral in is 
almost exclusively 1,2-dehydrogenation. This 
process, if concerted, is symmetry forbidden and 
witnout precedent as the lowest energy dehydro
genation channel in cyclic olefins. 

Brief version of LBL-10731; J . Am. Chem. Soc. 
102, 5692 (1980). This research was carried out in 
collaboration with C. Bradley Moore and Michael R. 
Berman. 
1. A. G. Loudon, A. Maccoll, and S. K. Wong, 
J . Chem. Soc.(B), 1733 (1970). 
2. R. J . Hooper, H. A. J . Battaerd, and D. G. 
Evans, Fuel 58, 132 (1979). 
3. P. Bredael and T. H. Vinh, Fuel 58, 211 (1979). 
4. B. M. Benjamin, E. W. Hagaman, V7~F. Raaen, 
and C. J . Collins, Fuel 58, 386 (1979). 
5. T. Gangwer, D. MacKenzie, and S. Casano, 
J, Phys. Chem. 83, 2013 (1979). 
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The Reactivity of 1 4-Dehydrobenzenes 
(Thomas P. Lockhart and Robert G. Bergman) 

Important focuses in fossil fuel research in
clude the study of solvents that serve as hydrogen 
transfer agents in coal liquifaction and the char
acterization of the reactivity of aromatic radi
cals which may serve as models for coal "edge" 
s i t e s . 1 We have examined the reactivity of alkyl 
substituted 1,4-dehydrobenzenes (aromatic biradi
cals) with regard to unimolecular and bimolecular 
hydrogen transfer pi masses. 

Substituted 1,4-dehydrobenzenes are generated 
by tlie thermal reaction of 2,3-dialkyl-hexa-l,S-
diyn-3-enes. ? Our results with octa-4,5-diethynyl-
4-ene (1) are summarized in Scheme I . Ring 
closure~produces 2,3-dipropyl-l,4-dehydrobenzene 
(2) which undergoes several interesting unimolec
ular reactions. Ring opening to produce isomeric 
diyne 3, which is stable to the conditions of reac
tion of 1, occurs in competition with unimolecular 
[1,5] hydrogen transfer which produces biradical 4. 
The [1,5] transfer is exothermic by about 12 
kcal/mole because a more stable primary alkyl radi
cal is produced. 3 intramolecular transfer of a 
second hydrogen atom may take place to produce bi
radical 5. This biradical may undergo both unimo
lecular combination and disproportionation reac
tions, yielding 6 and 7, respectively. When 1 is 
pyrolyzed in the gas phase a quantitative yield 
of the three unimolecular products is obtained 
(Table 3). When pyrolyzed in inert solvent (such 
as chlorobenzene or diphenyl ether) a t 200°C, the 
same unimolecular products are obtained in good 
yield. 

In the presence of an effective trapping agent 
such as 1,3-q'clohexadiene, the reduced product 
(o-di-n-propylbenzene, 8) is obtained in good 
yield (Table 1). By employing 2,2,5,5-tetrade-
utero-l,4-cyclohexadiene as trapping agent, 8 
containing 2 deuteria/molecule was obtained. By 
selectively exchanging the aromatic deuteria with 
protons (by heating with HC1 in H?0), i t was pos
sible to determine the position of trapping in 
8 (VPC-MS was used to analyze for the relative 
amounts of do, di and d2 8 after exchange; these 
correspond to trapping of~biradicals 5, 4, and 3, 
respectively). The results are summarized in 
Scheme I I , which shows that biradicals 3 and 4 
are most efficiently trapped. 

I t is interesting to compare the experijnents 
with 1 with those obtained in the pyrolysis of the 
lower"homologue 9. When this compound was heated 
in the gas phased formation of the diyne isomer 11 
was observed. Only at much higher temperatures 
(ca. 40P°C) did products derived from trapping 
of the 1,4-dehydroaroraatic intermediate (10) 
appear (Table 4). These products, in particular 
te t ra l in (14) and o-ethylstyrene (15), suggest that 
[1,4] hydrogen transfer takes place to generate 
biradicals 12 and 13. When 9 is heated to 190°C 
in solution~ftjenzene), a high yield of J l is ob
tained but products due to intramolecular [1,4] 
hydrogen abstraction are not observed. Mien 1,4-
cyclohexadiene was added to the reaction solution, 
a good yield of o-diethylbenzene was produced; this 
i s consistent with the formation of biradical 2 
as expected in this reaction. These results 

Table 3. Product yields in the thermal reaction of 1. 

Absolute y i e l d ( 3 ) a 

Phase 
T 

CO 
1,4-cyclo-
hexadiene (M) 

Tota l 
3 6 7 8 (3-8) 

Gas b 37° ... 32 19 25 0 76 

S o l u t i o n 0 196 0.0 20 .3 20 .8 36.9 0 78 

S o l u t i o n 0 196 0.4 10.1 S.4 8.9 48 71 

f i e l d s were determined by digital integration of FID 
VPC trace and reference to an internal standard. 
N2 flow (I atm), through quartz tube. 

°Chlorobenzene solvent, [1] =0.01 M. 

suggest that [1,4] hydrogen transfer occurs more 
slowly than either intramolecular ring opening or 
bimolecular trapping reactions of the biradical 
10. The high temperatures required to produce 
appreciable amounts of intramolecular trapping 
products in the gas phase suggest that, only when 
10 is generated repeatedly by the cyclization of 9 
and 11, does intramolecular trapping begin to 
appear. This result stands in contrast to the 
relative rates of [1,5] hydrogen transfer and ring 
opening and trapping with 1,4-cyclohexadiene for 
biradical 2. 

In summary, 2,3-dialkyl-l,4-dehydrobenzene bi
radicals may undergo several different reactions 
depending on the presence of labile hydrogen 
atoms on alkyl side chains. Competitive with 

Table 4. Product yields in the reaction of 9. 

Absolute y i e l d s ( 2 ) 3 

T 
C°C) Phase 

T 
C°C) U ( c + t ) 14 15 16 o the r 

Gas 3 400 100 0 0 0 0 

G a s 3 500 76.8 1.6 8.8 0 9 .1 

Benzene so lu t i on 195 51 0 0 5 0 

Benzene s o l u t i o n 
+ 1,4-
cyclohexadlene 
(1 .1 M) 

195 6 0 0 75 0 

aSee Table 3. 
b [9 ] = 0.01 M. 
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fast intermolecular and intramolecular hydrogen 
abstraction pathways is opening of the aromatic 
ring to generate diethynyl olefins. 

* * * 
Brief version of LBL-I0828, J . Am. Chem. 102, 

5976 (1980). 
1. J . IV. Larsen, ed., "The Organic Chemistry of 
Coal," ACS Symposium Series No, 71 (1978). 
2. R. R. Jones, and R. G. Bergman, J . Am. Chem. 
Soc 94, 660 (1974); R. G. BeTgman, Ace. Chem. 
Res. 6, 25 (1973). 
3. S. W. Benson, "Thermochemical Kinetics/ ' 
Wiley-Interscience, N. Y., (1976). 

RES£<UICH PLANS FOR CALENDAR YEAR 1981 

Selective Synthesis of Gasoline Range Com
ponents. It is proposed to investigate f i rs t the 
performance of alumina-supported iron and rutheni
um catalysts with different levels of potassium 
promotion. Three objectives have been set for 
these studies. The f i rs t will be to establish 
empirically the influence of conversion on the 
distribution of organic products formed. Pre
liminary studies suggest that low molecular weight 
olefins formed via primary reactions are rein
corporated during the la t te r stages of reaction, 
thereby suppressing the formation of methane 
and very high molecular weight products. The 
implications of these in i t i a l results will be 
examined to determine whether secondary reactions 
can be used to control significantly the u l t i 
mate distribution of hydrocarbons formed. The 
second objective will be to determine the extent 
to which the oxygen released during Fischer-
Tropsch synthesis can be rejected as CO2 rather 
than water. The influence of gas space velocity 
on the extent of conversion will be examined as 
well as the effect of potassium loading. Here 
again, i n i t i a l studies have shown that the extent 
of CO2 formation relative to H2O increases as an 
iron catalyst is promoted with potassium. The 
extent to which a ruthenium catalyst might be 
similarly affected i s l i t t l e known and worthy 
of investigation. 

Following this work, experiments will be 
conducted using iron and ruthenium supported on 
ZSM-5 and related zeolites. The purpose of this 
work will be to establish the role of the zeo
l i t e in controlling the molecular weight d i s t r i 
bution of the products foimed. In addition, 
efforts will be made to establish whether the 
metallic component substituted into the 2eolite 
is stable or whether the metal migrates to the 
outer surface of the zeolite particles. 

Detailed studies of the effects of mass trans
port and olefin reincorporation will be conducted 
using the autoclave apparatus. Several objectives 
will be pursued. The f i rs t will be to establish 
the extent to which catalysts suspended in an oi l 
phase produce product distributions similar to 
those obtained in the fixed bed reactor. 

Electron Microscope-Studies of Coal. The 
environmental cell within the 650KV Hitachi elec

tron microscope, together with the mass spectrom
eter (attached to the gas exit of the environ
mental cell) will be used to examine various 
samples during the course of gasification reac
tions and simultaneously measure reaction rates . 
In i t ia l work will be with carbonaceous materials 
that are relatively free of volat i les , e .g. , 
graphite and coal char. 

The work on the characterization of mineral 
matter in coal will be continued. 

Catalyzed Low Temperature Hydro^enation of 
Coal. We intend to study the catalytic effects of 
transition metals evaporated over highly oriented 
graphite and the catalytic effects of potassium 
carbonate (K2CO3). The plan is to obtain a better 
characterization of the surface, both the graphite 
and the deposited catalyst, before studying i t s 
interaction with hydrogen, water, oxygen, and car
bon monoxide. Then the surface will be character
ized again after the reaction. Next we plan to 
add promoters to the catalysts to study their 
role in these interactions. 

Selective Hydrogenation, Hydrogenolysis, and 
Alkylation of Coal and Coal Derived Liquids by 
Organometallic Systems. The preported Fischer-
Tropsch alkylation of" aromatic rings under Lewis 
acid and transition metal catalyzed conditions 
will be subjected to synthetic and mechanistic 
scrutiny. The potential for transition metal 
mediated rearrangements of coal models by hydrogen 
shifts will be investigated. Novel methods in 
cleavage and hydrogenolysis of sp2-sp2 hybridized 
(aromatic) bonds are being developed. 

Chemistry of Coal Solubilization and Lique
faction Pyrolysis Studies. During the next fiscal 
year we plan to complete our work on the thermal 
hydrogen-transfer and carbon-extrusion reactions 
of te t ra l in . We will continue our study of direct 
and SiF4-sensitized multiphoton vibrational ex
citation of te t ra l in , using a CO2 laser, to care
fully distinguish the truly homogeneous and wall-
catalyzed decomposition processes. In addition, 
we plan to make use of the chemical activation 
technique to generate te t ra l in at vibrational 
levels much higher than those available by laser-
induced decomposition; the results of these studies 
will be compared with the multiphoton decomposi
tions. 

Having developed a technique that we are con
fident provides information about the truly homo
geneous (uncatalyzed) decomposition of molecules 
used as hydrogen donors in coal liquefaction, we 
plan to expand our studies to catalyzed decom
position and hydrogen transer. One line of 
approach will involve an investigation of common 
metal carbonyl complexes that catalyze hydrogena-
tion of coal-related aromatic hydrocarbons, using 
both H2 and water as a source of hydrogen. We 
will also be searching for clean, well-behaved 
reactions in which coordinatively unsaturated 
organotransition metal complexes abstract H2 
fran partial ly saturated hydrocarbons, and then 
this hydrogen to acceptor molecules. When such 
processes are found, intensive studies of their 
mechanisms will be carried out. 
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Experiments will be designed to define the 

role of transition metal hydrides as hydrogen 
transfer agents in coal liquefaction. Model 
acceptor compounds will test the reaction. Re
cently, work by Pettit et al. ha."e shown that the 
water gas shift (h'GS) reaction can be used with 
a wide variety of transition carbonyl compounds 
to generate transition metal hydrides catalyti-
cally. This is done by reaction of the transi
tion metal carbonyl with a weak base in the pres
ence of carbon monoxide. We will be utilizing the 
WGS reaction to generate various transition metal 
hydrides in the presence of appropriate model 
.iccoptor molecules. 
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W. Evans). "A Monte Carlo Simulation of the Dif- J- „ . t „ . . . „ 
fusion of Gases in Porous Solids," Ibid. Intra-mural funding. 

sOffice of Surface Mining, Dept. of Interior. 
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e. Coal Liquefaction Alloys Test Program* 

Alan V. Levy, Investigator 

Introduction. A group of a candidate steels 
for service in coal liquefaction systems was 
tested in a 30 wt.l coal-kerosene slurry. It 
was determined that performance varied over a 
difference range of 100S for alloys of similar 
hardness. Mild steel and austenitic stainless 
steels had higher erosion rates than higher carbon 
steels, low and medium Cr containing steels and 
ferrit ic chromium stainless steel . 

Jet impingement tests , using coal-kerosene 
and abrasive-water s lurr ies , have shown that the 
erosion of ductile metals in liquid-solid part icle 
abrasive streams is considerably different than 
their erosion in gas-solid particle streams. 
Maximum erosion occurs at 90° impingement angle 
for liquid slurries compared to 20° for gas-solid 
particle flows. A minimum in the erosion curve 
vs. impingement angle occurs in liquid slurry 
erosion while none occurs in gas-solid particle 
erosion, 

1. EROSIOK BEHAVIOR OF ALLOYS IN GfrlL SLURRY 
POT TESTS* 

R. Indig and A. Levy 

A nuraber of candidate materials for service 
in coal liquefaction components that are sub
jected to slurry erosion were tested in the 
2 l i t e r pot test . Their relative resistance to 
erosion and the effects of metallurgical and 
hardness differences between them on their erosion 
behavior were determined. A 30 wt.S, -200 mesh 
Ill inois #6 coal was used in a kerosene liquid 
for the slurry. The effective velocity was 40 fps 
and the tests were performed at 2S°C. 

Figure 1 shows the cumulative erosion of three 
non-stainless steels of varying hardness. In the 
120-minutes exposure, the difference in cumulative 
erosion among the 3 alloys was 100?. The lowest 
hardness material, 2-i/4Cr IMo steel , had an 
intermediate amount of erosion, indicating that 
hardness was not a factor in the erosion resistance 
of the 3 alloys. The reason for the large variation 
i s s t i l l under investigation. 

The possible effect of chromium content on 
erosion behavior is shown in Fig. 2, For the 3 
alloys tested, the eriosion decreased with increased 
Cr content while the hardness of the 3 alloys was 
comparable. A 67% difference in erosion between 
the A53 mild s teel and the 410 ferr i t ic stainless 
steel after 120 minutes of exposure is significant. 

This work was supported by the Assistant Secretary 
for Fossil Energy, Office of Coal Research, Materials 
and Components Division of the U. S. Department of 
Energy under Contract No. W-7405-ENG-48 through the 
Fossil Energy Materials Program, Oak Ridge National 
Laboratory, Oak Ridge, TN. 
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Fig. 1, Cumulative erosion of three non-stainless 
steels of varying hardness. (XBL 809-11985) 
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Fig. 2. Cumulative erosion of three alloys with 
increasing Cr content. (XBL 809-11986) 
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quantitative rate of erosive wear of various 
flat metal samples caused by the ijnpact of a 
particle-laden liquid jet of variable velocity 
and impingement angle. The effects on erosion 
behavior of the following parameters were deter
mined: jet velocity, slurry concentration, metal 
and particle hardness characteristics, relative 
densities of fluid and solid phase, fluid viscosity, 
particle composition of slurry, and orientation 
angle of the ijnpinging jet. 

The erosion that occurred on 6061-T6 aluminum 
in a 20 wt.% coal-kerosene slurry is shown in 
Fig. 4. Maximum erosion occurs at a 90° impinge
ment angle. This behavior of solid particles in 
a liquid slurry differs markedly from that which 
occurs in gas-solid particle erosion, which is 
shown by the dashed curve in the figure. The 
differences between the two carrier fluids that 
affect erosion behavior of metals is being 
determined. Figure 5 compares the erosion rates 
of 1018 mild steel and G061-T6 aluminum in a 
coal slurry erosive environment. The lower 
erosion rate and slope of the mild steel as a 
function of velocity reflects the fact that the 
steel is both stronger and more ductile than the 
aluminum alloy. Both properties contribute to 
the erosion behavior of ductile metals. 

TIME OF EXPOSURE (MINure-5) 

Fig. 3. Cumulative erosion of A53 mild steel 
compared to 4 stainless steels . (XBL 809-11981) 

Figure 3 shows the relative similarity of A53 
mild steel and several austenitic stainless steels. 
Again, i t is seen that hardness has no effect on 
the relative erosion behavior of the alloys. The 
comparatively high rates of erosion of the stain
less steels, comparable to that of the A53 carbon 
steel , indicate that corrosion was not active in 
slurry pot erosion tests . The 300 series austenitic 
stainless steels eroded at a significantly higher 
rate than the 410 ferr i t ic stainless steel , as can 
be seen by comparing their curves in Figs. 2 and 3. 
The lower amount of erosion of the 316SS as compared 
to the other steels may be due to the molybdenum 
content of the 316SS. It was observed that the 
2-l/4Cr-lMo steel also had a low amount of erosion 
in this type of tes t . 

Selection of steels for slurry erosion service 
does not have to be related to hardness, as was 
previously thought. The effects of composition, 
ductility or toughness, crystallographic structure, 
and other metallurgical factors govern the erosion 
resistance of steels in slurry flow environments. 

TBrief version of LBL-10044. 

2. JET IMPINGEMENT TESTER* 

S. Li 

The purpose of this research is to evaluate 
under controlled laboratory conditions the 
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Fig. 4. Erosion of 6061-T6 Al at various 
impingement angles in 20 wt.% coal-kerosene 
slurry. (XBL 8012-2JS11 
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Fig. 5. Erosion of 6061-T6 Al and 1018 mild 
steel at various velocities in 20 wt.% coal-
kerosene slurry. (XBL 8012-2450) 
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Fig, 6. Erosion of G061-T6 Al in various AI2O3, 
SiC-water s lurr ies . (XBL 8012-2456) 

Figure 6 shows the dimensionless rate of wear 
as a function of je t impingement angle for 6061-T6 
aluminum alloy, using mixtures of SiC and AI2O3 
abrasive particles in water. I t is seen that 
maximum erosion occurs for a j e t impinging normal 
to the metal sample surface (a = 90°). The 
occurrence of a minimum in the erosion curve at 
a = 60° also differs from gas-solid particle 
erosion behavior. The SiC containing slurry 
generally caused more erosion than the AI2O3 or 
mixed particle slurries. This difference is not 
usually observed in gas-solid particle erosion. 

The major differences in resultant erosion 
behavior that are observed between the liquid-
solid particle erosive streams used in this 
project and the gas-solid particle streams used 
in other work are indicative of several major 
differences in the erosive environments. The 
fluid mechanics of each type of flow differs, 
and this difference is being studied and defined 
as a function of Reynolds number and other 
variables. Further, the lubricity of the liquids 
change the mechanical nature of the erosive 
particles striking the target surface. Fluids 

with the same viscosity and major differences in 
lubricity have been procured for erosion testing. 

'Brief version of LBL-11959, 

RESEARCH PLANS FOR CALENDAR YEAR 1981 

The effects of larger coal particles and other 
liquids, including those with different lubricity 
for the same viscosity, on erosion of metals and 
hard protective coatings will be determined. 
Viscosity of different slurries than those used 
to date will be determined at elevated tempera
tures. Elevated temperature testing to 200°C 
will be carried out. New pumps will be installed 
in the slurry loop and evaluated along with 
piping materials other than the A53 mild steel 
and 300 series stainless steels tested to date. 
Data presenting performance levels of various 
tested materials will be compiled for design used. 

1980 PUBLICATION AND REPORTS 

Other Publications 

1. A. Levy, "Erosion-Corrosion Behavior of Piping 
Materials in Coal Liquefaction System Slurries," 
NACE Corrosion '80 National Meeting, Chicago, 
I l l inois , March 1980. 

LBL Reports 

1. S. Li, J . A. C. Humphrey, and A. Levy, 
"Erosive Wear of Ductile Metals by a Particle 
Laden, High Velocity Liquid Je t , " LBL-11959. 

Invited Talks 

1. A. Levy, "Erosion in Coal Liquefaction 
Systems," Fifth Annual Conference on Materials 
for Coal Conversion and Utilization--DOE t 

Gaithersburg, Maryland, October 1980. 

2. A. Levy, "Erosion of Metals by Non-Aqueous 
Slurries," AIME-TMS Annual Meeting, Pittsburgh, 
Pennsylvania, October 1980. 
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f. Materials Characterization in Fossil Fuel Combustion Products* 

David P. Whittle, Donald H, Boone and Alan V. Levy, 
Investigators 

Introduction. The use of protective coatings 
on structural components to provide corrosion and 
erosion protection,and thermal insulation in some 
applications, is an effective way to extend the 
performance range of alloys in high temperature 
service. The ability of the coatings to provide 
the protection required is a function of their 
composition, morphology, thickness, method of 
application, and the substrate upon which they 
are formed. The effect of increased aluminum 
content of the substrate alloy on increasing the 
formation of a more discrete inner coating zone 
with resultant improved performance of an aluminiscd 
coating was determined. 

The effects of surface preparation and component 
geometry on desireable leader growth of a yt t r ia 
stabilized zirconia thermal barrier ceramic coat
ing was determined. Marked differences in the 
morphology of oxide scales formed on aluminide 
coatings deposited on nickel and cobalt super 
alloys were found to be due to differences in the 
application techniques for the same basic aluminide 
coating. Raman and IR spectroscopy techniques 
were developed to identify some of the complex 
phases and structures that form in the oxide scales 
as a result of variations in processing techniques 
for the application of ceramic thermal barrier 
coatings. 

1. SUBSTRATE EFFECTS ON COATING PROTECTION 

D. Crane and D. Boone 

The use of protective coatings has, in large 
part, been successful in providing the required 
surface stabil i ty of structural components in high 
temperature service without compromising the load 
carrying ability of the substrate. However, as 
use temperatures increase, the interaction between 
coating and substrate increases, and the indepen
dence of the coating from the substrate is greatly 
reduced. 

Considerable promise for strengthening the 
substrate alloys at elevated temperatures has 
been shown by the use of fine oxide dispersion 
strengthening (ODS), often obtained by mechanical 
alloying (MA) techniques. However, the abil i ty 
to use these ODS alloys at very high temperatures, 

This work was supported by the Assistant Secretary 
for Fossil Energy, Office of Coal Research, Heat 
Engines and Heat Recovery Division of the U. S. 
Department of Energy under Contract No. W-7405-ENG-48 
through the Battelle Manorial Insti tute, Pacific 
Northwest-Laboratories, Richland, WA. 

> 0.8 Tm, is often limited by the increasing 
reactivity between the alloy and i t s protective 
coating- This has been observed for diffusion 
type coatings such as the aluminides and, to a 
lesser extent, for the overlay type coatings. 
Little is understood about the nature of this 
interaction or the potential for designing some 
coatability into these high strength substrates to 
retard or prevent the interaction. The reported 
high diffusion rates in the ODS materials are 
clearly one of the problems, but there may be 
other factors. 

Studies are being conducted to develop an 
understanding of the factors affecting coating 
stabili ty and protectiveness, using MA alloys with 
varying substrate aluminum levels, and simple inward 
and outward type diffusion aluminum coatings. 
Experimental techniques involve isothermal ex
posures and careful metallographic analysis. 

I t was found that the aluminum content of the 
substrate had a large effect on the structure of 
the resulting coating; increasing aluminum level 
promoted the formation of a more discrete and 
desirable inner coating zone. Figure 1 shows the 
structures of an outward type coating on two ODS 
alloys, one with 0.6i Al (MA754) and the other 
with 4,5$ Al (MA6DDDE). Significant differences 
in inner coating zone structure is observed. The 
thicker, less continuous inner coating zone on the 
ODS alloy with higher aluminum content is expected 
to show greater resistance to interdiffusion and 
coating separation. 

Isothermal exposures of a MA6000E coating 
sample with an outward type coating at 1000°C for 
varying tines showed rapid formation of voids in 
the coating inner diffusion zone and aluminum 
diffusion into the substrate. Use of deep etching 
tecliniques and fractography were helpful in 
determining the size and location of voids often 
obscured or exaggerated by normal metallographical 
procedures. Figure 2, a fracture surface of a 
specimen exposed for 24 h at 1000°C, shows the 
porosity concentrated in the inner coating zone 
with failure at the coating substrate interface. 
These results indicate that while substrate altm-
inum content has a large effect on inner coating 
structure and apparent s tabi l i ty , inter-diffusion 
s t i l l results with rapid loss of coating integrity. 
The kinetics of void precipitation and location are 
being determined. 

'Brief version of LBL-12021. 
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Fig. 1. Microstruetures of aluminide coatings 
applied to ODS alloys with different aluminum 
contents: (a) MA754, 0.65 Al, (b) MA 6000E, 
4.55 Al. (XBB 814-3236) 

2. CHARACTERIZATION' OF THERMAL BARRIER 
CERAMIC COATINGS'*" 

D. Boone 

The use of ceramic-oxide, thermal-barrier 
coatings to protect metal in combustion zone 
environments has accelerated with the demonstration 
of the ability of ceramic coating layers to survive 
on a variety of cr i t ical components in gas turbine 
and diesel engines. Ceramic coatings serve the 
function of a thermal barrier, greatly increasing 
the allowable surface temperature of the load 
carrying component, thereby increasing operating 
efficiency of the engines. The ceramic also has 
the potential for greater surface durability 
against corrosion in synfuel and lower quality 
fuel combustion products. 

This project has as i t s primary objective the 
characterization of the as-deposited coating 
structures and their resultant performance as 
influenced by starting materials, methods of 
deposition (e.g. , plasma spray and physical vapor 
deposition), substrate preparation, and inner 
layers used. Precise definition of the mechanisms 
of degradation and failure of the coatings is 
important in optimizing their composition and 
application procedure?. 

Suitable test components were selected for 
existing turbine and diesel engines, and appli
cation variations defined for preparing in i t ia l 
specimens. Evaluation of test results on in
completely characterized samples was conducted. 
Results of diesel piston and valve testsl of 
plasma-spray-applied, partially-stabilized zircon
ium coatings were encouraging, as were reported 
results of gas turbine exposures. 

Examination of the structure of electron beam 
physical vapor deposition (EB-PVD) yt t r ia stabi
lized zirconia (YSZ) applied to turbine airfoils 
with differing surface pretreatments indicated the 
nature of the range of structural variables that 
occur. The fracture surface of the coating 
(Fig. 3) shows the desirable leader growth struc-

Fig. 2. Fracture cross section of aluminide 
coating on MA6000E alloy. (XBB 814-3235) 

Fig. 3. Fracture surface of a y t t r ia stabilized 
zirconia coating applied to a turbine airfoi l . 

(XBB 807-9196A) 
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ture which is deemed necessary to provide the in
quired thermal strain tolerance necessary for a 
brittle ceramic coating to survive on a more ductile 
metallic substrate. Size, aspect ratio, and amount 
of porosity of the coatings as a function of sub
strate and processing variables are being investi
gated . 

On these airfoils, initial surface roughness 
of the substrate was found to have little effect 
on resulting ceramic growth morphology. The radius 
of curvature at leading and trailing edges and 
between pressure (concave) and suction (convex) 
surfaces had a much greater effect on the density 
of leader growth. Determination of the effect of 
a wider range of surface conditions, geometry, and 
deposition variables on coating performance than 
was initially considered, was indicated by these 
tests. 

The contrast between the highly oriented (a 
[220j growth direction was found) EB-PVTJ zirconia 
coaling and a plasma spray (PS) applied zirconia 
coating presently undergoing tests on diesel 
engine valves is seen in the structure of the PS 
coating in Fig. 4. A controlled level of porosity 
in the PS coating was found to be important as well 

Fig. 4. Plasma sprayed applied zirconia coating 
uiesel valve head test in an engine for 1000 hr: 
(a) surface, (b) cross section. (XBB SU-58u;i) 

as the composition and degree of stability of the 
ceramic, and the orientation of the plasma applied 
deposits. Inner layer roughness for improved 
mechanical adherence also appears to be a factor 
in the performance of the coating. 

* * * 
Brief version of LBl-10520. 

1. I . Kvemes, "G ia r ac t e r i z a t i on of Micros t i n c t u r e s 
and Measurements of Thermal Effects of Ceramic 
Coatings in Diesel Engines in S e r v i c e , " in Thin 
Sol id Films (1979). 

3. EFFHCT OF COATING PROCESSING AND STRUCTURE 
ON OXIDE FORMATION AND PROTECT IVI-MESS-*" 

D. Crane and D. Boone 

Much a t t e n t i o n i s being given to the e f fec t 
of p r o t e c t i v e coa t ing composit ion, process ing 
techniques , and s t r u c t u r e on the r e s u l t i n g oxide 
formed on the c o a t i n g ' s surface and i t s behavior 
in a v a r i e t y o f condi t ions and environments. 
Systems being inves t iga ted a re often tiie AI2O3 
forming MCrAlY's produced by EB-PVI), s p u t t e r i n g , 
and plasma spray techniques. A promising research 
technique i s the examination of the p r o t e c t i v e 
oxide s t r u c t u r e by removal of the coat ing ma te r i a l 
from the s u b s t r a t e . 

Much l e s s a t t e n t i o n has been given to under
s tanding the e f f e c t s of composition and process ing 
on the s t r u c t u r e :inJ performance of the simple 
aluminides appl ied to nickel and cobal t base 
supe ra l loys . These systems are s t i l l the most 
widely used p r o t e c t i v e coat ings in gas tu rb ine and 
other combustion environments. Several inward 
and outward type a l u m n i d e coa t i ngs , appl ied to 
n icke l and cobal t based s u p e r a l l o y s , showed la rge 
differences in surface structure for the various 
systems. 

Figure S shows examples of the as-coated surface 
of these aluminides and the results of their 
oxidation in air for 50 hr at 1000°C. Signifies.-:: 
differences exist in the structures and oxidation 
behavior for the different coating processes .ir.i 
substrate alloys coated. Increased coating thick
ness and the possible presence of a lower neitir.c-
point, low-ductility phase prior to coating 
diffusion may account for the extreme surface 
roughness observed in the surface of sme rh;c_s 
aluminides, as seen in Fig. 6. Pre-cc^Ting $urfs-c* 
treatments such as pack cementation. :irpLicut;*r. 
of chromium, or electrolytic applies::cn c* ef-.r.-m ĵn 
or a precious metal, such as platizv.n.. ;•«.**.* -«t:v 
found to influence the surface o: the .^-slnn.*.".-, :-i\\ 
sample. The causes of these J.i t":Vrvrjcv* ,cv. ::V:.v 
effect upon protectiveness in c-\U:.::i;:\w jor.-i. : v ; 
corrosion environments are St-i:*̂ - v'-vr^^i"'-^... 

^ r i o f version o;" IX • *. x::. 
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Fig, S. Surface structure of aluminide coatings 
on nickel and cobalt base alloys: (a), (b), 
and (c) are as received; fb), (d), and (f) are 
after 50 hr at 1000°C in air. (a) and fb) a*e 
cobalt base aluminide on Nl-52, inward type 
aluminide. (b) and (e) are nickel base aluminide 
on IN73S, inward type aluminide. (e) and (f) 
are nickel base aluminide an 1N738, outward type 
aluminide, showing pack mix entrapment. 

(XBIl 815-4029) 

Fig. 6. Comparison of surface roughness of thick and thin aluminide coatings. (XBE 814-3810) 
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4. RAMMJ AND IR SPECTROSCOPY CHARACTERIZATION 
OF OXIDE COATINGS 

D. Boone 

In s t u d i e s of the s t r u c t u r e s of ceramic thermal 
b a r r i e r coa t i ngs , t he phase composition and degree 
of s to ichiometry a r e known t o play a key r o l e in 
the mechanical and thermal performance of t he 
systems. Considerable work i s c u r r e n t l y underway 
a t LBL and elsewhere t o improve the performance 
of these coa t ings by s t r u c t u r a l con t ro l involving 
both composition and process ing v a r i a b l e s . The 
d i r e c t i o n and success of t h i s work involves the 
a b i l i t y t o iden t i fy the of ten complex phases t h a t 
occur as the r e s u l t of process ing parameters , 
high se rv ice tempera tures , and phase t ransformat ion 
temperatures . Stoichiometry of the a s -app l i ed 
coat ing, and changes during exposure, can be very 
c r i t i c a l for t he ce ramic ' s adherence and r e s i s t a n c e 
t o thermal shock. Also, the performance of p ro 
t e c t i v e ox ides , which form on m e t a l l i c coa t ings 
and a l l o y s during exposure, depend on the s t r u c t u r e 
and composition of t he oxide as wel l as i t s i n t e r 
ac t ion with a c t i v e element oxide phases used t o 
promote pegging and adherence. 

Laser Raman spectroscopy and in f r a r ed spec t ro s 
copy s t u d i e s for t h i s p ro j ec t t h a t a r e being 
ca r r i ed out a t the Sandia National Labora to r i e s , 
Livermore, have shown the p o t e n t i a l of t h i s 
d iagnos t ic technique t o iden t i fy some of the com
plex phases and s t r u c t u r e s i n the oxide s c a l e s . 

Thermal b a r r i e r coa t i ngs , deposi ted by seve ra l 
techniques inc lud ing EB-PVD, s p u t t e r i n g and plasma 
thermal spraying wi th compositions of varying 
Zr02/Y203 r a t i o s and varying degrees of s t o i c h i 
ometry, have been examined meta l lograph ica l ly and 
analyzed by Raman and IR spectroscopy. 

Results show tha t the t r a n s i t i o n from te t r agona l 
t o monoclinic s t r u c t u r e i s e a s i l y resolved as 
d i s t i n c t peaks using the Raman Technique with the 
p o t e n t i a l for ana lys i s of r a r e e a r t h impur i t i es 
by s t rong f luorescence .1 ,2 Figure 7 shows the 
Raman spec t ra of a y t t r i a s t a b i l i z e d Zr02 (YSZ) 
for a source ma te r i a l and for the EB-PVD deposi ted 
coa t ing . Differences in peak he igh t s and loca t ion 
i nd i ca t e t h a t the coat ing process r e s u l t s in var
i a t i o n s in the coat ing s t r u c t u r e from t h a t of the 
standard source m a t e r i a l . The e f f ec t s of such 
v a r i a t i o n s as a funct ion of process ing and se rv ice 
va r i ab l e s a re being r e l a t e d t o coa t ing performance. 
Figure 8 p re sen t s the r e s u l t s of a study of in f ra red 
peak s h i f t for EB-PVD deposi ted YSZ with varying 
l e v e l s of oxygen b leed . This demonstrates t h a t 
t h i s technique may poss ib ly be used t o c h a r a c t e r i z e 
the s to ichiometry of ceramic coat ings deposi ted by 
r e a c t i v e evaporat ion and s p u t t e r i n g techniques 
where complete r e a c t i o n wi th oxygen may not occur . 
Subsequent oxida t ion of t he o f f - s to i ch iome t r i c c e r 
amic can change coa t ing s t r u c t u r e and dens i ty and, 
hence, adherence. The r e s u l t s a r e being c o r r e 
l a t e d wi th behavior of these coat ings i n engine 
and rig tes t s . 

«r—i 1 i 1 r—| 1 1 r 
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Fig. 7. Raman spectra for source material and 
EB-PVD deposited yt tr ia stabilized zirconia coating. 

(XBL 813-22031 

Fig. 8. Infrared spectrum for EB-PVD deposited 
y t t r ia stabilized zirconia coating. (XBL 813-2210) 
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1. R. E. Benner and A. S. Nagelberg, "Character
ization of Zr02~Y203 Thermal Barrier Coatings by 
Raman Scattering," Accepted for Presentation at 
the 8th International Conference on Metallic 
Coatings, San Francisco, April 1981. 
2. R. L. Farrow, et al., "Characterization of 
Metallic Corrosion," presented at the 7th Inter
national Conference on Metallic Coatings and 
accepted for publication in Thin Solid Films, 
SMI) 79-8782. 

RESEARCH PLAN'S FOR CALENDAR YEAR 1981 
The structural features and phase equilibria 

of partially stabilized zirconia will be more 
completely established for several deposition 
techniques and starting materials and correlated 
with degradation modes observed in gas turbine, 
diesel engine, and rig testing. Additional ceramic 
compositions will be investigated. 

Coating processing effects, such as type of 
CVTJ aluminizing, high or low aluminum activity 
process, effect of additions such as chromium, 
manganese, and silicon, will be studied further 
and related to the nature and performance of the 
protective oxide formed. Cyclic oxidation and hot 
corrosion testing are planned. Substrate alloy 

compositional and structural effects on the 
performance of the coatings will be investigated. 
1980 PUBLICATIONS AND REPORTS 

Publications 
1. D. Boone and J. Fairbanks, "Advanced Electron 
Beam Techniques for Metallic and Ceramic Protective 
Coatings," presented at the ASM/SAMPE Conference 
on Specialized Cleaning, Finishing and Coating 
Processes, Los Angeles, February 1980 and to be 
published in the proceedings. 
2. D. Boone and J. Fairbanks, "The Turbojet: A 
Perpetual Search for Better Materials," Materials 
Engineering (Sept. 1980), p. 78. 

LBL Reports 
1. D. Boone, D. Crane, and D. Whittle, "The 
Structure and lnterdiffusional Degradation of 
Aluninide Coatings on Oxide Dispersion Strengthened 
Alloys," LBL-12021. 
2. D. Boone and J. Fairbanks, "Advanced Electron 
Beam Techniques for Metallic and Ceramic Protective 
Coatings," LBL-10520. 
3. D. Boone, D. Crane, D. Miittle, "Oxide Structures 
on Aluminide Coatings," LBL-12022. 
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g. Solution Thermodynamics of Sulfites and Sulfite Oxidation Mechanisms* 

Leo Brewer and Robert £ Connick, Investigators 

1. THERMODYNAMIC DATA FOR RUE-GAS 
DESULFURIZATION PROCESSES 

Leo Brewer, Gerd Rosenblatt, Bea-Jane Lin 
and Michael Cima 

The chemistry of tetravalent sulfur is complicated 
by the thermodynamic instability of many of the 
phases containing tetravalent sulfur. Many of the 
phases and aqueous species, which play an important 
role in the limestone scrubbing process for removal 
of sulfur dioxide from coal combustion flue gas, 
are metastable phases. Some of these metastable 
phases can equilibrate with one another without 
reaching equilibrium in a reasonable tinte with 
respect to the ultimately stable products. The 
calcium sulfate system can be cited as an example. 
There are only two thermodynamically stable phases, 
CaSOA, anhydrite, and CaS04'2H20, but these phases 
can not be equilibrated with one another. Instead, 
CaS04-2H20 dehydrates to two different metastable 
CaS04«l/2H20 phases depending upon the conditions. 
These hemihydrate phases equilibrate with two 
different metastable CaS04 phases. In the CaS03 
system, which results from the reaction of SO2 
h'ith limestone, this problem of metastability is 
enhanced by the thermodynamic instability with 
respect to disproportionate to higher and lower 
oxidations states of sulfur. With varying impuri
ties in coal ash, the catalysis of various possible 
reactions may take place unexpectedly and it is 
important to unravel the possibilities. 

In an effort to provide the thermodynamic 
information that might be needed for understanding 
the possible reactions that can take place in 
limestone scrubbers, a critical review of the 
literature has been carried out and a compilation 
of the data at 298.15 K has been prepared. The 
application of the Pitzer model for the thermo
dynamics of aqueous solutions was carried out last 
year by Gerd Rosenblatt. This is being combined 
with the data for the solid phases to provide a 
complete description of the thermodynamics of the 
limestone scrubbing process. 

2. THE OXIDATION OF BISULFITE ION BY OXYGEN 

Robert E. Connick and Thomas G. Braga 
2- + 

The solution reaction 2HS0j + 0 2 = 2S0^ + 2H 
is of importance in flue gas desulfurization 
processes carried out in aqueous solutions or 
slurries. Depending on the process, it may be 
desirable either to enhance or restrict oxidation 
of bisulfite. In addition, the reaction is of 

This work was supported by the Assistant Secretary 
for Fossil Energy, Office of Coal Research, Advanced 
Environmental Control Division of the U. S. Depart
ment of Energy under Contract No. W-7405-ENG-48 
through the Morgantown Energy Technology Center, 
Morgantown, WV. 

concern in air pollution by sulfur dioxide because 
oxidation of the SO2 in water droplets or films 
is believed to be the primary way in which acid 
rain is formed. To control the reaction, a 
thorough understanding of the rate and mechanisms 
is desirable. 

The kinetics of the reaction has been studied 
by many investigators1 with little agreement as 
to rate, rate law, or mechanism. This interesting 
and surprising result stems from the fact that the 
reaction is a chain reaction that is very suscep
tible to effects of impurities, with the con
sequence that the rate is highly irreproducible. 

Rather than tackle the impurity problem head-on, 
as others have done, our approach has been to try 
to eliminate impurity effects by deliberately 
adding species that will control the chain initi
ation, chain termination, and chain propagation. 

Initially, the reaction was followed by measur
ing the rate of oxygen gas absorption in solutions 
of Na2S03 at pH - 9. It was discovered that the 
observed rate was limited by the mass transfer 
rate of the O2 gas into the solution, even though 
extremely vigorous agitation of the liquid with 
the gas was used. This finding casts doubt on 
the interpretations of results of a number of 
studies reported in the literature where a similar 
experimental method was used. 

By going to pH ~ 4 to S, the region of greatest 
interest in FGD processes, the reaction is slowed 
enough so that mass transfer is not limiting. 
Experiments conducted with equimolar sodium 
acetate-acetic acid buffer solutions, yielded an 
apparent 5/2 order dependence on bisulfite con
centration. Variation of the buffer gave an 
inverse first power dependence on hydrogen ion 
concentration. The oxygen dependence was not 
determined. The rates were not perfectly repro
ducible, but changing the buffer concentration or 
using different sources of water seemed to have 
little effect. 

To eliminate mass transfer completely, the 
reaction was studied by measuring the oxygen con
centration with an oxygen meter in a closed con
tainer having no gas phase. This technique 
permitted data to be obtained more easily and more 
rapidly. The rate was determined at 25°C under a 
wide variety of conditions in acetic acid-sodium 
acetate buffer solutions. Ethyl alcohol was 
added in many of the experiments to control the 
termination step as Backstrom's2 work strongly 
indicates that the inhibitory effect of alcohol 
arises from its ability to terminate chains. The 
powerful catalyst manganous ion was also present 
in many of the experiments. Its role could be 
either that of an initiator or chain propagator. 

The results of these studies indicated that, 
without addition of alcohol or manganous ion, the 
reaction was somewhat less than zero order in 
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oxygen concentration and presumably 3/2 order in 
[HSO3] and -1 order in hydrogen ion concentration 
from the mixing experiments. 

Addition of ethanol decreased the rate by the 
factor l/(k + k' [ETOH]) at low ethanol concentra^ 
tion; but, when the ethanol became sufficiently 
concentrated, the rate approached zero order 
dependence on ethanol, presumably because of a 
separate reaction path. This new term was roughly 
100-fold smaller than the rate with no ethanol. At 
this high alcohol concentration, the rate depended 
on the 3/2 power of the oxygen concentration. 

Manganous ion greatly speeded up the rate in 
the absence of alcohol with an apparent linear 
dependence on manganous concentration. When both 
manganous ion and alcohol were present, the results 
were more complex. At constant [MJI^+J, the rate 
decreased slowly with increasing alcohol concen
tration, then decreased very rapidly, and suddenly 
became independent of alcohol. The behavior 
could best be explained by the formation of a 
complex between the manganous ion, presently at 
about 4 x 10-4 j^ ̂ ^ ^ impurity in the alcohol. 
Distillation of the alcohol and different sources 
yielded changes in rate but never seemed to 
eliminate the impurity. Further, it was found 
that the rate depended on the buffer concentration. 

To avoid complications with buffers, experiments 
are currently being run without buffer but con
trolling the pH by manual addition of base. With 
no additives, the rate is roughly 3-fold slower 
than in 0.25 M acetic acid-sodium acetate buffer 
of the same pH. Sodium hydroxide solution was 
abandoned as the added base when it was found to 
contain some catalyst that increased the rate 
with each addition. A solution of sodium bicar
bonate has been found suitable for maintaining 
constant pH. Again, the rate appears to be some
what less than zero order in [O2]- Alcohol enters 
as before in the denominator to the first power. 

Since there was evidence that the catalytic 
effect of manganous ion did not arise from the 
presence of a new initiation step, it was desirable 
to find a new initiator. Ultra-violet light was 
chosen because a photochemical path for the 
reaction is well known and it seemed very likely 
that light would be initiating the chain. The 
solution was illuminated by a General Electric 
100A4/T bulb. The rate increased about 25-fold 
and the oxygen dependence became zero order. 
Further, the rate appeared to be independent of 
hydrogen ion concentration around pH 4.5. The 
dependence on bisulfite concentration was to 
the 3/2 power. 

The rate of a chain reaction of long chain 
length may be represented symbolically by a chain 
initiating step I, a chain propagating step P, 
and a chain terminating step T: 

where n is a small integer, usually 1 or 2. The 
rates of initiation and termination are equal, 
i.e., I = T. The factor I/T is introduced to 

cancel from the rate law the concentration(s) of 
chain carrier(s) which appear in P and T. If the 
termination involves one chain carrier, n will be 
unity; if it involves two chain carriers, n will 
be two. 

While the catalytic effect of manganous ion 
could most simply be attributed to the introduction 
of either a new initiation path or a new chain 
propagation step, there is evidence that the latter 
possibility is correct. The evidence comes from 
the reactions in which ultra-violet light was 
used, presumably to initiate the reaction. The 
factor increase in rate produced by a given con
centration of M Q 2 + appeared to be about the same 
with and without light, even though in the former 
case the rate was 25-fold greater. This result 
is understandable if the role of manganous ion is 
to provide a new propagation step rather than to 
create a new initiation step. 

* * * 
1. Gmelin's Handbuch der Anorganischen Chemie, 
Eighth ed., Sulfur System No. 9, Part B, Lieferung 
3, pp. 1293-1519 (1963). 
2. H. Backstrom, J. Am. Chem. Soc. 49, 1460 (1927); 
11. Alyae and H. Backstrom, ibid 51, 90" (1929). 

RESEARCH PLANS FOR CALENDAR YEAR 1981 

Studies of the rate, rate law, and mechanism 
of the oxidation of bisulfite ion by oxygen will 
be continued. Attention will be directed to the 
control of the initiation step by the use of ultra
violet illumination. It will be necessary to 
measure the effect as a function of light intensity, 
wavelength, and concentrations of absorbing species. 
The identity of the active absorber will be sought. 
With both the initiation and termination steps 
controlled, it is hoped that the rate will be more 
reproducible. Quantitative studies of the effect 
on the rate of a particular additive, in conjunc
tion with variations of light intensity, manganous 
concentration, and alcohol concentration, should 
make it possible to deduce whether the additive 
is affecting the initiation, propagation, or 
termination step(s) of the chain reaction. Mecha
nisms can then be deduced and reasonable postulates 
made for the chain carriers of the reaction. 

Work will continue on the characterization of 
the CaS03 and CaS03-2H20 phases and their solid 
solutions with CaSOj. The compilation of thermo
dynamic data at 298.15 K will be extended to higher 
temperatures and the standard state data will be 
combined with the program for activity coefficients 
in the aqueous phase to provide a complete thermo
dynamic characterization of the limestone scrubbing 
system. 

1980 PUBLICATIONS AND REPORTS 
Other Publications 

1. R. E. Connick and T. G. Braga, "The Rate of 
Oxidation of Bisulfite Ion by Oxygen," Quarterly 
Reports to Morgantown Energy Technology Center, 
(Sept. 1979, March 1980, and Sept. 1980). 



Invited Talks 
1. Leo Brewer, "Thermodynamics of Compounds of 
Interest to the S02 Removal Program," Flue Gas 
Desulfurization Symposium, Morgantown, West 
Virginia, November 7, 1980. 

2. Robert E. Connick and Thomas G. Braga, "The 
Kinetics of the Oxidation of Bisulfite Ion by 
Oxygen," Flue Gas Desulfurization Symposium, 
Mjrgantown, West Virginia, November 6, 1980. 
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ft. Process Chemical Parameters in Aqueous Sulfur Dioxide Removal by Lime/Limestone Scrubbers* 

Robert B. Connick, Investigator 

1. RAMAN SPECTROSCOPIC DETERMINATION OF AQUEOUS 
SULFUR OXYANIONS 
M. Ospina,' K. Ward, K. Koshlap, and B. Meyer 

The Raman spectra of standard solutions of 
sulfite, disulfite, bisulfite, sulfate, bisulfate, 
dithionate, thiosulfate, and polythionate solu
tions were used to interpret spectra of a sulfur 
dioxide/limestone slurry which contains mixtures 
of unknown compositions. This procedure makes it 
possible to condu; a comprehensive analysis of 
all sulfur species in these solution?. Since the 
water band at 1,650 cm"l remains reasonably con
stant in solution^ containing oxyacid species, this 
method can Also be used to compare the concentra
tion of all species. However, concentration of 
the species must be greater tlian 0.1 M to be 
identified reliably. 

We are currently installing a Nicolet com
puter system which will make the analysis quicker 
and more reliable. This will make it possible to 
store spectra on disc and to conduct rapid com
parison of mixtures on a TV monitor while spectra 
are being scanned. It will also make it possible 
to compile multiple scans of spectra, thus in
creasing the sensitivity appreciably. 

A major breakthrough has been the identifica
tion of tri- and tetrathionate (Fig. 1), which 
participate in a cornplex equilibrium reaction 
that provides the link in the sulfite degradation 
reaction. A description of the method has been 
published this year.* 

TRl-aTETFtATHlONATE 

IC50 ICW? 

/I \r 
•65C 1050 

1 

j^\Jv 

Fig. 1. Spectra of tri- and tetrathionate ions. 
(XBL 808-11335) 

This work was supported by the Assistant 
Secretary for Fossil Energy, Office of Coal 
Research, Advanced Environmental Control Division 
on the U. S. Department of Energy under Contract 
No. JV-7405-ENG-48 through the itorgantown Energy 
Technology Center, Morgantown, WV. 

'Chemistry Department, University of Washington, 
Seattle, W. 
1. B. Meyer, M. Ospina, uid L. Peter, Anal. 
Chim. Acta 117, 301 (1980). 

2. THE DECOMPOSITION OF AMMONIA-SULFUR DIOXIDE 
SOLUTIONS 

K. Koshlap and B. Meyer 

Aqueous ammonia saturated with sulfur di
oxide gas yields yellow solutions which rapidly 
decompose at elevated temperature. At 70°C, 
the decomposition is isible after 5G-60 hr by 
the appearance of crystals on the walls of tubes 
containing the solutions; and, after about 70 
hrs, the decomposition is essentially complete, 
yielding elemental sulfur, which appears as 
transparent supercooled drops, and sulfate, which 
crystallizes in long needles. The solutions are 
saturated with sulfate and contain only a small 
amount of residual sulfite. The reaction also 
proceeds at room temperature, but takes up to a 
year for completion. The reaction is concentra
tion dependent and pJI dependent. 

Earlier work is reported in Refs. 1 and 2. 

1. B. Meyer, B. Mulliken, and H. Keeks, 
Phosphorus and Sulfur 8, 29] (1980). 
2. P. Weyer, B. Mulllkeii, and H. Weeks, 
Phosphorus and Sulfur 8, 291 (1980), 

3. THERMAL DECOMPOSITION OF 5ULFITE+ 

B. Meyer, M. Rigdon and T. Bruner 

The thermal decomposition of 1 M and satu
rated sodium, potassium sulfite, and bisulfite 
solutions was studied as a function of temperature 
and transition metal catalysts. The reaction 
yields elemental sulfur and sulfate as end prod
ucts. The concentration of intermediates and end 
products was monitored. Oxygen-free 1 M and satu
rated solutions decompose with a half-life be
tween 1 hr and 1 wk at 160°C, depending on the 
additive. Concentrated solutions are more stable. 
The decomposition rate depends also on the pH; 
sulfite solutions are mom stable than bisulfite. 
Iron, copper, manganese, and other multivalent 
transition metal ions catalyze the reaction of 
different degrees as do elemental sulfur and 
selenium, yielding half-lives between 1 hr and 
100 hr at 100°C. Sulfate seems to inhibit com
pletion of the conversion. At low temperature, 
thiosulfate can occur as intermediate, as well as 
tri- and tetrathionate. With manganese ion, di-
thionate occurs under narrowly defined conditions. 
All reaction rates are sensitive to impurities. 
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* -* * 
TBrief version of LBL-11969, 
*Chemistry Department, University of Washington, 
Seattle, WA. 

4. THERMAL DECOMPOSITION OF THIOSULFATET 

M. Ospina,* A. Tini, and B. Meyer 

The decomposition of 1 M and saturated sodium 
thiosulfate solution was studied at 20°C and 55°C. 
The intermediates a**..' reaction products comprise 
elemental sulfur, sulfur dioxide, hydrogen sul
fide, trithionate, tetrathk-iate, and sulfate. 
Above pH 3, thiosulfate solutions are ftabl over 
long periods of time. Oxygen-free solutions are 
stable for several weeks. In the pH range 2 to 
3, the solution reacts noticeably within a few 
hours. At the onset, of the reaction, after an in
cubation period, hydrogen sulfide odor can be 
noted. The main products are trithionate and 
elemental sulfur, depending on tempe. iture. In 
the pH range 1 to 2, sulfur dioxide evolves and 
trithionate is the main product, with totra-
thionate and elemental sulfur occurring as side 
products. Below pH 1, tetrathionate can be made 
the predominant product, and trithionate converts 
slowly into tetrathionate. All reactions involve 
complex mechanisms ana equilibria. The transition 
from a reductive to an oxidative environment below 
pH 2 indicates that the reac^n mechanism in
volves sulfane-sulfonic acids «^ intermediates. 
This work suggests that it is most likely the 
mechanism proposed by Davis that occurs; this 
mechanism calls for stepwise catenation similar 
to a reversal of the well-known sulfite degrada
tion of elemental sulfur. 

TBrief version of LBL-11969. 
^Chemistry Department, University of Washington, 
Seattle, WA. 
5. THE REACTION OF SULFITE WITH FORMALDEHYDE* 
M. Rigdon, R. Nunlist, and B. Meyer 

The reaction products and intermediates in 
the reaction of sulfite, disulfite, bisulfite, 
and sulfur dioxide with aqueous solutions of 37%, 
im, 3.75, U , 0.35 and 0.1 w U paraformaldehyde 
and formalin were observed with 13C NMR as a 
function of concentration, reagent molar ratio, 
pH, temperature, and time . At a high field of 
4.3T, corresponding to 4s MHz carbon frequency, 
peaks corre:, onding to methylene glycol and poly-
oxymethylene glycol appear well resolved. Upon 
addition to sulfur (IV) oxyacids, new peaks appear, 
which, on the basis of concentration and mole 
ratio behavior, can be assigned to monomeric and 
polymeric sulfoxide derivatives. At low concen
tration of methylene glycol, only ^H2£0H)SO5 
monomer appears. The pK of this compound is 
estimated to be 11.6, At a pH above 12.5, the 
spectra change significantly, indicating that only 

monomeric CH2(OH)SOJ exists. Raman spectra of 
sulfur-34 isotopes were used to characterize the 
compound. The C-S band at 777 cm - 1 shifts as ex
pected. Shifts of other bands make possible the 
potential assignments to the various C-S-0 modes. 
At intermediate and high concentrations, the 
CH2-O-CH2 band at 921 air* dominates the spectrum. 
D2O and methanol were used to identify other vi
brational motions. 

* * * 
Supported by the U. S. Consumer Product Safety 
Commission. 
^Chemistry Department, University of Washington, 
Seattle. 

6. CHEMISTRY" OF WASTE SULFUR UTILIZATION1" 

B. Meyer and R. Nunlist 

Addition to sulfite to urea-formaldehyde ad-
hesives lias been studied, with the help of Carbon 
13 NMR, to identify the reaction products of 
formaldehyde with formaldehyde derivatives. The 
formaldehyde-sulfite complex has been identified 
in the formaldehyde spectrum at 86.5 ppm. The 
sulfur-carbon bond is strong enough to compete 
with the polymerination process and thus degrades 
both polymeric formaldehyde and urea-formaldehyde 
resin polymers. 

This work constitutes a continuation of 
earlier work reported in Ref. 1. 

brief version of LBL-11702. 
1. 8. Mever, W. S. Johns, and J. K. Woo, Forest 
Products Journal 30 [IIII, 24 (19S0). 

RESEARCH PLANS FOR G\LENDAR YEAR 1981 

The computer-aided laser Raman spectrometric 
determination method for in-situ analysis of 
aqueous sulfur oxyacids will be used to study the 
decomposition mechanism of ammonia/sulfur-dioxide-
saturated solutions; it will be applied to lime
stone saturated with sulfur dioxide, as supplied 
from the laboratory pilot plant of EPA/RTP, and 
to other homogenous and heterogenous systems in 
which basic aqueous solutions have been saturated 
with sulfur dioxide. This method will also be 
used to identify intermediates and to investigate 
the kinetics of decomposition of calcium sulfite 
and calcium bisulfite solutions and slurries. 
Exploratory work on metal-ligand interactions of 
sulfite will be continued, and the exploration 
of the sulfur dioxide-formaldehyde reaction will 
be concluded. This work will remain in close 
contact with the complementary work conducted by 
Prof L. Brewer and R. E. Connick. 

1980 PUBLICATIONS AND REPORTS 

Refereed Journals 

1- B. Meyer, M. Ospina, and L. Peter, "Abso
lute Raman Intensities of Aqueous Oxyanions of 



Sulfur," Anal. Chlm. Acta 117, 301 (1980). 

2. B. Meyer, B. Mulliken, and H. Weeks, "The 
Reaction of Ammonia with Excess Sulfur Dioxide," 
Phosphorus and Sulfur B_, 291 (1980). 

3. B. Meyer, B. Mulliken, and H. Weeks, "The 
Reaction of Sulfur Dioxide with Excess Ammonia," 
Phosphorus and Sulfur a, 301 (1980). 

4. B. Meyer, W. S. Johns, and J. K. Woo, 
"Formaldehyde Release from Sulfur Modified 
Urea-Formaldehyde Resins," Forest Products 
Journal 3£ (III), 24 (1980). 

LBL Reports 

1. B. Meyer and R. Nunlist, "C-13 NMR Identi
fication of Urea-Formaldehyde Resins," LBL-11762. 

2. B. Meyer, M. Rigdon, T. Burner, and A. 
Tini, 'Thermal Decomposition of Sulfur (IV) 
Oxyacids," LBL-11969. 

Invited Talks 

1. Beat Meyer, "Thermal Decomposition of Sul
fite, Bisulfite and Disulfite," Department of 
Energy Workshop in Morgantown, West Virginia, 
November 6-7, 1980. 

2. Beat Meyer, "Indoor Air Qual -y Research 
Needs," U. S. Government Interagency Regula
tory Liaison Group Meeting, July 31, 1980, at 
EPA in Washington, D. C. 
3. Beat Meyer, "Formaldehyde Release from 

Urea-Formaldehyde Bonded Products," California 
Legislature, Joint Legislative Audit Commit
tee, Investigative Subcommittee Hearing, 
Westminster, California, September 17, 1980. 

4. Beat Meyer, Chairman, Technical Workshop 
on Formaldehyde, sponsored by the U. S. Consumer 
Product Safety Commission, at the National 
Bureau of Standards, held April 9-11, 1980. 

5. Beat Meyer, "Monitoring and Instrumentation 
for Measuring Air Quality," Federal Interagency 
Workshop, Leesburg, Virginia, December 3-5, 
1980. 

6. Beat Meyer, "The National Research Program 
for Indoor Air Quality," Formaldehyde Seminar, 
organized by the Formaldehyde Institute, 
L'Enfant Center, Washington, D. C , December 
15, 1980. 
7. B. Meyer, M. Rigdon and T. Burner, "De
composition of Aqueous Sulfite, Bisulfite and 
Disulfite," ACS National Meeting, Las Vegas, 
Nevada, August 27, 1980, Paper #253, Inorganic 
Chemistry Division. 
8. B. Meyer, M. Ospina, and A. Tini, "De
composition of Aqueous Thiosulfate Solutions," 
ACS National Meeting, Las Vegas, Nevada, 
August 27, 1980, Paper *254, Inorganic Division. 

9. B. Meyer and R. Nunlist, "Chemical Com
position and Stability of Urea-Formaldehyde 
Resins," ACS National Meeting, Las Vegas, 
Nevada, August 29, 1980, Paper S146, Cellulose 
Chemistry Division. 
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i. Coal Liquefaction Research* 

Heinz Heinemann, Investigator 

1. FIXED BED AND SUSPENSION BED FISCHER-
TROPSCH REACTION 

W. McKee, D. Stern, A. T. Bell, and H. Heinemann 

The literature reports that suspension bed 
Fischer-Tropsch reactors can tolerate higher 
CO/Hj ratios than fixed or fluid bed reactors. 
This result is important because omission of a 
water gas shift step represents capital and 
energy savings. Reasons for this difference 
in reactor behavior are not well ,Lv!erstood. 
Two major hypotheses are proposed a*xl under in
vestigation: (a) There is greater isothermicity 
in a liquid mediun, such as in a suspension bed 
reactor, thus avoiding hot spots during the 
exothermic reaction and a possible catalyst de
activation by colting; or, (b) there are dif
ferent diffusion rates of hydrogen and carbon 
monoxide from the gas phase through the liquid 
to the catalyst surface and, therefore, different 
reactant concentrations on the surface. 

Experimentation with two fixed bed reactors 
of 1/4 in. and 1 in. diameter, respectively, 
in a fluidized sand bath has shown that there 
apprars to be less tendency to plugging with 
the smaller reactor, which has a higher surface-
to-volume ratio and better isothermicity. It 
was found that there is a very sensitive temper
ature range at 300-325°C in which coking (and 
reactor plugging proceed rapidly, possibly by 
graphitization of reactive carbon on the cat
alyst surface. The effects of temperature and 
Hz/CO ratio on coking are inverse, and higher 
temperatures can be tolerated at higher Hj/CO 
ratios. Although additional work remains to be 
done, it is tentatively concluded that catalyst 
coking and reactor plugging occur at lower temp
eratures at higher CO/H2 ratios than at lower 
ratios and that there is a critical temperature 
range for each H2/CO ratio. Hot spots, which 
inevitably occur in fixed bed reactors, are there
fore the likely cause for limitations on practical 
H2/CO ratios in fixed bed reactors. This sug
gests that operation of fixed bed reactors at low 
H2/CO ratios is possible if a heat exchange type 
reactor is used with a multitude of small diam
eter (e.g. 1 in.) catalyst tubes in a heat ex
change medium. 

Work has started on the mass transfer hy
pothesis described under (b) above. A slurry-
type reactor, shown in Fig. 1, has been built, 
taken into operation, and tested. 

This work was supported by the Assistant 
Secretary of Fossil Energy, Office of Coal Re
search, Liquefaction Division of the U. S. 
Department of Energy under Contract tk>. 
W-740S-ENG-48 through the Pittsburgh Energy 
Center, Pittsburgh, PA. 

l/S'SSfuBxifl 

Fig. 1. Slurry reactor. fXBL 3012-3897} 

RESEARCH PLANS FOR CALENDAR YEAR 19S1 
The objective of the present phase of the 

investigation is to see if mass transfer limits 
catalyst deactivation, to determine the extent 
to which recombination occurs in the slurry, and 
to assess, through modeling, whether the well-
mixed slurry could result in product distributions 
that differ significantly from those observed 
with fixed bed reactors. 

To answer these questions, three sets of ex
periments are being undertaken. In the first, 
the rate of reaction will be measured at varying 
amounts of catalyst per reactor volume, with con
stant gas flow rate and concentration. The second 
set of experiments is aimed at examining the role 
of product recombinations in shifting product 
distributions; it involves the addition of ethylene 
to reactant gases. If recombination occurs, in
creased amounts of heavier hydrocarbons will be 
seen in the reaction products. Runs at higher con
version will also be made; and, if recombination 
occurs, the product distribution at higher con
version will be slanted towards heavier products. 
In the third set of experiments, a series of runs 
at conditions known to be reaction-limited will 
be made to examine intrinsic kinetics and look 
at the effect of H2/CO ratio on deactivation. 

1980 PUBLICATIONS AND REPORTS 

Refereed Journals 
1. A. T. Bell, H. Heinemann and W. McKee: "An 
Anomaly in the Case of Catalytic Cracking," 
J. Catalysis 66, 463 (1980). 
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LBL Reports 

1. Heinz Heineraann: "A Brief History of In
dustrial Catalysis," LBL-10278. 
2. Heinz Heinemann: "Zeolite Catalysis--
Technology," LBL-11662. 

Invited Talks 
1. Heinz Heinemann, "Shape-Selective Catalysis," 
Catalysis Institute of the Consejo Superior, 
Madrid, Spain, October 1980; also, Royal Spanish 
Chemical Society, Madrid, October 1980. 

2. Heinz Heinemann, "Coal Liquefaction," A.C.S., 
National Meeting, Las Vegas, NE, fall, 1980; 
also, Catalysis Institute of the Consejo Superior, 
Madrid, Spain, October 1980. 
3. Heinz Heinemann, "Conversion of Coal, Heavy 
Oil and Tar Sands to Liquid Hydrocarbon Fuels," 
Conference on Heavy Fuels, sponsored by INTEVEP, 
Caracas, Venezuela, October 1980. 
4. Heinz Heinemann, "Zeolite Catalysis--
Technology" First Berkeley Catalysis and Surface 
Science Conference, Berkeley, CA., July 1980. 
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Advanced Isotope Separation Technology 

a. Isotope Separation by Laser Photochemistry* 
C. Bradley Moore, Investigator 

1. LASER PYROLYSIS OF TETRALIN 

Michael R. Berman 

The energy- thresholds of the reaction chan
nels available in unimolecular decomposition and 
their variation with temperature are manifested 
in the reaction activation energy, E a, and A-fac-
tor. They determine what conditions are needed 
to favor the production of a given set of prod
ucts. The identification of the lowest energy 
reaction channel in unimolecular decompositions 
can often be complicated by heterogeneous sur
face reactions at high temperatures. Surface-
catalyzed reactions can often mask the true low-
energy homogeneous gas phase pathway. We have 
used CO2 laser excitation to energize reactant 
molecules, while keeping the reaction vessel 
cool. Thus homogeneous ununolecular reactions 
occur in the absence of wall reactions. IR 
multiphoton dissociation (MPD) and SiF4-sensi-
tized decomposition of the organic molecule tef-
ralin (1) have been used to identify which of the 
observed dissociation channels, ethylene loss 
or H2 loss, is the lowest energy channel. 

MPD was achieved with a focused TEA CO2 laser 
tuned to 946.0 cm~l. In the sensitized photol-
yses, a cell containing tetralin (0.3 torr) and 
SiF4 (5 - 10 torr) was irradiated at 1027.4 on - 1 

with an unfocused beam. Tetralin does not absorb 
in this region, and the strong Si-F bond 
( -130 kcal/mole) insures that SiF4 remains inert. 
All chemistry is caused by the high temperature 
achieved following the thermal equilibration of 
the energy deposited in the SiF4. The temperature 
decay, as observed from the ir fluorescence from 
SiF4, indicates that most of the reaction in the 
heated column occurs in the first few tens of 
microseconds. Ten?jeratures were varied in differ
ent experiments by attenuating the laser beam or 
changing the SiF4 pressure. Since the 6-mm diam
eter beam is 2 cm from the cell walls, hot mo
lecules will not reach the walls, which are them
selves cool, and experience catalytic effects. 
The maxijDum temperature achieved in the gas is 
calculated from the measured absorbed energy, 
assuming a statistical distribution into all 
available degrees of freedom. 

Six major reaction products (Fig. l)--benzo-
cyclobutene (2), styrene (3), o-allyltoluene 
(4), indene (5), 1,2-dihydfonaphthalene (6), 
and naphthalene (7)--were seen for each excitation 
method as well as for conventional flow pyrolysis 
(Table 1). The major reaction channel for both 
laser-initiated decompositions is ethylene loss. 
This result is at variance with the product dis
tribution from flow pyrolysis. We conclude that, 
in the flow pyrolysis experiments, some fraction 
of the dehydrogenation reaction is surface cat
alyzed. Another major reaction channel is observed 
at low temperatures, C-C bond cleavage to form 
the isomer 4. Secondary decompositions of 2, 4, 
and 6 have been separately observed, especially, 
at higher temperatures. 

The detailed mechanism of these reactions was 
investigated by SiF4-sensitized photolysis of 
selected deuterar:ed isotopes of 1. Photolysis 
of 1,1,4,4 tetradeuteriotetralin~(l-d4) produces 
predominantly 6-d3 indicating a 1,2 hydrogen loss. 
Photolysis of a 1:2 mixture of l-hi2 a n ^ J _ al2 
yielded H2, HD, and D2, in a 1:2:1 ratio.~ The 
scrambled HD product indicates that free H and D 
atoms are present; thus, dehydrogenation is a 
stepwise, radical process rather than a concerted 
H2 loss. This conclusion was confirmed by the ob
servation of §-dg from the photolysis of 1-dio in 
which the 2 H's were in the cis-1,2 positions. All 
2 and 4 produced from photolysis of l-d4 retained 
all 4 D atoms. The mixture of isotopes found in 
3 and 5 were consistent with production from sec
ondary decomposition of % and 4. 

The techniques of MPD and S1F4 sensitized 
photolysis have proved to be valuable tools for in
vestigating competing reaction channels in uni
molecular decompositions. In the case of 1, 
C2H4 loss has been established as the low energy 
reaction path; dehydrogenation was determined to be 

;H2CH-CH2 

This work was supported by the Assistant 
Secretary for Nuclear Energy, Office of Advanced 
Isotope Separation Technology, Advanced Isotope 
Separation Technology Division of the U. S. 
Department of Energy under Contract No. 
W-7405-ENG-48. 

1 2 3 

•CO + 00*CO 
Fig. 1. Reaction scheme for the pyrolysis of 
tetralin (i) to form the six major products, 
benzocyclobutene (2), styrene (3), o-allyl-
toluene ($), indene (5), 1,2-dihydronaphthalene 
(6), and naphthalene (7)- (XBL 812-8087) 
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Table 1. Product distribucion for thermal reaction of 1. 

Conditions 

Products (4) 

other 
% Conver
sion of 1 

Flow pyrolysis, 1 atm N,, . 
quartz reactor, 750°C. " 2.4 • 

Vacuum flash pyrolysis, 
0.05 torr, quartz reactor, 
750°C. 34.7 

tttltiphoton excitation, 
0.325 torr 1, energy/pulse 
0.4 joules,~13,0Z0 pulses. 72.6 
Multiphoton excitation, 
0.325 torr 1, energy/pulse 
0.8 joules,~2790 pulses 54.8 

S1F4 sensitization, T -
6S0*C, 5 torr S1F4, ™ 
0.325 torr 1, 4950 pulses 58.5 

S1F4 sensitization, T m a x = 
1490°C, 6 torr S1F4, 
0.325 torr 1, 180 pulses. 38.2 

9.9 

11.7" 

19.7 

0.5 17.5 10.7 45. 

7.9 4.1 31.8 8.2 

3.4 4.2 6.2 0.0 

2.6 5.5 9.0 trace 

2.2 10.3 0.0 

.4 9.4 15.5 5.6 

2.0 

0.0 

2.8 

3.7 

0.5 

7.7 

aNumbers are percent of total product found. 
All data have been corrected for FID response. 

cIncludes phenylacetylene response. 
'Visible emission in the focal region was observed in this experiment. 

stepwise rather than concerted; and a new primary 
reaction channel 4 has been identified. Work is in 
progress to make the SiF4 technique more quanti
tative. 

This work was done in collaboration with Paul 
Comita and Robert Bergman. 

2. QUENCHING, ELECTRONIC ENERGY TRANSFER AND 
ROTATIONAL RELAXATION OF S 2 FORMALDEHYDE* 

D. Bamford, J. C. Weisshaar, and E. Specht 

The mechanisms by which the first excited 
singlet state (Si) of formaldehyde decays are 
only partially understood. Previous work in 
our laboratory has shown that the collision-
free decay is quite different from the collision-
induced one. In the absence of collisions, it 
appears that Si decays to H2 and CO via dissoci-
atively broadened levels of the ground electronic 
state (S0) of formaldehyde.I"3 However, under the 
influence of collisions, decay OCCUTS through a 
set of discrete (long-lived) states, and an in
termediate Sj is observed to decay at least an 
order of magnitude more rapidly than the dissocia
tion product CO is formed.* A complete under
standing of the collision-induced decay requires 

knowledge of the rates of many competing pro
cesses. Among these are rotational and vibra
tional relaxation within S^, perhaps to states 
with very different lifetimes; electronic energy 
transfer to an identical collision partner, which 
may be indistinguishable from relaxation with 
Si; electronic quenching to the intermediate 
states; and quenching directly to dissociative 
states, We have carried out three kinds of S, 
fluorescence decay measurements to begin to sort 
out these collision-induced decay processes. 

To understand the possible role of E * E 
(electronic •»• electronic) relaxation, an attempt 
was made to observe D2CO emission following se
lective excitation of H2CO (Sj) in mixtures. The 
DjCO emission was distinguished on the basis of 
tune scale; at several torr, D2CO lifetimes are 
about five times longer than H2CO lifetimes. A 
simplified kinetic scheme shows that the rate con
stant for the reaction HjCO (Si) * D2C0 (So) 

• 'H2C0 (SQ) + D2C0 (S2) can be derived by 
measuring the lifetimes and relative amplitude 
of the fast (H2CO) and slow (D2CO) emission after 
excitation of a specific rovibronic state of 
H2CO (Si). This was done in a mixture of 1 torr 
H2CO and 3.7 torr D2C0. The rate constant kjffi 
was observed to be 0.17 ± 0.13 usec_l torr-1. 



This is about 1% of the gas kinetic collision 
rate of 10.6 usee"1 torr'l. The rate for the re
action H2C0 (Si) + H2CO (S0) H- H2CO (So) 
+ H2CO (Si) should be similar, since the isotope 
effect is expected to be small. Thus, E -»- E 
energy transfer does not appear to play a signifi
cant role in the collisional decay of Si H2CO. 

The second type of fluorescence decay mea
surement involved excitation of single rotational 
levels of S^ formaldehyde in the pressure range 
10"3 - 5 torr. Since collision-free lifetimes 
vary greatly with rotational quantum number, 
collision-induced rotational quantum number 
changes drastically affect obseived lifetimes. 
If rotational equilibration is not complete on 
the tijjie scale of the fluorescence decay, nonex-
ponential fluorescence decay curves may result 
as collisions take the initially excited SRL to 
other SRL's with different lifetimes. In such 
cases, an average lifetime (x>can be obtained by 
measuring the area under a fluorescence intensity 
vs. time curve and dividing by the t - 0 fluores
cence intensity. Plots of <T> - 1 versus H2CO pre 
sure for several H2CO SRL's are shown in Fig. 2. 
These Stem-Volmer plots show considerable curva
ture. An attempt to model the shape of these 
curves was made by assuming that all of their 
curvature is caused by rotational relaxation to 
states of different lifetimes from those of the 
initially excited states. The results are shown 
in the dashed lines in Fig. 3. The agreement with 
the experimental curves (solid lines) is less 
than satisfactory, perhaps because the electronic 
quenching rate itself may show some curvature as 
a function of pressure. 

Because rotational relaxation in formaldehyde 
should produce a Boltzmann distribution of rota
tional levels at pressures above 5 torr, it should 
be possible to measure true electronic relaxa
tion rates for Si H2CO and BzCO by excitation of 
a small group of rotational states at sufficient 
quenching gas pressures. We have done this using 
Ar, CO2, CH3F, O2, and NO as the quenchers, 
Figs. 4 and 5. The standard quenching kinetics 
for a rotationally relaxed system gives straight 
line Stern-Volmer curves. The striking curves of 
Figs. 4 and 5 are predicted by the mixed state 
model of Gelbart and Freed.5 Their theory sug
gests that a linear high-pressure portion of the 
Stern-Volraer curves should extrapolate back to a 
common intercept at zero pressure. The data of 
Figs. 3 and 4 are not sufficiently linear in the 
250 - 700 torr region to define an intercept 
accurately. Thus, we need to extend this experi
ment to higher pressures to test the Gelbart-
Freed model quantitatively. The effect of deuter-
ation on rate is in the expected direction for NO 
and O7 but in the opposite direction for Ar, CO2, 
and CH3F quenching. 

While these experiments have not provided us 
with a complete picture of the collis'onal decay 
mechanism of Si formaldehyde, the data yielded 
do provide some difficult tests for any photo
chemical mechanism proposed. 

tThis work was partially supported by the 

Fig. 2. Plots of <T>" vs. pressure in pure 
H2CO after excitation of various single rota
tional transitions. (XBL 7911-12719) 

National Science Foundation. 
1. J. C. Weisshaar and C. B. Moore, J. Chem. 
Phys. 70, 513S (1979). 
2. J7~C. Weisshaar and C. B. Moore, J. Chem. 
Phys. 72_, 2875 (1980). 
3. J, C. Weisshaar and C. B. Moore, J. Chem. 
Phys. 72_, 5415 (1980). 
4. P. L. Houston and C. B. Moore, J. Chem. 
Phys. 65, 757 (1976). 
5. W. M. Gelbart and K. F, Freed, Chem. Phys. 
Lett. 18, 470 (1973); K. F. Freed, J. Chem. 
Phys. 54", 1604 (1976). 
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4 0 j — i — r 

-rR3(9), rR3(3) 
-rR7(8) 

~pQ,0). rQ,(13) 

rHjCO 
3 

(Torr) 

,-1 Fig. 3. Stern-Vohner plots of (T) ~ vs. pressure 
for excitation of various SRL's in pure H2CO. 
The solid lines are smooth curves drawn through the 
experimental data of Fig. 2. The dashed lines 
are calculated curves using a simple rotational 
relaxation model. (XBL 7911-14553) 

RESEARCH PUNS FOR CALENDAR YEAR 1981 
Several types of experiments will be pursued 

to elucidate the nature of multiphoton excita
tion and dissociation processes. The small mole
cule limit, in which excitation through the dis
crete levels limits yield, is being studied using 
CO2 laser excitation of d2-formaldehyde. An 
accurate determination will be made of thermal 
dissociation rate parameters using the SiF4-

200 400 600 
P (Torr) 

Fig. 4. Quenching of 0.25 torr of Ĥ CO by various 
collision partners. (XBL 7911-12717) 

100 

200 400 
P (Torr) 

600 

Fig. 5. Quenching of 0.5 torr of DTCO by various 
collision partners. (ML 7911-12716) 
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sensitized decomposition method, which was applied 
in a qualitative way above to tetralin decora-
position. Only when these parameters are well 
known is it possible to identify any mode-selec
tive photochemical processes. An apparatus will 
be built for flash kinetic infrared absorption 
spectroscopy. The time resolution will initially 
be limited to a few nsec by the photolysis source. 
Wavelength resolution should be limited only by 
the Doppler width of the species studied. This 
system will allow the dynamics of multiphoton ir 
excitation to be studied in detail. 
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b. Molecular Beam Later Isotope Separation* 
Yuan T. Lee and V. Ron Shen, Investigators 

1. PHOTOFRAGMEOTATION TOANSLATIONAL SPECTROS
COPY OF Br 2 

Z. Zhang, M. Sigrist, F. Huisken, D. Krajnovich, 
Y. R. Shen, and Y. T. Lee 

We used a Nd:YAG laser to investigate the 
photodissociation of bromine. The second harmonic 
wavelength of the Nd:YAG laser produces only 
ground state bromine atoms either by absorption 
into the continuum of the A 1U(3TI) state and sub
sequent dissociation or by absorption into a dis
crete level of the B 0*1%) state followed by 
predissociation. By changing the polarization 
of the laser beam these two processes can be 
distinguished. In 1975, Wilson and his co
workers did a similar experiment on bromine photo
dissociation,! using a neodyminum glass laser. 
They were surprised that they did not observe 
predissociation. Under our experimental condi
tions, predissociation is clearly observed. 

The experiments were performed with a univer
sal molecular beam machine.2 The bromine molecular 
beam was produced by bubbling argon through a 
bromine reservoir and expandi' i the mixture 
through a heated quartz nozzle. We then measured 
the Br product at 10° from the molecular beam as 
a function of laser polarization. 

The A -»• X transition is a perpendicular trans
ition. The polarization dependence of recoiling 
Br atoms in the center of mass coordinate system 
has the form: 

_2 n wee) sin 
where 6 is the center-of-mass angle of recoil with 
respect to the electric vector of the light. In 
our setup, the relation between 6 and a, the 
polarization of the laser beam in lab coordinates 
has a simple form, i.e., cose = cosct cosl8.5° 
(see Fig. 1). Therefore, the polarization de
pendence should coincide with curve A in Fig. 2 
if there is no predissociation via the B state. 
The deviation of the experimental result from the 
theoretical curve is evidence of predissociation. 

We also checked the possibility of predissoci-
ation from the vibrational and rotational levels 
of the bromine molecule.2,3 The vibrational and 
rotational energy levels are different for dif
ferent bromine isotopic species ?nd so the proba
bility of predissociation will be different for 
79-79 B r 2 > 81-81 B r 2 m i 79-81Br2_ ^ ^ ^ 

\kiecior 

\*«»*v--. -
(«<?--. trr :-. 

V C . M . QSIXIo'onjMe 

sypdamolion laser 
beam 

Fig. 1. Relation between angle a (laser polariza
tion) and angle e (the cm. angle of recoil with 
respect to the electric vector of the laser 
beam). (XBL 8012-12943) 

experimental 
result 

This work was supported by the Assistant 
Secretary for Nuclear Energy, Office of Advanced 
Systems and Nuclear Projects, Advanced Isotope 
Separation Division of the U. S. Department of 
Energy under Contract No. W-7405-ENG-48. 

Fig. 2. Polarization dependence of Br+ measured 
at 10° from the bromine molecular beam. Solid 
curve A is the theoretical curve for perpendic
ular transition only [Al u( 3 ) + X Og(I)]. 
Circles represent the experimental result. 

(XBL 8012-12952) 
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rotations., temperature of the bromine beam is 20K, 
the most probable predissociation is for * Br 7. 
The transition is from v" = 0, J" = 15 to v' = 23, 
J' - 14 or from v" = 0, J;' = 17 to v' - 23, 
J' = 18. The populations of the states J" = IS 
and J" = 17 are 4.5 and 3.5 respectively. For 
79-SI 

Br2, two possible transitions start from 
J" = 26 and J" = 28 of v" - 0, but the probability 
of predissociation for this species is low since 
the populations for J" •= 26 and J" = 28 are less 
than 0.5. Predissociation of 79>?9Br2 seems im
possible at this wavelength. 

1. R. J. Oldman, R. K. Sander, and K. R. Wilson, 
J. Chem. Phys. 63, 4252 [1975). 
I. J. A. Horsley and R. F. Barrow, Trans. Faraday 
Soc. 63, 32 (1967). 
3. J. A. Coxon, J. Quant. Spectrosc. Radiat. 
Transfer, 11, 443 (1971). 

2. PHOTODISSOCIATION OF BROMINE DIMERS 
Z. Zhang, M. Sigrist, F. Huisken, D. Krajnovich, 
Y. R. Shen, and Y. T. Lee 

We have used the second harmonic wavelength 
of the Nd:YAG laser to investigate the photodis-
sociation of bromine dimers by the crossed laser-
molecular beams method. We have detected Br* 
and Br$ products in our mass spectrometer detector. 
Since these species have different velocity dis
tributions, we conclude two different dissociation 
channels occur for the dimer, namely: 

Br, Br 
and 

CBr7), 

(1) 

-Br, + Br + Br. (2) 

These processes can be explained with the aid 
of Fig. 3. The primary step in both processes 
is the absorption of a 18783 cm~i photon by the 
dimer and the ejection of a Br atom from the 
cluster. If a Br*(2p1̂ /2) atom is ejected 
[process (1) ], the Br 3 cluster which is left be
hind cannot dissociate, and hence may be detected 
as Bri in the ionizer. However, if a ground state 
Br^Pj^) atom is ejected [process (2)], the re
maining Br 3 cluster is not bound, and must 
eventually dissociate into a bromine molecule and 
another ground state bromine atom. The bromine 
molecule will be detected as Br£ in the ionizer. 

That process (1) occurs at all, means that the 
bottom of the Br3 potential well must be lower 
than the photon energy of 18783 cm - 1. If the 
molecule dissociates just at the bottom of the po
tential well, there will be no internal energy in 
the Br3 fragment, and all of the excess energy will 
appear as translational energy of the Br3 + Br* 
products. Therefore, by determining the maximum 
center-of-mass translational energy of the 
Br3 + Br* pair, we can obtain a minimum value for 
the Br3 binding energy. Our analysis yields a 

Br,+Br+Br 

1»78J a."' 

Br,+ Br+Br, 

Br,+ Br 

hi? 

Br2+Br, 

Fig. 3. Energy diagram for bromine dimer photo-
dissociation. (XBL 8012-12941) 

maximum center-of-mass translational energy of 
- 3 kcal/mole for Br3 + Br*. We must add to this 
the difference between the Br2 + Br + Br* energy 
(195S1 cm"1) and the photon energy (18783 cm-1), 
which brings the value up to 5.2 kcal/mole. 
Finally, we should take into account the binding 
energy of (Br2)2, which effectively lowers the 
photon energy. This energy is not known, but is 
probably - 1 kcal/mcle. Therefore, we conclude 
that the binding eneTgy of Br3 is > 6 kcal/mole. 

3. VIBRATIONAL PREDISSOCIATION SPECTRA OF 
M1LECULAR DIMERS 

J. M. Lisy,f M. F. Vernon, R. Page, Y. R. Shen, 
and Y. T. lee 

In the past year we have initiated experiments 
on a molecular beam apparatus using a co-linear 
configuration with the optical parametric oscil
lator. The new experimental system is shown in 
Fig. 4. The interaction region where the laser 
and molecular beams overlap is approximately 
10 cm, a 50-fold increase over the crossed laser-
molecular beam arrangement used in previous in-
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Fig. 4. Experimental arrangement for vibrational 
predissociation spectra utilizing the co-linear 
configuration. (XBL 8012-12953) 

"•"-"t'gations.l Typical signal levels of 40 
cts/laser shot are readily obtained, greatly re
ducing the time required for data collection. 
Usinj1. the co-linear configuration, the vibra
tional predissociation spectra of all cluster 
sizes, including dimers, can be obtained by 
tuning the mass spectrometer to the mass of the 
particular cluster of interest and monitoring 
the decrease in signal when the laser fires. A 
second modification for this study has involved 
the use of seeded molecular beams, using Ar and 
He as carrier gases, as opposed to the use of 
neat HF and H2O in earlier work.2 

The spectrum of (C2H4)2 is displayed in 
Fig. 5. The most intense features in the spec
trum correspond to the infrared active modes of 
the monomer. The frequency shifts from the 
v3 (2989.5 cm'l) and vg (3105.5) monomer trans
itions are very' small and cannot be precisely 
determined at this time. A new infrared mono-
chrometer on order will improve the accuracy of 
our frequency measurements to within 1 cm'l. 
Note that red-shifted 25 cm"1 from the band near 

3100 cm'l is a small peak with a linear de
pendence. We tentatively assign this feature as 
a van der Waals hot band, i.e., a transition 
from a state with one vibrational quantum in a 
van der Waals stretch or bend between the two 
C2H4 units to a final state with one vibrational 
quantum in a C-H stretch. Thus the vibrational 
frequency for this van der Waals mode is approx
imately 25 cm'l. 

The spectra of (H20)2 and previously mea-
suredl (H20)3 are displayed in Fig. 6. The two 
sharp bands a: 3716 and 3594 cm'l for (H?0)2 are 
shifted to lower energy by 40 and 58 on'I re
spectively from the V3 and vi fundamentals3 

of H2O. There are no low-frequency (<3475 cm'l) 
components to the dimer system. Isotopic sub
stitution is planned to help assign the experi
mental frequencies to specific vibrational 
motion in the dimer. It does seem a^arent 
that the bands at lower frequency in the trimer 
must arise from a substantially different con
figuration, which we believe to be cyclic. Fur
ther analysis of the H2O systems is in progress 
with the partially deuterated dimer. 

iN&tional Science Foundation Postdoctoral Fellow, 
1979-80. 
1. H. S. Kwok, et al., >MRD Annual Report, 
LBL-10000, (1979), pp. 338-341. 
2. D. J. Krajnovich, et ai., MiRD Annual Report, 
LBL-10000, (1979), pp. 505-506. 
3. G. Herzberg, Infrared and Raman Spectra of 
Polyatomic Molecules, Van Nostrand Reinhold, 
New York (1945). 
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Fig. 5. Vibrational predissociation spectrin of 
(C2H2)2- (XBL 8012-12944) 
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Fig. 6. Vibrational predissociation spectra of 
(H20)2 and (H20)3. (XBL 8012-12946) 
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4. REACTIVE SCATTERING OF CF3I + Br, VIBRATIONAL 
EFFECTS 

D. Rrajnovich, Z. Zhang, F. Huisken, Y. R. Shen, 
and Y. T. Lee 

The reaction CF3I + Br-»CF3 + IBr has been 
studied in crossed molecular beams. This reac
tion is endothermic by II kcal/mole. Ife per
formed the experiment in two ways. First, we 
crossed the Br beam with a room temperature 
(vibrationally cold) CF3I beam at a relative col
lision energy of 29 kcal/mole and measured the 
laboratory angular distribution of the IBr 
product. The result is shown by the dashed curve 
in Fig. 7. The IBr product is strongly backward-
peaked relative to the incident bromine direc
tion. Second, we used a CO2 TEA laser to vibra
tionally excite part of the CF3I beam to neaT the 
dissociation threshold and then detected the 
laser-correlated IBr signal as a function of 
laboratory angle. As shown in Fig. 7, there is 
appreciably more forward-scattered IBr product 
when Br reacts with vibrationally hot CF3I than 
when it reacts with vibrationally cold CF3I. 
Presumably, the greater extension of the C-I bond 
in the multiphoton excited CF3I molecules en
ables larger impact parameters to react, with a 
consequent shift of the product intensity toward 
the forward direction. 

In addition, we hoped to compare the rela
tive efficiency of translational versus vibra
tional energy in promoting this endothermic reac
tion. Classical trajectory! results on endo
thermic hydrogen transfer reactions have sug
gested that vibrational energy is vastly superior 
to translational energy in promoting reaction. 
Although analysis of tur results is difficult 

(mainly due to uncertainty in the degree of 
vibrational excitation produced by the CO2 
laser pulse), it is nevertheless clear that vibra
tional energy is no£ orders of magnitude more 
effective than an equivalent amount of trans
lational energy in promoting this endothermic 
reaction. 

1. J. C. Polanyi and W. H. Wong, J. Chem. Phys. 
51, 1439 (1969); M. H. Mok and J. C. Polanyi, 
X"Chem. Phys. _53L, 1451 (1969). 

5. DYNAMICS OF VJBRATrO.VAL PREMSSOCIATION OF 
VAN DER WAALS MOLECULES 

M. F. Vernon, J, Lisy, H. S. Kwok, and Y. T. Lee 
Over the past year we have made additional 

measurements on the vibration predissociation 
process in small benzene polymers. The goal of 
these studies was to elucidate the features of 
the predissociation process defined by 

<W„ + h v l W n " W p * -Etran5 

where T is the dissociation time, 5000 cm 
< hv < 3100 cm"*, and m + p = n. In particular, 
we posed four questions. 

1. What are the limits which can be placed 
on t? 

2. Is there a propensity for p = 1 in the 
dissociation? 

r 

n 1 1 1 1 1 r 
Br + CF j l—-CFj+JBr 

'W 
1 / 

1 - - i L J _ 
0 15 30 45 60 75 »0 

ANGLE (deg) 

Fig. 7. Dashed line represents angular distribu
tion of IBr obtained with vibrationally cold CF3I 
at a relative collision energy of 29 kcal/mole; 
arrow denotes the center-of-mass direction. Filled 
circles show angular distribution of IBr obtained 
with vibrationally hot CF3I molecules. (Hot 
CF3I molecules were produced bv multiphoton 
excitation.) CXfiL 8012-12942) 

3. How is the excess energy distributed 
between translation (AEtrans) and internal 
energy? 

4. Is the internal energy concentrated in 
either of the fragments? 

The new information is shown in Fig. 8, 
which shows the angular distributions of two 
fragment masses measured under the best nozzle 
conditions where the polymerization was minimal. 
At these conditions, the ratio of the mass 156 
(0$) and 234 ($£) signal in the molecular beam 
was 30/1. The angular distributions of the two 
fragments are similar, and extend only to - 10° 
from the benzene beam. By measuring the beam 
velocity (vb) of the initial polymers, the 
transverse velocity of the dissociation frag
ments is computed from the laboratory angle 
(9). From this and momentum balance, the total 
kinetic energy of the fragments can be shown to 
be 

& + $ C Vine) 2 CD 
where Mj is the mass of the monomer. From energy 
conservation the internal energy of the frag
ments is 
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Fig. 8. Laboratory angular distribution of benzene 
polyner photofragi7.ents. [XBL 8012-13531) 
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Fig, 9. Comparison of signals observed with coaxial 
and perpendicular laser-molecular beam geometries. 

(XBL 8012-13533) 
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We assume Externa' t o ^ e nesligible and the bond 
energy/monomer unit n be ~ 800 an" (Ref. 1). 
The minimum amount of .internal energy (AEint) is 
then 2088 cnrl. The mcnotonic increase of the 
dissociation signal witi decreasing lab angle 
can be fit only with a translational energy dis
tribution uhich also has a similar increase with 
decreasing translational energy, peaking at zero 
translational energy. Tie minimum lab angle mea
sured of 4° shows less tian 2S cm"1 in trans
lational energy. The befaa coinposition at 0° 
would imply that only benzene dimers and trimers 
will contribute to the photodissociation signal. 
Measurements of polymer fragmentation patterns 
indicate that there is substantial fragmentation, 
with only 1/10 of the diners appearing at the 
parent mass 156 (Ref. 2). Consequently, the 
assignment of the laser-induced off-axis signal 
to a parent polymer is not trivial. However, 
by measuring the signal at mass 50, we can safely 
assign the observed signal at mass 78 to -frag
ments from dimer dissociations. The signals from 
a coaxial laser-molecular beam experiment show 
that mass 50 correlates only to monomer frag
ments. Figure 9 sliows the detector signal observed 
in this arrangement. The initial time delay after 
the laser pulse is a result of the finite flight 
tiae of ions from the ionization region to the de
tector. The subsequent increase in signal is 
due to an increase in the number density of ben
zene monomer from dissociations of polymers in 

or near the ionizer at the time of the laser pulse. 
The decrease of the monomer signal is a result of 
the dissociation of polymers by the laser upstream 
from the ionizer which otherwise would have cracked 
in the ionization process to mass 78. These dis
sociation products are scattered out of the IT -
lecular beam, hence a net decrease in signal. The 
comparison of the two mass signals provides a 
check for the polymer origin of the signals. 

The monotonic increase of the angular signals 
for both masses 78 and 156 suggests that the dis
sociation mechanism favors concentrating the energy 
in the monomer fragment, and that p - 1 in Eq. (1) 
for the polymers measured here. If the internal 
energy was placed in the dimer fragment, this would 
be in excess of the bond energy. Because there is 
no observable break in the shape of the angular 
scan, we assume no change in the dissociation 
mechanism; therefore, the internal energy must 
be in the departing monomer fragment. There 
are many low-frequency monomer vibrations which 
are nearly resonant with the excess energy re
maining after breaking the intermolecular bond. 
The similarity of the angular scans is a result 
of the near-resonant energy transfer character
istics of the monomer benzene molecule, not of the 
cluster. 

The transit time of the molecules through the 
detector viewing zone is -2 usees. To place a 
lower bound on t, we changed the polarization of 
the laser from linear to circular. If the com
plexes dissociate faster than the rotational fre
quency o£ the excited complex in space, the 
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orientation of the transition dipole with respect 
to the dissociation axis will result in an aniso
tropic laboratory angular distributioi.. No effect 
was observed. This would be reasonable if the 
lifetime is longer than the rotational period or 
if the transition dipole is not oriented parallel 
to the intermolecular bond. The T-shaped struc
ture of the dimer2 would also smear out some of 
the anisotropy of the dipole with respect to the 
intermolecular bond in this case. 

In conclusion, our current understanding of 
the dissociation process is: 

* Wn-l 
+ C 6 H 6 i E t r a n s ( ° ) . 

where CAT, indicates vibraiionally excited benzene. 

A * A 

1. T. B. MacRury, W. A. Steele, and Bruce J. 
Berne, J. Chem. Phys. 64, 12SS (1976). 
2. Kenneth C. Janda et al., J. Chem. Phvs. 63_, 
1419 (1975). 

RESEARCH PLANS FOR CALTTJAR YEAR 1981 
Dynamics of IR multiphoton dissociation pro

cesses will be further investigated for selected 
polyatomic molecules containing H, F, and CI 
atoms, using the combination of two IR lasers with 
vastly different frequencies. Selective dissocia
tion will be attempted by using the output of the 
optical parametric oscillator to excite the mole
cule to the quasicontinuum through the CH stretch
ing vibrational ladder, followed by a high-power 
Q X laser pulse. This process will be compared 
with the direct multiphoton dissociation, 
using either an optical parametric oscillator 
or a CO2 laser alone. 

Chemical behavior of multiphoton excited 
molecules.will be carefully investigated, The 
reaction of highly vibrationslly excited CF3I 
with Br did not show a drastic vibrational en
hancement. This endothermic reaction is likely 
to have a barrier in the entrance channel which 
would tend to make translational energy more 
effective. Endothermic substitution reaction 
of unsaturated halocarbons with halogen atoms 
will have a barrier in the exit channel. This 
type of reaction will be investigated in the 
coining year. 

Vibrational predissociation of van der 
ivaals molecules and hydrogen-boiled molac.ilar 
clusters will be studied at higher wavelength 
resolution. In all the systems studied thus 
far, a very small fraction of the excess energy 
appears to be translational. This is exactly 
what one would predict from momentum-gap law. 
For larger polyatomic molecules, the parti
tioning of the excess energy between the vibra

tional and rotational degrees of freedom is 
not clear. Laser-induced fluorescence will be 
used to investigate this question. 
1980 PUBLICATIONS AND REPORTS 

Refereed Journals 
1. Aa. S. Sudbo, P. A. Schulz, D. J. Krajnovich, 
Y. R. Shen, and Y. T. Lee, "Photoionization 
Study of Multiphoton Excited SF5 in a Molecular 
Beam," Opt. Lett. 4_, 219 (1979). 
2. P. A. Schulz, Aa. S. Sudbo, D. J. Krajnovich, 
H. S. Kwok, Y. R, Shen, and Y. T. Lee, "Multi
photon Dissociation of Polyatomic Molecules," 
Ann. Rev. Phys. Chem. 50, 379 (19791. 
3. P. A. Schulz, Aa. S. Sudbo, E. R. Grant, 
Y. R. Shen, and Y. T. Lee, "Multiphoton Dissocia
tion of SF6 by a Molecular Beam Method," J. Chem. 
Phys. 71_, 498S (19S0). 

LBL Reports 
1. Yuan T. Lee and Y, Ron Shen, "Molecular Beam 
Studies of I r Laser Induced Multiphoton Dis
sociation an~ Vibrational Predissociation," 
submitted to Physics Today, June 1980, LBL-11105. 
2. M. W. Sigrist, D. J. Krajnovich, F. Huisken, 
2. J. Zliang, Y. T. Lee, and Y. R. Shen, "Laser-
Tnduced Dissociation of Monomers and Diners of 
Bromine," submitted to Helv. Phvs. Acta, June 
^ 3 0 , LBL-10991. 
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Symposium on Molecular Spectroscopy, Ohio State 
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LBL-10566 A H . 
2. Y. K. Shen, "Two-Channel Multiphoton Dissoci
ation of Polyatomic Molecules," XI International 
Quantum Electronics Conference, Boston, 
Massachusetts, June 25-26, 1980, LBL-10516 Abs. 
3. H. S. Kwok, "Vibrational Predissociation 
Spectra of S 11 Clusters of IfcO, HF, NH3, 
CH3OH, C6H6 JJ C6H12," International Quantum 
Electronics Conference, Boston, Massachusetts, 
June 23-26, 1980, LBL-102SS Abs. 
4. Y. T. Lee, "Molecular Beam Studies on Laser 
Chemistrv," Zhonshan University, Guanzhou, 
China, July 28, 19S0. 
5. Y. T. Lee, "I.P.. Multiphoton Dissociation and 
Vibrational Predissociation of Molecular Clusters," 
Gordon Conference on Vibrational Spectroscopy, 
Brewster Academy, Andover, New Hampshire, 
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6. F. Huisken, "Two-Channel Multiphoton Dis
sociation of CF2CI2 and Ethyl Vinyl Ether, Third 
European Study Conference on Low Energy Molecular 
Collisions (MOLEC 111,, Oxford, United Kingdom, 
September 2-6, 2980, LBL-U132 Abs. 
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Energy Storage 

a. Development of Electrochemical Synthesis and Energy Storage 
James W. Evans, Roll H. Muller, John Newman, 
Philip N. Ross, and Charles W. Tobias, Investigators 

Introduction. The overall aim of this pro
gram is to improve the energy efficiency, lower 
the capital cost, and increase the materials 
yield of electrochemical processes employed 
in the direct conversion of chemical to elec
trical energy in galvanic cells and in the pro
duction of materials by electrolysis. 

Anodic Surface Layers on Battery Materials 

The purpose of this work is to provide di
rect experimental information about formation 
and properties of surface layers on battery-
electrode materials. A more broadly-based, 
fundamental research program, supported by the 
Division of ̂ terials Sciences, Office of Basic 
Energy Sciences, is described under "Electro
chemical Phase Boundaries," R. H. Miller, 
Investigator. 

1. ELLIPSOMETRIC STUDIES OF LITHIUM IN PROPYL
ENE CARBONATE SOLUTIONSt 

Felix Schwager and Rolf H. Muller 

The use of lithium in ambient-temperature 
batteries, which employ nonaqueous solvents, is 
made possible largely by the formation of sur
face layers which inhibit thermodynamically 
favored spontaneous reactions. These surface 
layers may, however, hinder the delivery of 
electric power upon discharge, when the metal 
is dissolved; and they are generally considered 
responsible for the poor performance of lithium 
electrodes upon recharging, when metal is re-
deposited from the solution. This work is under
taken to determine structure, composition, and 
mode of formation of surface layers in some repre
sentative battery environments in order to 
identify possible approaches to inprove electrode 
behavior. 

Film formation on lithium, immersed in pure 
propylene carbonate solvent and its 1 H LiC104 
and 1 M LiAsF6 solutions, has been observed in 
situ by ellipsometry and ex situ by Auger electron 
spectroscopy, ion etching, and secondary-ion mass 
spectroscopy. 

The following conclusions are drawn from 
ellipsometer measurements under open-cir it 
conditions: 

(1) Ellipsometer measurements are postible 
even though refractive indices of some po
tential film materials are close to that of 
the solution (Table 1). 

(2) Film growth continues throughout the 
15-day period of observation. 

(3) Film growth rates strongly depend on 
electrolyte composition. They decrease in the 
order; pure solvent, 1 M LiAsF6, 1 M LiCIO,). 

(4) Filjn growth is not greatly affected 
by the addition of small amounts (1000 ppm) of 
water to UCIO4 solutions. 

(5) Interpretation of ellipsometer measure
ments requires the use of inhomogeneous film 
models with refractive index decreasing from 
the metal substrate to the solution side, in
dicative of increased porosity in that direc
tion (Fig. 1). 

(6) A high real part of the refractive 
index of the film material near the metal sub
strate is essential for a satisfactory inter
pretation of measurements and indicates the 
presence of L12O or possibly LiCl (Table 1). 

The inhomogeneous porous film model has 
been confirmed by changing the immersion medi
um of the film from solution to vacuum. The 
evaporation of solvent from the pores results 

Table 1. Refractive indices of potential film 
material, solution, and substrate. 

This work was supported by the Assistant 
Secretary for Conservation and Solar Energy, 
Office of Advanced Conservation Technology, 
Electrochemical Systems Research Division of 
the U. S. Department of Energy under Contract 
No. W-7405-ENG-48. 

LiOH 1.466 

Li 2C0 3 1.50 

Li.,0 1.644 
LiCl 1.662 
PC, 1 M LiClO. * 4 1.429 
Li 0.25-2.31 
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interpretation, linear profile 
n(film) = {1.57 - O.CEi} to {1.4293- Oi} 
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Fig. 1. Ellipsoraeter parameters A and <i for 
film formation on Li in 1 M U.CIO4 under open 
circuit. Measurements and interpretation £or an 
inhomogeneous film with refractive index 
1.57-0.02 i at the substrate side, decreasing 
linearly with distance to 1.429 Crefractive index 
of solution) on the solution side. (XBL 809-2047) 

in a considerable change in effective film 
refractive index. The same film thickness was 
derived. 

film geometry under the assumption of a film 
dielectric constant, with the series-con
nected, double-layer capacitance being neg
lected. Exchange current densities v.'ere de
termined from inicropolarization measurements. 
Film resistivity was derived from current 
flow at steady-state overpotential. 

Film thickness derived from capacitance 
measurements is typically about 5 times lower 
than that obtained by ellipsometry. The dif
ference supports the concept of an inner, com
pact film section that controls capacitance 
adjacent to electrolyte-filled porous sections 
facing the solution. The thickness of the com
pact section reaches a steady state (Fig. 2) 
in contrast to the ellipsometer measurements, 
which show a continuing overall film growth. 
The continued increase in film thickness there
fore appears to be due to growth of the porous 
sections. Higher water content results in 
faster film growth but unchanged steady-state 
thickness with perchlorate and hexafluoro-
arsenate solutions. 

and 5.1 x 10"9 fl-1 cm"l have been determined for 
immersion in solutions of LiC104 and LiAsFg re
spectively. An increase in the water content of 
LiC104 solutions to 1000 ppm resulted in lower 
film conductivity but did not affect film con
ductivity with pure propylene carbonate or 
LLAsFg solutions. 

Depth profiling by argon-ion etching and 
Auger spectroscopy confirmed the film thick
nesses derived by ellipsometry and was consistent 
with the presence of Li20 rather than LiCl near 
the substrate. The presence of carbon through
out the film may indicate a partial content of 
LizCOj. Chlorine content was also uniform but 
small. Secondary-ion mass spectroscopy only 
partially agreed with Li2C03 calibration results. 

Brief version of LBL-11846. 

2. TRANSIENT ELECTROCHEMICAL MEASUHENENTS 
ON LITHIUM IN PROPYLENE CARBONATE SOLUTIONS''' 

Yordan Geronov and Rolf H. Mailer 

Galvanostatic pulse measurements have 
been conducted to determine thickness, con
ductivity, and kinetics of formation of 
surface layers formed on lithium with solu
tions of 1 M L1CIO4 and 0.5 M LiAsF6 in 
propylene carbonate solvent. The electrode 
capacitance was derived from the rate of 
initial potential increase with short (5 to 
10 us) current pulses, IR-free overpotential 
values were obtained from the response to long 
(20 ras) pulses. 

The film thickness was computed from the 
capacitance measurements for a plane-parallel 

Brief version of LBL-11126. 

Fig. 2. Growth of compact surface layer on 
lithiua in different propylene carbonate solu
tions. J-'ila thickness derived from capacitance 
aeasureaents under the assumption of dielectric 
constant - 4.9. (1) 1 M LiQOi; (2) sane with 
1000 ppa (I2O added; (3) 0.5 M LiAsFg; (4) same 
with 1000 pp. H2O added. (XBL 8012-12965) 
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Surface Morphology of Metals in Electrodeposition 

The objective of this project is to develop a 
pragmatic understanding of the partial processes 
governing the macrocrystallization of metals. This 
understanding is necessary for the design and opti
mization of metal deposition processes, including 
those in rechargeable galvanic cells. Current 
projects included: (a) The effect of hydrodynamic 
flow on the surface morphology of copper and of 
zinc, and (b) Dynamic modeling of surface profiles 
in electrodeposition and dissolution. 

3. raCROSTRUCTURAL DEVELOPMENT DURING MASS 
TRANSFER CONTROLLED DEPOSITION 

Andrew Kindler and Charles W. Tobias 

The formation of powdery deposits during 
electrodeposition at the limiting current is a 
phenomenon familiar to all electroplaters. In 
the case of copper electrodeposition from solu
tions of CUSO4 - H2SO4 in channel flow, the powder 
particles are nodular in appearance when the 
electrode is viewed from the top under a scanning 
electron microscope (Fig. 3, top two photos}. 
None of the many attempts made to explain this 
phenomenon! is satisfactory. Our copper deposi
tion experiment, conducted under carefully con
trolled hydrodynamic conditions, supports the 
hypothesis that mass transfer overpotential is a 
requirement for dendritic growth. 

The nodules are dendritic structures that 
undergo morphological transformation during 
growth. As shown in Fig. 4, this results in the 
coverage of the dendrite tip by a mushroom cap. 
The transformation occurs because the growing 
dendrite disturbs the thin mass transfer boundary 
layer (approximately 30 microns thick in the 
experiment of Fig. 3). Therefore, the dendrite 
is no longer growing at the limiting current. 
Below the limiting current, solid coherent de
posits similar to the mushroom cap are known to 
be formed. Three lines of evidence support this 
explanation. 

First, the overpotential in galvanostatic 
copper deposition at the limiting current declines. 
It can be shown that a surface-area increase 
cannot account for a decrease of this magnitude 
(see Fig. 5). The drop in overpotential must 
be caused by the decrease of concentration over-
potential resulting from mass transfer boundary 
layer disruption. 

A second line of evidence was dweloped 
by performing copper electrodeposition under 
approximately potentiostatic conditions and at 
limiting current. Under such conditions, the 
dendrite tip is always near limiting current 
because potentiostatic operation causes the 
current density to increase as the boundary 
layer is disrupted. This keeps the overpotential 
fairly constant. The resulting deposit was 
clearly dendritic and lacked any appearance 
of the beginning of morphological transformation 
(see Fig. 6, top left photo}. Figure 6, top 

TOP VIEW GALVANOSTATIC 
LIMITING CURRENT DEPOSIT 

SHORT TIME 
DEPOSIT 

Fig. 3. 0.228 M CUSO4, 0.93 M H2SO4, limiting cur
rent: 83.6 mA/cm2 Re = 23,000, galvanostatic. Top 
two photos: same experiment. 58.9 coulombs/cm2 

passed. Bottom: Same experimental conditions but 
10.78 coulombs/cm2 passed. (XBB 805-5761) 

Fig. 4. Cross sections of photos in Fig. 3. Top 
two and lower left: same experiment, 58.9 
coulombs/cm2 passed. 
coulombs/cm2 passed. 

Lower right: 10.78 
(XEB 805-5762) 
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Fig. 5. Decline of total overpotential with 
time during a galvanostatic run set at limiting 
current. Conations: same as in Fig. 3. 

(XBL 813-455) 
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right also shows a galvanostatic deposit formed 
by passing the same number of coulombs. The 
galvanostatic deposit does not show signs of 
mushroom capping; rather, grape-like clusters 
are visible, which will eventually fuse as de
position continues. To prove that lack of mush
room capping is due to the shortness of the de
position time, compare bottom photo in Fig. 3 
to the two top photos. Both deposits were pro
duced under identical deposition conditions 
except that the bottom photo shows a short-time 
deposit. The same sort of comparison can be 
made between the photographs in Fig. 4, which 
are simply of cross sections of the deposits 
shown in Fig. 3. The top two and bottom left 
photos are different views of the same sample. 
The lower right is a view from a short-time ex
periment, again without the mushroom cap. 

The third line of evidence is the observa
tion2 that dendrites grow on copper deposited 
from solutions of H2SO4-CUSO4 when hydrogen is 
evolved. In this special case, copper is de
posited at constant mass-transfer overpotential, 
t)c» near the limiting current. These are, of 
course, the previously stated conditions for 
dendrite formation. The n c stays constant in 
this special case because any disturbance of the 
mass-transfer boundary layer will make copper 
deposition easier, thus diverting current from 
the hydrogen evolution reaction, which by com
parison becomes energetically less favored. 

Fig. 6. Top: 0.228 MCuS0 4, 0.932 MH2SO4, 
Re = 23,000 9.9 coulombs/cm2. Top left: potentio-
static -0.600 volt, Top right: galvanostatic at 
limiting current, 83.6 iriA/cm2. Bottom: 0.4 
C11SO4, 0.925 M H2SO4, Re = 185,000, 50.75 
coulombs/cm2, 273 m,\/cra2: 955 of limiting current 
density. (XBB 805-S764) 

These three lines of evidence reduce the 
phenomena of dendrites and nodules at limiting 
current to just one: dendrites. These dendrites 
form at the limiting current probably as a result 
of an instability phenomenon.3 At limiting 
current, the supply of copper ions at the metal 
electrolyte interface approaches zero. Any pro
jection from the electrode penetrating into the 
mass-transfer boundary layer will find itself 
in an environment relatively nore rich in copper 
ions. It will therefore tend to grow faster than 
flat regions of the electrode. Some evidence 
supporting a mass-transfer explanation rather 
than a kinetic one is provided by Fig. 6, 
bottom photo. Here, a copper deposit performed 
on a rotating cylinder is shown. The fraction 
of the limiting current was only 54% so that n c 

is negligible. The charge-transfer overpoten-
tial, ris, however, was 0.26 volt or about the 
same as' in a powder-producing experiment run at 
951 of limiting current. If ns w f ire responsible 
for producing dendrites, these should have 
formed on the rotating cylinder. Instead a 
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smooth surface was obtained. Clearly, a large mass-
transfer overpotential (close to limiting cur
rent) is required for the growth of dendrites. 

* * * 
I-. N. Ibl, "Applications of Mass Transfer 
Theory: The Formation o£ Powdered Metal Deposits," 
Advances in Electrochemistry and Electrochemical 
Engineering z, <jg (1962}. 
27 C. L. Mantell, Electrochemical Engineering, 
McGraw-Hill Book Co., Inc., New ttirk (I96(J), 
p. 124. 
3. A. R. Despic and K. I. Popov, "Transport Con-
trolled Deposition and Dissolution of Metals," 
M o d ™ Aspects of Electrochemistry, 7.* 2 2 3 

4. EFFECTS OF HHFtODYNAMIC FLOW ON THE ELECTRO-
CRYSTALLIZATION OF ZINC FROM ACID ELECTROLYTES 

James L. Falteroier, Vladimir Kommenic, Tetsuaki 
Tsuda, and Charles W. Tobias 

The influence of current density, hydrodynamic 
conditions, time of metal deposition, nature of 
zinc salt, and substrate conditions on the quality 
of zinc deposits has been studied galvanostati-
cally in a roiating-disk system containing a 
platinum cathode and a zinc anode. 

A current-density interval well below 
limiting current has been identified in which 
spiral-like striations form, reflecting the 
fluid motion over the surface of the electrode. 
Within this interval, increasing current density 
increases the number of spirals and decreases 
the time for their formation. Above some crit
ical value, a more uniform nucleation density 
occurs, and a smooth deposit is produced. Spirals 
where observed in 1 M ZnCl2 solutions below 80 to 
100 mA/cmZ, while in 1 M ZnSOd solutions spirals 
where observed below 10 mA/cm2. The occurrence 
of spirals in both the highly-complexing ZnCl2 

and the noncoraplexing, less conductive, ZnS04 

solutions confirms that the spiral phenomenon is 
not dependent upon complex-ion formation or mass 
transfer. Short-time experiments showed a non-
homogeneity on the electrode substrate at the 
lower current densities with zinc preferenti
ally deposited along the scratch lines and 
more uniform nucleation density at the higher 
current densities. 

Variable-current step and AC pulse tech
niques were used to detect the influence of 
the original substrate surface and of prefer
ential sites on the formation of spirals. By 
prolonging, or eliminating, spiral formation 
altogether, these methods showed the close re
lationship between surface defects, nucleation 
density, and spiral formation. 

Rotating-ring electrodes were employed 
to examine the leading-edge effect in a ro
tating system. Experiments were conducted 
at a current density of 5 mA/an2 and at ro
tating speeds of ZOO, 400, S00, and 1,600 rpm 

in 1 M zinc sulfate solution {pH 2). The re
sults may be sunmarized as follows: 

(1] Spiral ridges originally appear from 
the outer edge of a ring electrode propa
gating inwards along the spiral pattern. Then, 
after about a three-minute deposition, spirals 
appear at the inner edge propagating outwards. 
Spiral formation is much more pronounced at 
the outer edge. Finally, many protrusions in 
the intermediate region are connected to each 
other to form complete spiral ridges. 

(2) At 200 rpm, spiral formation at the 
inner edge did not occur. This might suggest 
that spirals are not formed below a certain 
rotational velocity. 

(3) The number of spirals increases with 
an increase of rotation speed. 

(43 Melding of spirals after prolonged 
deposition is more pronounced at higher rota
tion speeds. 

(5) The formation time of spiral grooves 
does not diminish with increasing rotation 
speed, 

(6) Shapes of spirals closely resemble (but 
don't exactly correspond to) logarithmic spirals 
[i.e., r = ao or e - QQ = l/(£n a) • in r/rn]. 
The characteristic constant [l/(Jln a)] seems to 
be nearly independent of the rotation speed. 

5. DYNAMIC MODELING OF SURFACE PROFILES IN 
ELECTR0DEP0SITI0N AND DISSOLUTION 

Geoffrey A. Prentice and Charles W. Tobias 

A model for simulating the transient be
havior of electrodes undergoing deposition or 
dissolution has been developed. The model 
accounts for ohmic drop, charge-transfer over-
potential, and mass-transport effects. Finite-
difference techniques were used in the computer 
sijnulations. A procedure to overcome the in
stabilities inherent in the calculation of sec
ondary and tertiary current distributions has 
been developed.1 With this procedure, conver
gence has been attained for all reasonable 
values of the physical parameters. General 
guidelines for determining the computational 
parameters (convergence criteria, mesh size, 
time-step interval) have been established and 
error limits estimated. 

Carefully controlled electrodeposition ex
periments were performed in a contoured, ro-
tating-cyclinder electrode system. Two sinu
soidal profiles were machined on different stain
less steel cylinders. The amplitude- to -wave
length (An/A) ratio was 0.1 in both cases, but 
the actual dimensions were greater by a factor of 
7 for the larger profile. Experiments were per
formed with these two cylinders where the Wagner 
lumber was varied between 2 and 20. 

In previous work2 rough deposits were ob
tained at relatively high current densities 
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(80 mA/cm2) in an acid-copper bath. Because 
smoother matte deposits were obtained at lower 
current densities, all subsequent experiments 
were conducted near 25 aVcm?. The original 
stainless steel cylinder with an amplitude of 
2 mm and a wavelength of 2 cm is depicted in 
Fig. 7. The resulting deposit after 46 h at 
800 rpm is shown in Fig. 8. The deposit, ob
tained under similar conditions, on the smaller 
wavelength profile appears iji Fig. 9. 

When the Wagner number is low (high wave
length case), the current density variation 
on the profile is greatest. In these cases, 
a shoulder tends to form near the peak, where 
the current density and curvature variations 
are relatively high. As the shoulder grows, 
the increased curvature in that area causes 
current to be diverted from the peak, where a 
depression forms. When the Wagner number is 
high (low wavelength case), the current density 
is more uniform, and no depression at the peak 
occurs. 

The kinetic parameters were determined 
from overpotential behavior determined on 
smooth copper rotating cylinders. These param
eters, along with other physical property and 
geometric data, were incorporated in simula
tions of the growing sinusoidal profiles. Based 
on the deposit thickness, the simulated and ex
perimental profiles generally agreed to within 
105 (Fig. 10). The depression at the peak for 
the low Wagner number runs was predicted by the 
simulations. 

The effects of mass transport on growing 
sinusoidal profiles were considered. The de
pletion of reactant concentration that accom
panies the passage of cathodic current reduces 
the exchange current density. When this de
pendence is taken into sccount, a more uniform 
current distribution results. As the limiting 
current density is approached, the concentra
tion overpotential becomes significant. The 

Fig. 7. Original rotating stainless steel elec
trode. Amplitude is 2 mm and wavelength is 
2 cm. (CBB 79S-11056) 

Fig. 8. Copper deposit after 46 h, 800 rpm, and an 
average current density of 25 mA/cni2- W =2.7. 

(CBB 805-6273) 

functional dependence of the concentration over-
potential and surface overpotential on the cur
rent density is markedly different. Because 
the concentration overpotential increases rap
idly at high fractions of limiting current, a 
broad flattening of the peak results when the 
current density at the peak approaches the 
limiting current density. The surface overpo
tential increases logarithmically in the high-
current-density range. This slower increase in 

Fig. 9. Copper deposit on small scale sinusoidal 
electrode. 20 h, 800 rpm, average current density 
of 25 m/V/cnr. W = 18. (CBB 807-8913) 
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Fig. 10. Half wavelength of simulated and experi
mental profiles from Fig. 8. The upper curve 
depicts the original profile, and the lowest curve 
is the simulated final profi\e. The experimentally 
obtained profile is denoted by triangles. 

(XBL 808-10851) 
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Fig. 11. Simulated deposition on a sinusoidal 
profile. Co) W = 0.5, 99S of limiting current, 
(4) W = 1.3. (XBL 808-10957A) 

surface overpotential causes the resulting pro
files to be more uniform. This contrasting be
havior is shown in Fig. 11. 

Simulations of sinusoidal profiles under
going anodic dissolution were also performed. 
These simulations were compared with Wagner's 
analytical results.3 Because of the assumptions 
that Wagner invoked in order to obtain a solu
tion, his prediction of the time-dependent de
crease in amplitude is accurate to within a 
few percent for an initial amplitude-to-wave-
length (AjA) ratio of less than 0.0S. Numeri
cal results were obtained for AQ/A up to 0.3 
The simulations performed at high A o A showed 
that the initial rate of change of amplitude, 
computed by Wagner, was in error by at least 201. 

1. G. A. Prentice and C. W. Tobias, "Finite 
Difference Calculation of Current Distributions 
at Polarized Electrodes," Paper No. 96d, AIChE 
Annual Meeting, 1980. 
2. G. A. Prentice and C. W. Tobias, MM!D 
Annual Report 1979, LBL-10000, pg. 511. 
3. C. Wagner, J. Electrochem. Stoc. 101, 225 
(1954). 

Bifunctional Air Electrodes for Metal-Air Batteries 

The objective of this program is to conduct 
supporting research in air-electrode technology for 
DOE metal-air battery projects. Two metal-air sys
tems are currently in active development, the mechan
ically recharged Al-air system and the electrically 
recharged Fe-air system. It is expected that two 
new projects will be started in FY 81, the mechani
cally recharged Zn-air and a hydrogen-air fuel cell 
optimized for vehicle use. Both projects will re
quire low-cost, efficient, unifunctional, air-
electrode technology, as does the Al-air system. 
Metal-air systems are, in principle, high-energy and 
high-power-density systems ( > 100 tt-hr/kg, > 100 
W/kg) because one of the electroactive species need 
not be contained within the battery or vehicle. 
However, practical development of this tech
nology has historically been slow due to prob
lems in finding a suitable air-electrode tech
nology. This search has been particularly dif
ficult for the electrically recharged systems, 
where the positive electrode must be bifunctional, 
both evolving and consuning oxygen. Materials 
stability is also a question at the potentials 
required for oxygen evolution. These problems, 
combined with the catalytic properties required 
of the electrode, greatly limited the number of 
suitable materials, and these materials were too 
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costly in electrodes using then-existing tech
nology, e.g., Pt-black electrodes. The intrinsic 
difficulties in the electrically rechargeable 
electrode have caused emphasis to shift to mechani
cally recharged metal-air batteries, where only 
a unifunctional air electrode is required. Recent 
advances in gas-fed electrode technology in num
erous fuel-cell projects indicate that efficient, 
low-cost, unifunctional electrodes can be de
veloped. The bifunctional air electrode, how
ever, appears to require a major breakthrough in 
both catalytic and materials technology. 

6. OXYGEN REDUCTION WITH CARBON-SUPPORTED 
METALLIC CLUSTER CATALYSTS IN ALKALINE ELECTROLYTE1' 

Philip N. Ross and Lee R. Johnson 

Renewed interest in metal-air batteries and 
hydrogen-air fuel cells for vehicle application 
stems, at least in part, from the tremendous im
provements in air-electrode technology that have 
occurred during the development of the phosphoric-
acid fuel cell. Since a mechanically recharged 
battery requires only a unifunctional electrode, 
it seems reasonable to investigate the phosphoric-
acid fuel cell electrode for use in alkaline elec
trolytes. In this concept, a high-surface-area 
carbon is used both as the support for maintaining 
dispersion of the active catalyst and as the cur
rent collector. The active catalyst can, in 
principle, be any highly dispersed ( < 100 A crys
tallite) material of interest. In the first phase 
of the program, we have examined selected Group 
VIII transition metals dispersed as metallic 
clusters on a turbostratic carbon-black (Vulcan 
XC-72, Cabot) material, e.g., Si, Ru, Rh, Pd, Ag, 
Ir, and Pt, and in ongoing work. We are examining 
certain Pt and Ag intermetallic clusters, e.g., 
Pt3Ti, or Ag3Ti, dispersed on the same carbon 
support. 

The metallic clusters were prepared by a com
bination of ajrasregnaticn and ion-exchange tech
niques! with hydrogen reduction at 473 K, The 
metallic phase was confirmed by x-ray diff.iction, 
and the metal dispersion was determined using 
transmission electron microscopy (TEM) • Figure 12 
shows a TEM micrograph of the Pt cluster catalyst, 
from which the cluster size was observed to be 
20-30 A. For Ni, Ru, Rh, Ir, and Pt, the metal 
loading was adjusted to give a close grouping of 
crystallite sizes in the 20-30 A range, Pd and Ag 
clusters could not be prepared in the same size 
range with reasonable metal loading ( > 5 w/o). 
Instead, Ag cluster sizes in the 100-200 A range 
were utilized with 2.S w/o metal loading, and Pd 
clusters in the 20-30 A range were prepared at 
1.3 w/o. Effective metal surface areas were cal
culated from the TEM measured "surface average 
diameter," using procedures developed in previous 
work.l 

Specific catalytic activity was defined as the 
current per unit weight of metal at an electrode 
potential of 0.8S V Cvs. a reversible hydrogen elec
trode) using pure oxygen as the oxidant gas. The 
specific activities for oxygen reduction in 20t 
NaOH at 343 K are sumarized in Table 2. The 

Fig. 12. Transmission electron micrograph of Pt 
clusters dispersed on Vulcan XC-72 carbon black. 

(XBB 813-2265) 

specific activity of the Ni catalyst was improved 
by using KOH-LiOH electrolyte rather than NaOH; 
the other catalysts were relatively indifferent to 
the alkali-metal cation. The nickel catalyst was 
oxidized in situ, and the LiOH presumably re
sulted in lithium doping and improved activity. 

The activity measure of interest for develop
ment purposes is the catalyst cost to achieve the 
required performance characteristics, i.e., tbs 

Table 2. Activity of metal clusters for oxygen 
reduction in alkaline 201 NaOH 345 K. 

Metal Crystallite 
size 

mA/rag at 
0.85 V (RHE) 

Tafel slope 
(mV) 

Pt 20-30 600 50 
Ru 20-30 CO 60 
Ir 20-30 18 50 
Rh 20-30 30 SO 
Pd 15-25 12 60 
Ni 30-50 7 60 
Ag 100-200 36 100 
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product of specific activity, required catalyst 
loading, and cstalyst cost. In tents of cost effec
tiveness, Pt and Ag are the metals of choice. How
ever, the polarization characteristics of the two 
eleetrocatalysts are very different, as shown by 
the curves in Fig. 13, due to differences in reac
tion mechanism. For operation at high current 
density ( i 100 mA/cm2), the Pt catalyst is the 
roost cost-effective catalyst of all the materials 
examined in this study. Actual testing of sub-
scale CI cm2) H2-air fuel cells (354 KOH, 70°C) 
have indicated the total (anode plus cathode) 
Pt cost would be only $60 per m 2 cell area for a 
vehicle fuel cell with sustained power density of 
240 raW/cm2 at 404 thermal efficiency. For oper
ation at low current density ( > 50 mA/cm2) and/or 
high ( > 55%) faradaic efficiency, the Ag cluster 
catalyst appears to be the more cost effective, 
although there are problems with Ag dissolution 
under certain conditions of use. 

The intermetallic cluster catalysts Pt3Ti 
and Ag3Ti have both shown improved polarization 
behavior relative to the pure metallic clusters. 
The improvement was particularly dramatic for 
AgsTi, where the catalytic activity per unit 
weight of Ag increased nearly an order of magni
tude. The reasons for the improved activity 
appear twofold: an improved dispersion of the 
metal on the carbon support and a basic altera
tion of the catalytic properties of the noble 
metal via a ligand effect. Ti is often used as 
a catalyst suqpport in alkaline electrolyte, 
particularly for electrolysis. Based on our re
sults with the Ti intermetallic compounds, we 

I00C 
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-0.4 -CO -0.2 -0.1 0 +QI 
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Fig. 13. Polarization curves for oxygen reduc
tion with Teflon-bonded gas diffusion electrodes 
using Pt ani Ag cluster catalysts. 20% 02 
1801 N2 ambient pressure. (XBL 811-59) 

would expect to see a strong metal- support in
teraction (SMSI) for Pt or Ag dispersed on Ti. 
Ke are currently looking for these SMSI effects. 

rBrief version of LBL-11891. 
1 . P. N. Ross, LBL-10799 and Electric Power 
Research Institute Report EM-1S53. 

7. ROTATING RING-DISC STUDIES OF OXVGEN REDUC
TION ON Pt AND Ag IN ALKALINE ELECTR0LYTE+ 

Philip N. Ross and Daniel A. Scherson 

Previous studies in this laboratory have 
shown that Pt and Ag are the most important pure 
metals for use as catalysts of the metal cluster 
type in alkaline electrolyte. The characteristic 
polarization curves for these two catalysts are, 
however, dramatically different, suggesting that 
different reaction mechanisms are operative. The 
mechanism of oxygen reduction on a wide variety 
of electrode materials may be analyzed in terms 
of a reaction pathway involving a direct 4-electron 
reduction of oxygen in parallel with a pathway 
involving the 2-electron intermediate hydrogen 
peroxide. The most general description of the 
reaction pathways is shown in Fig. 14. The 
4-electron path is distinguished by the absence 
of O2H" as an intermediate. The rotating ring-
disc electrode (RRDE) is useful in distinguishing 
between paths involving free O2H- (in equilibrium 
with H2O2) as an intermediate. Peroxide desorbing 
from the disc electrode is transported to the ring 
electrode by convection where it is oxidized; the 
ring current is equal to the rate of peroxide de-
sorption times the collection efficiency of the 
ring. The general scheme in Fig. 14 takes into 
account recycling of the oxygen produced by hetero
geneous catalytic (non-electrochemical) decomposi
tion of peroxide. The quantitative evaluation of 
rate constants k\f k2, and k3 from RRDE data is sim
plified if the rate of the heterogeneous process, 

k{ (4e~) 

U2e') 
°2 — °2 H" 

k3<2e-) 
20H" 

k D o r k s 

O2H" (-t-apjry^+orn 

Fig. 14. General reaction sequence for oxygen 
reduction pathways in alkaline electrolyte. 

(XBL 811-58) 
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k,j, can be measured independently, and by making 
separaLe kinetic measurements on oxygen and per
oxide-containing solutions. The catalytic de
composition uf peroxide on both the Pt and Ag 
surfaces is extremely rapid, so measurement of 
k4 is not a simple matter. 

We have developed a new chronopotei.tio-
metric technique for the independent measurement 
of k4 which makes no assumptions as to the order 
of reaction or the relative magnitude of the 
kinetics, An exact solution was found for the 
problem of convective diffusion to a rotating 
disc with a prescribed initial concentration 
profile and a ca:rent step at the disc surface. 
The steady-state (initial) surface concentration 
can be determined from the transition time t by 
use of 'Jie parametric plots in Figs. 15 and 16. 
The surface concentration, C 0 is related to the 
rate constant, IQJ, reaction order, n, and the 
rotation rate, n, by the expression 

toC

u=i4n * " 1 / 2 + rhc^ %> 
where K is a known constant. A plot of In Q, vs, 
In ftl/2 yields a straight line from which both 
the reaction order and rate constant can be de
termined from the slope, m, and intercept, b. as 

i/,-ltm 
Fig. IS. Theoretical relationship of the transi
tion time, T, to the current step, i, for se
lected values of (C 0 - C Q)/C a. (XBL 811-61) 

- p * 0.9 C7 OS 03 Q.t 0 

1 
I II 12 1.3 L4 15 16 1.7 la » 20 

Fig. 16. Expanded region of Fig. 15. 
(XBL 811-60) 

n = ̂ S a n d k 4 = Kexp[l-n)b]. 

A particularly attractive feature of this 
method is that the reaction order can be ob
tained in a single experiment. 

Experiments on the Pt and Ag disc electrodes 
are in progress. In preliminary experiments, it 
is clear that the direct 4-electron path is pre
dominant on Pt, whereas for Ag the reaction pro
ceeds exclusively via the 2-electron pathway. 
Recycling via peroxide decomposition is thus 
very important for Ag, and, in porous electrodes 
with Ag catalysts, the steady-state level for 
peroxide is probably quite high. Free peroxide 
would be expected to lower electrode life by 
accelerating corrosion of cell components and 
by loss of hydrophobicity of the electrode struc
ture. 

* * * 
Brief version of LBL-10700; accepted for publi

cation in J. Electroanal. Chem. 

Improvements in Efficiency of Aluminum Reduction Ceils 

In the U. S., approximately 100 billion WJh 
of electrical energy are consumed each year in 
the electrolytic production of aluminum in Hall-
Heroult cells. There is, therefore, considerable 
incentive to improve the perforoance of such 
cells and reduce the energy consumed per unit 
of metal produced. 

Part of a cell is shown in cross section in 
Fig. 17. The molten "cryolite" electrolyte, 
at about 950°C, serves as a solvent for aluminum 
oxide. Passage of current from the carbon anode 
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Fig, 17. Sketch of part of the cross section of a 
Hall-Heroult cell showing the transport of part 
of the aluminum product to the anode region where 
it is re-oxidized with consequent current effi
ciency loss. (XBL 784-8016) 

through this electrolyte tc a pool of molten 
aluminum at the bottom of the cell causes the re
duction of the aluminum oxide, aluminum metal 
being generated at the surface of the aluminum 
pool and carbon dioxide gas bubbles at the sur
face of the anode. Unfortunately, a portion of 
the aluminum generated is lost by a mechanijn. 
which consists of- the dissolution of aluminun 
into the cryolite and its turbulent convection 
to the anode where it is re-oxidized by carbon 
dioxide bubbles. This loss of product, or loss 
of current efficiency, should be reduced if means 
can be found to reduce the turbulent convection 
in the electro" -*e. Motion of the electrolyte 
and the re.-ultij turbulence are mainly due to 
electromagnetic stirring forces within the cell. 
A typical Hall-He"roult cell has a current of 
100-200 kA; such currents generate strong magnetic 
fields. The interaction of the currents and the 
fields yields electromagnetic forces that stir 
both the molten cryolite and molten aluminum, 
creating velocities of the orfsr of 10 cm/sec. 

The electromagnetic forces have a second 
effect. These forces result in a distortion, or 
bowing, of the interface between the metal and 
cryolite. Parasitic energy consumption (i.e., re
sistive heating of the electrolyte) can be reduced 
by bringing the anodes as close as possible to the 
metal surface without contacting it. This is dif
ficult to achieve if the surface is signifi
cantly bowed. The magnetic field within the cell, 

and consequently the electromagnetic forces, ii, 
a function of the arrangeme.it of electrical con
ductors ("bus-bars") in the vicinity of the cell. 
It is therefore evident that some bus-bar arrange
ments will yield more or less bowing of the inter
face and current efficiency loss than others. The 
objective of the present investigation is to de
termine by roeins of mathematical models, what 
changes in cell design (e.g., bus-bar arrange
ments) result in cells with high current efficiency 
and little distortion of metal-cryolite interface. 

8. CURRENT INEFFICIENCIES IN ALUMINUM REDUCTION 
CELLS 

Stephen Lympany and James W. Evans 

The mauvcmatical computations required to 
jr^rove bus-bar arrangements in these cells entail 
tne solution of Laplace's equation, which deter
mines die current density distribution in the cell. 
Knowing the currents within the cell and external 
bus-bars, the magnetic fielJ within the cell can 
be computed and, subsequently, the electromagnetic 
forces acting on metal and cryolite. With these 
forces as input, the turbulent flu-d flow equations 
for the cryolite and the met>d are th-jn solved to 
yield velocities and turbulence levels ij. both 
liquids, together with the shape of the metal-
cryolite interface. Knowing the turbulence ievel 
within the cryolite, the rate of mass transfer of 
dissolved aluminum can. he calculated, yielding the 
cell current efficiency. 

Two common bus-bar arrangements for Hall-
Heroult cells in the U. S. are "end riser" arrange
ments and "quarter riser" arrangements; they dif
fer in the way current is brought from one cell to 
an adjacent cell. The computed cryolite velocities 
for end riser and quarter riser cells are depicted 
in Fig. 18. The cell is shown from above, the 
motion of the cryolite being predominantly in a 
horizontal plane. Also shown are velocity vec
tors for a riser that represents a first attempt 
at a bus-bar arrangement giving a better cell per
formance. The velocities are seen to be signifi
cantly different for the three arrangensnts; there 
are four circulation loops for the end riser 
arrangement, as opposed to two for the other 
arrangements', and the moTe complex circulation 
pattern results in higher turbulence levels in the 
molten cryolite and, consequently, lower computed 
current efficiency, as indicated in Table 3. Alum
inum cells are typically equipped with aluninum 
covers to prevent escape of cell gases. It can 
be conjectured that replacement of these covers by 
suiel covers could be managed at little expense 
and would have the effect of shielding the inside 
of the cell from magnetic fields generated by the 
bus bars, thus reducing electromagnetic forces 
and iLrproving cell performance. Table 3 reveals 
th?t such replacement ir proves the current effi
ciency of end riser cells, but not of quarter 
riser cells. The reasons for this are are dis
cussed in a full-length report of this project 
(LBL-1167S). 

Figure 19 compares the confuted contours of 
the metel-cryolite interface for the three de
signs. The end riser desigi* is seen to be somewhat 

http://arrangeme.it


Fig. 18. Computed velocities in the molten cryo
lite electrolyte for three arrangements of the 
"riser" bus-bar bringing current to the cell. 

CXBL 809-11704) 

inferior to tile quarter riser design in that the 
interface is more bowed. The new design, which 
appeared superior to the end riser in current 
efficiency, is seen to be inferior in interface 
topography. This new riser arrangement is only 
a first attempt at improving cell design, other 
schemes will be studied to find arrangements 
that are superior in both current efficiency and 
cell topography. 

Table 3. Computed current efficiencies for various 
designs of Hali-Heioult cell. 

Cell with usual Steel cell 
Aluminum covers covers 

End riser 93-8 92.9 

Quarter riser 88.6 90.3 

Novel riser 93.4 93.4 

(Quarter risers) 

(Novel risers) 

Fig. 19. Computed contours of the metal-cryolite 
interface for the three riser designs; the least 
amount of bowing is shown for the quarter riser 
arrangement. (Aluminum-cryolite interfaces, heights 
in cm.) (XB1 809-11703) 

Electrochemical Properties of NASICON 

One of the more attractive systems for load 
load leveling or for vehicle propulsion is based 
on the sodium/sul _ur electrochemical couple with 
a ceramic electrolyte. To date, sodium-beta" 
alumina is the most developed ceramic electrolyte, 
but alternatives to it are being provided by the 
search for fast ion conductors. One of these is 
the three-dimensional sodium ion conductor 
Nasicon, (Nai+xZr2 Si x P3-x 9l2) • Nasicon pos
sesses some advantage, especially in the fabrica
tion stage, over beta" alumina. Its resistivity 
is potentially lower at 300°C than that of sodium-
beta" alumina polycrystalline electrolyte, This 
research intends to examine the properties of 
Nasicon so that they can be critically compared 
with sodium-beta" alumina solid electrolytes. 
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9. PROPERTIES OF NASICON 

David C. Hitchcock, Craig P. Cameron, Herbert K. 
Schmid, and Lutgard C. De Jonghe 

Nasicon, Nai+xZr2 SixPj.^}^ has been prepared 
in different compositions by the sol gel process. 
Two compositions were prepared and tested, x • 2 
and x = 2.3. The samples were either sintered or 
hot pressed. The best results were obtained by 
the hot pressing of Nasicon in which the graphite 
mold had been coated with hexagonal boron nitride 
powder. After preparation, the specimens were im
mersed in molten sodium held at 300°C for times 
up to two weeks. In all cases, there was a chemical 
attack of the Nasicon by the molten sodium. The 
most pronounced degradation was found for Nasicon 
compositions with x = 2; the least degradation 
was observed for Nasicon speciments with 
x = 2.3. A crack pattern usually could be ob
served on the immersed samples as shown in 
Fig. 20. The mechanical strength of the samples 
was severely decreased by the formation of the 
cracks. X-ray analysis before and after jjimersion 
showed that an unidentified compound, possibly a 
phosphate, with the most prominent reflection at 
4.3 on A, was severely attacked by the molten 
sodium. Additionally, it was found that the 
lattice parameter of the Nasicon was increased 
by approximately 1% due to the imn^rsion in the 
sodium. The stresses that are generated due to 
this lattice expansion, as well as a dissolving 
of the second phase, could account for the severe 
degradation of the Nasicons prepared in context 
with molten sodium. 

Some Nasicons were also examined in the trans
mission electron microscope. Electron beam radi
ation was found to destroy the crystal structure 
very rapidly, although this destruction was slower 
at 500 keV than 100 keV. The microstructure of 
the polycrystalline Nasicon before and after 
destruction by the electron beam in the high 
voltage electron microscope is shown in Fig. 21. 

Fig. 20. Cracks due to chemical attack of Nasicon 
by Na at 350°C for 1 week. (XBB 807-8654} 

Fig. 21. Relic formation after irradiation at 500 
kV in the Transmission Electron Microscope. 

(XBB 807-8749] 

Interestingly, the amorphous Nasicon formed a 
relic of the original crystalline structure in 
which the grain boundaries apparently formed an 
amorphous structure of different density or of 
different composition. The ionic resistivity of 
the samples was determined by AC admittance mea
surements over the range of frequencies up to 5 
t-Kz and for a range of temperatures between 50°C 
and 425°C. The immersion of Nasicon with x = 2 
in sodium for about 90 hours increased the re
sistivity by two orders of magnitude. This could 
be attributed to the formation of cracks and to the 
reaction of the Nasicon with the sodium. 

The lowest ionic resistivity at 300CC, de
termined thus far for Nasicon prepared in this 
laboratory, was 2.5 fl-cm, with an activation 
energy of approximately 4 kcal/mol. 

Analysis and Simulation of Electrochemical Systems 

This work supports the development of energy-
storage systems by means of mathematical models 
and by experiments designed to test the accuracy 
and completeness of the models. A one-dimension
al model has been developed for the Li(Al) - FeSx 
battery in conjunction with a major experimental 
program at Argoime National Laboratory. This 
model can be used to identify system limitations 
and to describe the actual phenomena associated 
with the Li(Al)- FeS* battery during relaxation 
and charging. 

10. MATHEMATICAL MODELING OF THE LITHIUM-ALUMINUM, 
IRON SULFIDE BATTERV+ 

Richard Pollard and John Newman 

The lithium-aluminum, iron sulfide battery 
is under development for use in electric-vehicle 
propulsion. A mathematical model of the 
LiAl/UCl, KCl/FeS cell has been used to study the 
behavior of the system during relaxation and 
charging. The changes that take place in the 
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cell during relaxation and charging conditions 
could influence the dependence of cell performance 
on the number of completed cycles. Therefore, it 
is important to identify the factors that can 
limit the system during these (nodes of operation. 
The governing differential equations used to study 
the cell discharge behaviorl can be used directly 
in this analysis, and it is only necessary to re
place the initial composition and porosity with 
the appropriate distributions and to modify the 
model for negative electrode kinetics. 

Figure 22 shows composition profiles across 
the cell sandwich for several times after inter
ruption of the current at the end of a discharge. 
In the negative electrode, the back becomes 
cathodic with respect to the front portions, and 
local concentration cells, with the reaction 

LiAl i- Li + Al + e (1) 
are established. Although these concentration 
cells promote uniform electrolyte composition, 
they accentuate the nonuniform utilization of reac-
tants since there is no mechanism for equalization 
of local state of charge within the alloy. In 
the positive electrode, the possibility of simul
taneous reactions exists. Adjacent to the current 
collector, FeS reacts with lithium ions according 
to the reaction 

2FeS + 2L1 + 2e + Fe (2) 

1 3 " - ' ' 1 • 
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\ ^ v Z O 

\\j 
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Fig. 22. Position dependence of mole fraction of 
LiCl at different times after current inter
ruption. Simulation parameters: Q- = 2800 C/cm3, 
Q + - 4630 C/cm3, L. * 0.32 cm, Ls = 0.16 cm, 
L+ - 0.18 cm, N = 5.5 x 10' cm-3, ho * 8.25 xlO"2 

W/ffl2 K, Ro - 1.55 SI cm2, h = 0.004 cm, w = 0, 
-c-jycegpsat - 1.0, D ( M x 10-8 cmVs. Pa
rameters at start of previous discharge: 
E° - 0.39, e s s 0.75, ej * 0.555, T 0 - 470°C, 
I - 41.6 mA/cm , x9 * 0.58. Initial stage of 
charge, A(t - 0) * 47.9*. Additional parameters 
specified in Tables 1 and 3 of Ref. 1. 

(XBL 7912-14569) 

whereas, near the front of the electrode, L12S 
reacts anodically with iron according to the re
action 

2Li2S + Fe Z Li2FeS2 + 2 U + + 2e". (3) 

Heat is not generated in the cell during relaxa
tion, and the temperature falls in accordance 
with the specified rate of heat transfer to the 
surroundings. As a result, precipitation of the 
electroljte may also occur. 

After the current is switched off, an initial 
rise in cell voltage occurs. The magnitude of 
this step change can, in principle, be used as a 
basis for the estimation of cell resistance. How
ever, the influence of double-layer capacity is not 
included in this model, and the final total cell 
voltage predicted by the discharge model prior to 
interruption may be much lower than expected in 
practice. Therefore, separate calculations are 
necessary to estimate the interruptor resistance.. 
Double-layer effects are not included since they 
are not generally regarded as being significant 
during normal cell operation. 

Following the initial rise, the voltage 
gradually approaches the equilibrium open-circuit 
cell potential. The shape of the voltage relaxa
tion time curve is determined by the reactions 
that occur in the individual electrodes. 

Figure 23 shows simulated composition profiles 
at different stages of a constant-current charge. 
The parameter \ represents the overall state of 
charge. The composition profiles represent the 
combined effects of diffusion, migration, and 
electrochemical reaction. A relaxation time of 
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Fig. 23. Position dependence of mole fraction of 
LiCl at different states of charge for a constant 
current charge of -41.6 mA/cm2. A relaxation 
time of 2 hours is included between the end of the 
previous discharge and the beginning of the 
charging process. Simulation parameters: 
T(t - 0) « 480.4°C, see also Fig. 22. 

OCBL 7912-14567) 
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two hours was included between the initiaV dis
charge and the start of the charging process. 
Without relaxation, the profiles are very similar, 
and there is little trace of the starting composi
tion profile after the charge is completed. 

The average cell temperature in Fig. 23 
falls from 753.5 to 740.0 K during the charge as 
a result of reversible heat effects and heat 
transfer to the surroundings. This drop in temp
erature causes the saturation limit for XC1 to 
rise, and precipitation begins at the reaction 
front in the negative electrode when \ * 85.9. 
If the cell is not relaxed before charging, the 
temperature falls over a higher range (769.4 to 
751.6 K), and precipitation is delayed until 
A * 91.1 The difference in charging behavior 
caused by the temperature drop during relaxation 
emphasizes the need for careful thermal manage
ment of battery modules. 

Figure 24 shows the fraction of active ma
terial utilized within the negative electrode, for 
the example in Fig. 23. The region closest to 
the electrode/separator interface is recharged 
first, and the reaction front moves back through 
the electrode as the alloy is completely recon
verted to B-LiAl. Relaxation of the electrolyte 
composition results in an increase in nonuniform 
utilization of reactants compared to the unre-
laxed examples. 

The complementary reaction distribution for 
the positive electrode is shown in Fig. 25. A 

.0.8 -

O.OB 0.16 0.24 0.32 
Distonc* from baching ploti (cm) 

Fig. 24. Fraction of active material utilized in 
negative electrode at different overall states of 
charge during a constant current charge of 
-41.6 mA/cm2. A relaxation time of 2 hours is 
included between the end of the previous discharge 
and the beginning of the charging process. Sim
ulation parameters are as in Fig. 22. 

(XBL 7912-14565) 
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Fig. 25. Fraction of active material utilized in 
positive electrode at different overall states of 
charge during a constant current charge of 
-41.6 mA/cm2. A relaxation time of 2 hours is 
included between the end of the previous dis
charge and the beginning of the charging process. 
Simulation parameters as in Fig. 22. 

(XBL 7912-14 Sfi.) 

sharp reaction front moves through the electrode 
as Li2FeS2 is consumed. This mechanism also pre
dominates is the unrelaxed case, but the final 
distribution of unreacted material is shifted 
from the back of the electrode. 

In summary, the analysis indicates that com
position variations become less pronounced during 
relaxation, but the local state cf charge within 
the electrodes can become more nonuniform. The 
results obtained are sensitive to the details of 
the heat balance used in the calculation, and this 
reflects a need for precise thermal management of 
LiAl/FeS battery modules. 

Brief version of LBL-10421. 
1. R. Pollard and J. Newman, LBL-10420 (January 
1980). 

11. METAL COUPLES IN NON-AQUEOUS SOLVENTS 
Charles W. Tobias 

The objective of this project is to develop 
practical alternatives to aqueous or high-temp
erature molten salt systems for the efficient 
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electrochemical reduction and oxidation of reac
tive metals. Past accomplishments include the 
efficient reduction of potassium metal from 
KA1C1. dissolved in propylene carbonate. Cur
rent work concerns the determination of the 
thickness and chemical nature of surface films 
on lithium in propylene carbonate electrolytes. 
This project is carried out under the direction 
of Dr. R. H. Muller. 

RESEARCH PUNS FOR CALENDAR YEAR 1981 

Anodic Surface layers on Battery Materials. 
Further evidence for the inhomogeneous porosity 
of surface layers will be sought and means in
vestigated to increase the ionic conductivity of 
the innermost nonporous part which seens to pro
vide the protective function. A study of film 
behavior under anodic and cathodic polarisation, 
where surface roughness is greatly increased, 
will benefit from use of a new laser light source 
and digital data acquisition system. 

5urface Morphology of Metals in Electro-
Deposition- Our differential nucleation theory, 
tentatively attributed to be the cause for the 
generation of regular macroscopic deposition pat
terns in the deposition of zinc from acid solu
tions, will be subjected to critical experimental 
evaluation. According to this hypothesis, un
even growths of different crystal facets lead to 
protrusions, which generate secondary flows 
(e.g., roll cells) in the presence of free or 
forced convection past the surface. This sec
ondary flow causes small, periodic variations of 
concentration, and hence of potential, in a di
rection normal to the flow. Since nucleation 
density is potential dependent, the rate of growth 
of metal deposit tends to follow the spatial 
periodicity of potential produ^d by the secondary 
flow. The effect of electrolyte composition, 
including that of lightly absorbed surface active 
agents on the propagation and persistence of sur
face patterns, will be systematically investi
gated and interpreted. Simulation of advancing 
or receding electrode profiles, under mixed mass 
transfer/charge transfer control, will include a 
number of models of practical significance. 

Bifunctional Air Electrodes for Metal-Air 
Batteries. Studies of Pt and Ag intermetallic 
catalysts for oxygen reduction will continue. 
Rotating ring-disc methods will be applied to the 
study of intermetallic catalysts found to be of 
interest in the study of bimetallic cluster cat
alysts . Carbon corrosion studies will begin to 
develop carbon support materials that are more 
resistant to oxidation than Vulcan XC-72. Studies 
of gas evolution in porous, hydrophobic, poljimer-
bonded type structures will be initiated. The ob
jective of the latter studies is to determine how 
the electrolyte wetting in the catalyst layer 
changes during gas evolution, and what material 
properties are important in controlling electrolyte 
displacement. 

Improvements in Efficiency of Aluminum Re
duction cells, computations wi_u be carriea out 
for many alternative cell designs in an attempt 

to find designs that have superior current effi
ciency and freedom from distortion of the metal-
electrolyte interface. Research will be initiated 
to test the results of the predictions. Research 
will be started on motion of the cryolite-metal 
interface (motion detrimental to cell performance). 

Electrochemical Properties of Nasicon. Con-
tinued efforts are planned in the preparation of 
Nasicons of slightly varying compositions, in 
which certain elements may be added to improve 
sintering and resistance to chemical reaction 
with sodium. Once such composition has been 
clearly defined, the electrochemical stability 
of the Nasicon will be tested. 

Electrochemical measurements will be made on 
the Nasicon/molten sodium interface for pure and 
impure sodium. Potential static and galvano-
static techniques will be used to identify the 
important electrode reactions. 

Analysis and Simulation of Electrochemical 
Systems. Experimental work will continue on the 
electrochemical removal of lead from wastewater. 
The model of the lithium/iron sulfide battery will 
be extended. A mathematical model will be de
veloped to describe the concentration profiles and 
current distribution in a thin-gap flow cell con
taining a redox couple. 

Metal Couples in Non-Aqueous Solvents. This 
proj ect will be directed toward the exploration 
of criteria for the efficient recovery, refining, 
and galvanic cycling of certain of the group II 
and III metals, notably magnesium, calcium, and 
aluminum. In addition to the propylene carbonate 
family of solvents, other solvent options will 
also be considered. Progress in this project 
will depend on the availability of graduate re
search assistants. 

1980 PUBLICATIONS AND REPORTS* 
Refereed Journals 

*1. Daniel A. Scherson and John Newman, 'The 
Warburg Impedance in the Presence of Convective 
Flow," J. Electrochem. Soc. 127, 110 (1980). 

2. Richard Pollard and John Newman, "Silicon 
Deposition on a Rotating Disk," J. Electrochem. 
Soc. 127, 744 (1980), (LSL-9154). 

3. Richard Pollard and John Newman, "Transient 
Behaviour of Porous Electrodes with High Exchange 
Current Densities," Electrochim. Acta 25, 315 
(1980). — 

4. M. Ranade and J. W. Evans, "The Reaction 
Between a Gas and a Solid in a Non-Isothermal 
Packed Bed: Simulation and Experiments," I. 
and E. C. Process Design and Development 19, 
118 (1980). — 

s5. A. Malazgirt and J. hf. Evans, "Production of 
Aluminum and Aluminum Coatings by Thermal De
composition of Aluminum Alkyls," Met. Trans. 
11B, 225 (1980). 
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6. J. W. Evans and M. Ranade, "The Grain Model 
for Reaction Between a Gas and a Porous Solid--
A Defined Approximate Solution to the Equations," 
Chem. Eng. Sci. 35, 1261 (1980). 

"7. J. W. Evans, M. H. Abbasi and A. Sarin, 
"A Monte Carlo Simulation of the Diffusion of 
Gases in Porous Solids," J. Chem. Phys. 72, 
2967 (1980J. — 

8. D. A. Scherson and P. N. Ross, "Theory of 
Transition Times: Catalysis at Rotating Disc 
Elec'ci\>i5s," J. Electroanal. Chem. 132, 523 
,lv:'..\ LBL-10700. 

C: (î r publications 

1. John Newman and Richard Pollard, 'Micro-
Modeling Studies" in High Performance Batteries 
for Electric-Vehicle propulsion ana stationary 
Energy Storage, ANL-79-74, Argonne National 
Laboratory, Argonne, Illinois (March 1980). 

LBL Reports 

1. Wing Cheong Hui (with Charles W. Tobias), 
"Electrolytic Gas Evolution in Forced Flow," 
M, S. thesis, University of California, Berkeley 
(1980), LBL-11945. 

2. y. Geronov, F. Schwager, and R. H. Mailer, 
"Film Formation on Lithium in Propylene Carbonate 
Solutions under Open Circuit Conditions," 
LBL-11126. 

3. Richard Pollard and John Newman, "Mathe
matical Modeling of the Lithium-Aluminum, Iron 
Sulfide Battery. I. Galvanostatic Discharge 
Behavior," LBL-10420 (January, 1980). 

4. Richard Pollard and John Newman, "Mathe
matical Modeling of the Lithium-Aluminum, Iron 
Sulfide Battery. II. The Influence of Relaxation 
Time on the Charging Characteristics," 
LBL-10421 (January, 1980). 
5. Richard Pollard, "Mathematical Modeling of 
the Lithium-Aluminum Iron Sulfide Battery," 
Ph.D. thesis LBL-10197 (December, 1979). 

6. J. W. Evans, Y. Zundelevich, and D. Sharma, 
"A Mathematical Model for Prediction of Currents, 
Magnetic Fields, Melt Velocities, Melt Topography 
and Current Efficiency in Hall-Heroult Cells," 
LBL-11675. 

7. P. N. Ross, "Oxygen Reduction with Carbon 
Supported Metallic Cluster Catalysts in Alkaline 
Electrolyte," LBL-11891. 

Invited Talks 

1. Karrie J. Hanson, Rolf H. Mailer, and Charles 
W. Tobias, (presented by Karrie J. Hanson), 
"Mass Transfer Enhancement by Turbulence Pro
moters," Extended Abstracts, vol. 80-1, No. 388, 
pp. 963-965 (based on LBL-9038), presented at 
157th Meeting of the Electrochemical Society, 
St. Louis, M3, May 11-16, 1980. 

2. Milan M. Jaksic, and Charles W. Tobias, 
(presented by Milan M. Jalcsic), 'Hydrodynaraic 
Flow Visualization by the Electrochemical Method," 
presented at the International Symposium on Flow 
Visualization, Ruhr-University Bochum, Germany, 
September 9-12, 1980. 

3. Henry H. Law and Charles W. Tobias, 
(Presented by Henry H. Law), "The Kinetic Sta
bility of Potassium in Propylene Carbonate Elec
trolytes," Extended Abstracts, vol. 80-2, No. 39, 
pp. 106-108, 1980 (based on LBL-11487), pre
sented at the 158th Meeting of The Electrochemical 
Society, Hollywood, R , October 5-10, 1980. 

4. Henry H. Law and Charles W. Tobias, (pre
sented by Henry H. Law), "The Morphology of 
Potassium Deposited from Propylene Carbonate 
Electrolyte," Extended Abstracts, vol. 2, No. 392, 
pp. 991-992 (based on LBL-11253), presented at 
the 158th Meeting of The Electrochemical Society, 
Hollywood, EL, October 5-10, 1980. 

5. Geoffrey A. Prentice and Charles W. Tobias, 
(presented by Geoffrey A. Prentice), "Finite Dif
ference Calculations of Current Distributions at 
Polarized Electrodes," (based on LBL-11058), 
presented at the 73rd Annual Meeting of the 
American Institute of Chemical Engineers, Chicago, 
IL, November 16-20, 1980. 

6. F. Schwager, Y. Geronov, and R. H. Muller, 
"Ellipsometric Studies of Surface Layers on 
Lithium." Extended Abstract No. 37, No. 37, 
vol. 80-2 (LBL-11846), presented at the 158th 
Meeting of The Electrochemical Society, Hollywood, 
FL, October 5-10, 1980. 

7. Y. Geronov, F. Schwager, and R. H. Muller, 
"The Filjn Formation on Lithium in Propylene 
Carbonate Solutions Under Open Circuit Conditions," 
Workshop on Lithium Nonaqueous Battery Electro
chemistry, June 4-6, 1980, Case Western Reserve 
university, Cleveland, OH. 

8. Y. Geronov, "The Film Formation on Lithium 
in Propylene Carbonate Solutions Under Open Cir
cuit Conditions," Abstradt No. 708 RNP, pre
served to the llSih Meeting of The Electrochemical 
Society, Hollywood, FL. October S-10, 1980. 

9. Rolf H. Muller, "Electrochemical Synthesis 
and Energy Storage, LBL In-House Research Program," 
Review of the Applied Battery and Electrochemical 
Research Program Managed by LBL, Washington D.C., 
March 7, 1980. 

10. Rolf H. Mailer, "Lithium Surface Layers," 
Applied Battery and Electrochemical Research 
Program Review, Berkeley, CA, August 14-15, 1980. 

"ll. John Newman, 'Modeling of Lead-Acid Batteries," 
Department of Energy Battery 6 Electrochemical 
Contractors' Conference, Arlington, VA, 
December 10, 1979. 

12. John Newman, 'Modeling of Li-Al/FeS Bat
teries," Department of Energy Battery 5 Electro
chemical Contractors' Conference, Arlington, VA, 
December 11, 1979. 



13. John Newman, "Engineering of Electrochemical 
Storage Batteries," Invited address before the 
Department of Chemical Engineering, Texas A§M 
University, College Station, TX, March 21, 1980. 

14. John Newman, On-site review for the Depart
ment of Energy of the Ford Motor Company program 
on sodium-sulfur batteries, Newport Beach. CA, 
April 22, 1980. 

15. Jolm Newman, On-site review for the Depart
ment of Energy of the Argonne National Laboratory 
program on lithium-iron sulfide batteries, Argonne, 
IL, June 25-26, 1980. 

16. John Neman, "Electrochemical Modeling," 
Address at the review of the lithium-iron sulfide 
battery program, Argonne National Laboratory, 
Argonne, IL, June 26, 1980. 

17. John Newman, "Li/FeS Modeling," Review of 
the Applied Battery and Electrochemical Research 
Program, Lawrence Berkeley Laboratory, Berkeley, 
CA, August 14, 1980. 

18. Pier Filippo Marconi and John Newman, "Mathe-
natical Modeling of Hybrid-Redox Flow-Through 
Porous Electrode Cells for Energy Storage, the 
Fe/Fe2*/Fe3+ System." Presented at the 31st 
Meeting of the International Society of Electro
chemistry, Venice, Italy, September 22-26, 1980. 

19. D. Ziegler, M. Dubrrvsky, and J. W. Evans, 
(presented by D. Ziegler), "The Use of Novel 
Anodes in the Electrowinning of Metals by 
Fluidized Bed Cathodes," Annual Meeting of the 
American Institute of Metallurgical Engineers, 
Las Vegas, NV, February 24-28, 1980. 

§20. I. Masterson, M. Dubrovsky, and J. W. Evans, 
(presented by J. W. Evans), "Fluidized Bed 
Electrowinning of Cobalt from Sulfate Solutions," 
ibid. 

"21. M. Abbasi and J. W. Evans, (presented by 
J. W. Evans), "A Monte Carlo Simulation of the 
Diffusion of Gases in Porous .Solids," ibid. 

22. L. C. De Jonghe, "Degradation of Solid Elec
trolytes," Third International Symposium on Solid 
Electrolytes. Tokyo. JaT<an, September 1980. 

23. L. C. De Jonghe, "Solid Electrolyte Batteries, 
National Defense Academy, Yokosuka, Japan, 
September 1980. 

Other publications by the above authors, sup
ported by other sources, are listed under the fol
lowing headings in this Annual Report: 

"Improved Beta-Alumina Electrolytes for 
Advanced Storage Batteries," 
Lutgard C. De Jonghe, Investigator. 

"In-Situ Investigations of Gas-Solid Reactions 
by Electron Microscopy," James W. Evans, 
Investigator. 

"Electrochemical Phase Boundaries," Rolf H. 
Muller, Investigator. 

"Electrochemical Systems," John Newman, 
Investigator. 

"Investigation of New Fuel-Cell Electrolyte 
and Electrode Concepts," Phillip N. Ross, 
Investigator 

"Electrochemical Processes," and "Engineering 
Analysis of Gas Evolution in Electrolysis,1 

Charles W. Tobias, Investigator. 
*Work supported by Sandia Laboratories. 
6Wbrk supported by the National Science Foundation, 
"tftjrk supported by Intramural funding, 
htork supported by Johnson Controls, Inc. 



469 

b. EngtaMring ArMty** of 6 M EvokHton ki EMctrolyMi* 
Charles W. Tobias, Investigator 

Introduction. Gas evolution by electrolysis 
is one of the most common reaction types in elec-
trosynthesis. As of late, electrically recharge
able batteries are under development which also 
develop gases on charge. This project is di
rected toward the physical description and corre
lation of the behavior of electrochemically gen
erated gas-electrolyte emulsions, including the 
effect bubbie streams have on mass transport- at 
electrode surfaces. Liberation of hydrogen or 
oxygen from various metallic surfaces, situated 
in a flow channel, is observed under intense 
illumination over broad ranges of current den
sities and flow rates. The ohnic component of 
overpotential is measured and correlated to 
process conditions. Understanding the behavior 
of bubble streams should lead to improvements 
in the energy efficiency of gas-generating pro
cesses. 

1. GAS EVOLUTION IN FORCED FLCW+ 

Wing C. Hui and Charles W. Tobias 

The effects of forced flow and cathode sur
face morphology on the nature of hydrogen bubble 
evolution in 5M KOH solution have been investi
gated in a flow system; a special flow channel 
(Fig. 1) allowed both optical observation and* 
electrical measurement to be carried out simul
taneously. Optical observation was made with 
regular- and high-speed cameras. Both the over-
potential and the incremental ohmic drop caused 
by bubbles were determined over the current den
sity range of 0.4 - 2,000 mA/cm2 for purposes of 
engineering analysis. 

The principal conclusions of this work can 
be summarized as follows: 

(1) Hydrogen bubble evolution strongly depends 
on the surface morphology of the cathode. (See 
Figs. 2,30 
(2) The dominant factors affecting bubble evolu
tion are the density and the distribution of the 
nucleation sites. 
(3) The polarization behavior is heavily in
fluenced by the surface morphology of the elec
trode. Among the electrodes studied, the sanded 
electrodes demonstrate the lowest overpotentials. 

This work was supported by the Assistant 
Secretary for Conservation and Solar Energy, 
Office of Energy Storage Systems, Electro
chemical Systems Support Division of the U.S. 
Department of Energy under Contract No. 
W-7405-ENG-48 through the Chicago Operations 
Office, Technical Management Division of the 
Argonne National Laboratory, Argoime, IL. 

Fig. 1. Longitudinal cross-section of the flow 
channel used for electrical measurements, and for 
simultaneous preparation of motion pictures. 

(XBL 804-5050) 

(4) The orientation of the surface morphology 
to the flow has no significant effect on the mass 
transfer and charge transfer overpotentials. 
(5) Forced flow can reduce the mass transfer 
overpotential only at low current densities 
( < 10 mA/cmZ). The reduction increases with 
increasing flow rate and decreasing current 
density. Within our experimental range, the re
duction is around a few mV to 14 mV. It is the 
highest for the parallel sanded electrode. 
(6) Incremental resistance caused by bubbles 
increases with the average bubble size at sep
aration. 

(7) For the sanded and the polished electrodes, 
both the increnental resistance and the bubble 
size increase as the current density is increased. 
The incremental ohmic drop becomes significant 
only at current density higher than 40 mA/cra2. 
Usually, the increnental resistances are about a 
few tenths of an ohm. The corresponding in
cremental ohmic drops then range from a few mV 
(at 40 mA/cm2) to - 200-300 mV (at 2 A/cm 2). 



(A) J = 1 KA/CM 2 CB) J= IOMA/CM 2 

CO J = 1 0 0 M A / C M 2 CD) J= 1000 MA/CM 2 

Fig. 2. Bubble formation on an electrode sanded 
parallel to the direction of electrolyte flow. 
S x 5 ram electrode surface. (XBB 800-12461) 

(8) Both incremental resistance and bubble size 
are reduced by forced flow. The degree of re
duction of the incremental resistance decreases 
as the flow rate is increased to high values. 
Therefore, depending on the current density, the 
forced flow can reduce the incremental resistance 
effectively only up to certain flow velocity. 
For the sanded and the polished electrodes, 
the reduction ranges from 30-55%, (Fig. 4). 
(9) The incremental resistance is found to be 
dependent on the dijnensionless ratio of the 
specific rate of bubble evolution and the velocity 
of the forced flow, frg/Uo). 
(10) Incremental resistance and bubble size is 
strongly affected by the surface morphology of 
the electrode, in this study, the lowest incre
mental resistance and bubble size was found on 

CA) J=1 MA/CM 2 CB) J=10 MA/CM 2 

CO J=100MA/CM 2 CD) J=1000MA/CM Z 

Fig. 3. Bubble formation on an electrode grooved 
crosswise to the direction of electrolyte flow. 
5 « 5 mm electrode surface. (XBB 800-12066) 

electrodes which were sanded parallel to the 
direction of flow. 
(11) The number of jucleation sites activated 
increases as current density is increased; 
it levels off at around a few hundred mA/cm2, 
(12) The effect of forced flow on cell voltage 
varies with current density. Forced flow reduces 
the mass transfer overpotential noticeably only at 
low current densities ( < 10 mA/cm 2), and decreases 
the incremental ohmic drop only at high current 
densities. It is much less effective in reducing 
the cell voltage in the transition current density 
range (- 10-40 mA/cm 2). 

* * * 
Brief version of LBL-11945. 
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(A) IB) 
Fig. 4. The influence of surface texture on the incremental resistance 
caused by H2 bubbles on the electrode surface. v grooved parallel to 
flow; 0 grooved sidewise; • grooved in both directions (pyramidal); 
a polished; 0 sanded parallel to flow; O sanded crosswide. 

(XBL 804-5045A) 

2. MASS TRANSFER STUDIES WITH A MICRO-
SEGMENTED ELECTRODE 

Dennis Dees and Charles W. Tobias 

Electrochemical gas evolution enhances 
the rate of mass transfer to and from the elec
trode. As the gas molecules are produced at 
the electrode, bubbles are nucleated, which 
grow and coalesce until they disengage from 
the surface. Each of these phenomena causes 
a microscopic flow of electrolyte near the 
occurrence. The flow replensishes reactants 
at the surface and thus contributes to an 
enhancement in the mass transfer rate. 

A special electrochemical cell was used 
to measure the enhancement of mass transfer 
caused by a single occurrence of a bubble 
event on a horizontal electrode facing upward. 
The measuring electrode was composed of a co-
planar matrix of circular, (125 ym diameter) 
platinum micro-electrodes imbedded into epoxy 
resin, set on approximately 250 pm centers 
[Fig. 5]. The counter-electrode was placed 
at a distance of approximately 100 cathode 
diameters from the cathode. All electrodes 
in the matrix were polarized cathodically in 
the mass transfer limiting region to reduce 
ferric- to ferrous-ion, just above the potential 
for hydrogen evolution. By reducing the poten
tial of an individual electrode in the matrix 
to 100 - 200 mV below the potential of the other 
electrodes, a single hydrogen bubble was nu
cleated. The mass transfer enhancement was 

125/tm 

© 0 © 
© © © 0 

© © © © ® 
© 0 0 0 

© © © 
I250fim-

Fig. 5. Geometry of the micro-segmented elec
trode. Circles denote polished platinum sur
faces imbedded into epoxy resin. (XBL 814-4554) 
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Table 2. Maxl- JO enhancement of mass transport observed in the vicinity 
of two coalescing bubbles on the surface. 

Bubble diameter 
at time o£ 
coalescence 

Electrode at which 
bubbles were 
generated 

% Change 
in 

current 

Electrode at which 
current was 
monitored 

200 pra 
150 um 
200 um 
150 um 
500 um 
500 um 

13.2 

3.2 

32.0 

Table 2. Maximum enhancement of mass transport observed in the vicinity 
of a bubble disengaging from the surface. 

Bubble diameter 
at time of 
separation 

Electrode at which % Change 
bubbles were in 
generated current 

Electrode at which 
current was 
monitored 

1.2 ran 
1.2 ran 

10 
1 

38.3 
12.2 

19 
19 

measured by monitoring the change in the current 
to the electrodes where only ferric ion reduc
tion occurred. 

The effects of both bubble coalescence and 
disengagement from the surface were studied. It 
was found tha; the mass transfer enhancement was 
of the same order of magnitude for both phenomena. 
Increases of > 354 in currents to individual 
micro-electrodes were observed. (See Tables 1 
and 2.) The enhancement vanished at distances 
greater than two bubble diameters. The maximum 
current was reached in approximately 40 milli
seconds and decayed to zero within a few seconds. 

These experiments form the basis for future, 
more exacting investigations on mass transfer at 
gas-evolving electrodes. The results were used 
to design a more sophisticated experimental 
apparatus: a micro-mosaic electrode, prepared 
on a silicon chip by integrated circuit manu
facturing techniques. 

RESEARCH PLANS FOR CALENDAR YEAR 1981 

Quantitative information about the processes 
controlling the mass transport characteristics 
at gas-evolving electrodes will be obtained 
using the nosaic-electrode, which was conceived 
and developed in this Laboratory, and built for 

us by Hewlett-Packard Co. We can measure 
and control the current and/or potential for 
each 100 x 100 um surface element. The precise 
location of nucleation events and the rate of 
growth of bubbles at any and all mosaic elements 
will be predetermined. Certain mosaic elements 
will be used only for reference electrode pur
poses or for measuring the limiting current 
density of the indicator ion. This electrode 
offers the possibility of measuring the mass 
transfer overpotential as it depends on neigh
boring bubble coalescence and separation events. 
A theoretical model will be developed to quanti
tatively describe the influence of convection 
due to gas bubbles. A systematic study will be 
initiated on the effects of surface morphology, 
and of surface active agents, on bubble separa
tion, and on bubble propagation in the electrolyte. 

1980 PUBLICATIONS AND REP0RTS + 

LBL Reports 
1. Wing Cteong Hui with Charles W. Tobias, 
"Electrolytic Gas Evolution in Forced Flow," 
M. S. thesis, university of California, 
Berkeley (1980). LBL-U94S. 

Invited Talks 

1. Charles W. Tobias, "Prospects and Problems in 
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Electrochemical Engineering," invited address 
delivered in the frame of the International 
Symposium on Electrochemistry in Industry — New 
Directions, celebrating the centennial of Case 
Institute of Technology, Cleveland, OH. October 
20-22, 1980. 

2. Charles W. Tobias, "The Coining of Age of Elec
trochemical Engineering," opening address at the 
Symposium on Energy Savings in the Electrolytic 

Industries," 89th National Meeting of the 
American Institute of Chemical Engineers, Portland, 
OR, August 17-20, 1980. 

* * * 
A con5>lete listing of publications, reports, and 
papers presented by Charles W. Tobias and Associ
ates is provided under "Electrochemical Processes" 
in the Materials Sciences section of this Report. 
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Magnetic Fusion Energy 

a. Material* and Wefdments for High FMd Superconducting Magnets* 

John W. Morris, Jr., Investigator 

The project reported here is intended to 
identify and develop improved materials for 
structural use in high field superconducting 
magnets. The principal focus of the research 
work has been on the continued development of 
fer r i t ic structural steels which promise sub
stantial advantages in mechanical properties and 
cost in structural applications a t 4 K. Since 
magnet cases are field-welded structures, mater
ials development requires the identification of 
appropriate welding methods, as vei l as the de
velopment of suitable heat treatment fo. Th<- base 
plate. 

1. ALLOYING ELEMENT .iFFECT ON THE CRYOGENIC 
MECHANICAL PROPERTIES OF 12Ni-0.25Ti STEEL 

Choi K. Syn 

The interstitial-free ferritic 12Ni-0.25Ti 
steel developed by this group several years ago 
is recognized as a potential cryogenic structural 
material for its superior strength (200 ksi yield 
strength) and fracture toughness (230 ksi) ?t 
liquid helium temperature. This ccmbina jion of 
strength and toughness was achieved by microstruc-
ture refinement through a unique heat treatment 
technique known as the 2B treatment. The micro-
structure refining mechanism in the 2B treatment 
is not completely understood and is the subject 
of a fundamental research task. Anticipating 
the commercialization of this steel, however, it 
is important to establish tolerance limits for 
common impurity elements such as Mn, Si, C, and 
others. As an initial step, steels of 12tNi -
0.25ITi - 0.25IMO, 12tNi - 0.25lTi - l.OVMo, and 
12iNi - 0,25tTi - 0.5tAl - 2.01 Cu with and with
out 0.5tMri, as shown in Table 1, were tested and 
compared with the base composition of 12tNi - 0.254 
Ti. After the same 2B treatment, the micros truc-
tures of these steels refined to a degree com
parable to 12Ni - 0.2ST1 steel. The fracture 
toughness, as measured in three-point bending at 
liquid nitrogen temperature, revealed a rather 
dramatic deleterious effect of Mn on both the 
fracture toughness level and the fracture crack 
propagation characteristics. This effect was 
eliminated through the addition of ltMo, which is 
known to suppress embrittlement in many steel 

Table 1. Nominal cocjjositions of 12Ni steels and fracture 
roughness at liquid nitrogen temperature. 

No. Nomina) Composition Frac ture Toughness 
K? c ° (ks i / n ) 

i r a c t u r e Crack 
Propagat ion" 

1 12.11-0. ZSTi 157 Stable 

2 <1 • 0 . 2 5 * 280 S tab le 

J • 1 • 0.25Sb • o.SMn 162 Unstable 

4 ' 1 * l.OMo 2oo S tab le 

S »1 • l.OMo • 0.5Mn 256 S tab le 

6 *1 • 0.5A1 * 2.0CU 259 S tab le 

16 » 0.SVJ1 249 Unstable 

8 f6 » 0.2-ii + _.0Mo 250 Unstable 

This work was supported by the Director, Office 
of Energy Research, Office of Development and 
Technology, Magnetic 5yste»s Division of the 
U.S. Departsent of Energy under Contract No. 
W-7405-ENG-4S. 

K^c: estimated K^c fron J value up to the raxijT-ja load 
level. 
5table: Stable crack propagation until the load level 

has reduced to one-third of the peak load. Unstable: The 
load level dropped discontinuously before peaking. 

systems. However, i n the case of 12Ni - 0.2STi -
0.5A1 - 2.0Cu s t e e l , a 0.25IMO a d d i t i o n seemed t o 
promote uns t ab l e crack propagat ion . The e f fec t of 
v a r i a t i o n s i n h e a t t r ea tment arid i n t h e conten t 
of o the r impuri ty e lements , such as Si and C, i s 
under i n v e s t i g a t i o n . 

2 . MCROSTRUCTURU. REFINEMENT MECHANISMS DURING 
THE 2B TREAMNT OF Fe-12Ni-0.2STi STT3L 

Hur-lon Lin and Choi K. Syn 

A sys temat ic e f f o r t t o a s c e r t a i n t he micro-
s t r u c t u r a l refinement mechanism and mic ros t ruc -
t u r a l evo lu t ion dur ing t h e ZB t rea tment (F ig . 1) 
of 12Ni-0.2STi s t e e l was i n i t i a t e d t h i s year i n 
t h e l i g h t of t h e p o t e n t i a l importance o f t h e 
s t e e l a s a cryogenic s t r u c t u r a l m a t e r i a l . Time-
sequenced o p t i c a l microscopy was performed fo r 
each s t e p of t he 2B t rea tment dur ing an i n i t i a l 
s low- ra te hea t ing per iod and subsequent holding 
pe r iod of two hour s . Figure 2 shows the f i n a l 
mic ros t ruc tu res obtained a f t e r each s t e p of t he 
t rea tment and the gradual r e t i n o a t t of micro-
s t r u c t u r e as t he hea t t reatment £Oes from the 1A 
t o the 2B s t e p s . 
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HEAT TREATING CYCLES 

20 4 0 60 80 Nl 
ATOMIC PERCENT NICKEL 

730C/2HRS GRANGE) 
-GX>'C/ZHRSla+r RANGE) 

- R O O M TEMPERATURE 

Fig. 1. 2B heat treatment with Fe-Ni equilibrhjn phase diagram. 
(XBL 739-1884) 

Fig. 2. Microstructure evolution in 12Ni steel. 
CXBL 800-13592) 
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The actual microstructural refinement process 

can be summarized from the optical microscopy as 
follows: during the 1A step, a duplex-like sub
structure develops within the packets of mar-
tensite and a y phase develops along the packet 
and prior-v grain boundaries at the expense of 
the earlier formed duplex-like substructure. The 
new y phase (white regions in 1A of Fig. 2) breaks 
into martensite packets on cooling after the 1A 
treatment. In the IB step, new -y regions form so 
that the entire microstructure is duplex (IB of 
Fig. 2) and appears similar to the pearlite 
structure of carbon steels. The average grain 
size is not changed by the duplex formation during 
the IB step. During the 2A and 2B steps, reactions 
occur which repeat those of 1A and IB, but on a 
much finer scale. Thus, the superior strength 
and toughness of the 12Ni-0.25Ti steel after the 
2B treatment seems to be due to the fine grain 
size and duplex structure developed along with the 
fine grain size. 

3. A STUDY ON THL WELDABILITY OF GRAIN-REFINED 
Fe-12Ni-0.25Ti STEEL WITH MATCHING FERRITIC FILLER 
METAL 

- Sim. W*!d Cycli 
- Z hr H«ot TrlotmfM 

M.J. yohota ctgl. 

RT." 500 700 900 1100 1500 1500 
PEHK TeMPEROIURE.'c 

Fig. 3. Variation of Charpy impact energy at 77 K 
with peak temperature for rapidly and slowly 
heated Fe - 12Ni - 0.25Ti. (XBL 809-5979) 

Hee-Jin Kim 

Grain-refined Fe-12Ni-0.2STi steel has been 
processed with a fracture toughness greater than 
200 ksi /In at the 200 ksi yield strength level 
in liquid helium. Since most applications at cryo
genic temperatures require the use of welded struc
tures, the absence of a currently available com
bination of weld wire and a welding process suit
able for this alloy limits its potential use. 
The main purpose of the present research was to 
develop a combination of weld wire and a process 
to provide strength and toughness levels in 
multipass weldments matching those of the base 
plate. 

Previous LBL welding research cr> these 
alloys has demonstrated that combinations of the 
GMHf process with Inconel 92 OT the EBW process 
without filler metal addition were not appropri
ate. However, detailed investigations of EB 
welding data and weld heat cycle simulation 
studies showed that even one subsequent weld 
thermal cycle can completely destroy the coarsened 
HAZ grains and large columnar grains in weld 
metal. The low temperature impact toughness was 
dramatically improved for a wide range of peak 
temperatures as shown in Fig. 3. It is inter
esting to note that the useful peak temperature 
range in weld thermal cycling is much broader 
than that for conventional base metal processing 
treatments. Althou^i the ferritic grades of filler 
metals were previously rejected from consideration 
for liquid helium use, it seems reasonable to in
fer from these preliminary studies that matching 
ferritic weld metal can establish superior tough
ness at cryogenic temperature in the as-welded 
condition. 

Plates 0.7 in. thick were heat treated by 
the 2B process and welded manually by the GTAW 
process using a 14%Ni ferritic filler metal. The 
weldments were radiographed and sectioned for 
mechanical testing at cryogenic temperatures. 
Charpy impact test results are shown in Fig. 4. 

WeLdments made with either of two levels of heat 
input do not show any ductile-brittle transition 
in impact testing down to liquid helium tempera
ture. The fracture toughness of the weld metal 
tested in three-point bending at 77 K was about 
300 ksi / in, which is almost equal to that of 
the base plate. These results offer considerable 
encouragement for the combination of ferritic 
filler metals and GTAW process to permit the use 
of ferritic cryogenic steels in as-welded struc
tures at liquid helium temperature. 

RESEARCH PLANS FOR CALENDAR YEAR 1981 

During calendar year 1981 we propose to 
carry out the following research under this pro
ject: 

Fig. 4. Variation of weld Charpy impact energy 
with testing temperature, heat input and orienta
tion. (XBL 808-5753) 
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1. We plan to continue investigation of the 

heat treatment of 12Ni cryogenic steels for 4 K 
use. These investigations will focus on the role 
of chemical jjnpurities and on the use of heat 
treatments resembling the potential commercial 
treatment of thick plates. 

2. life plan to continue research into the con
trolled welding of 12Ni cryogenic steels to char
acterize welding response and establish welding 
practice to achieve reproducible toughness at 
4 K. 

3. We plan to extend studies of both heat 
treatment and welding to commercial 9Ni steel as 
this alloy is likely to prove more attractive for 
short-tern commercialization. 

4. We plan to continue to monitor develop
ments in other classes of alloys which show 
promise for structural service at 4 K f including 

in particular the high manganese austenitic steels 
now under intensive development in several com
mercial laboratories. 
1980 PUBLICATIONS AND REPORTS 

Invited Talks 

1. J. W. Morris, Jr., "Structural Materials and 
Weldments for High Field Superconducting Magnets," 
NBS-DOE Workshop on Materials for Low Temperature 
Service, Vail, Colorado, October, 1980. 

2. J. W. Morris, Jr., 'Materials and Weldments 
for High Field Superconducting Magnets," Central 
Research Laboratories, Nippon Kokan K. K., 
Kawasaki, Japan, December 1980. 

3. J. W. Morris, Jr., "Materials and Weldments 
for High Field Superconducting Magnets," Japan 
Atomic Research Institute, December 1980. 
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Nuclear Waste Management 

a. Thermodynamic Properties of Chemical Species In Nuclear Waste* 

Norman M. Edelstein, Investigator 

1. DETERMINATION OF TRACE METAL COMPLEXATION 
BY CONVOLUTION VOLTAMMETRYT 
J. J. Toman and S. D. Brown 

In an effort to extend our studies of metal 
complexation at stationary electrodes, we have 
examined metal systems using linear scan anodic 
stripping voltammetry (ASV). This technique is 
applicable to dilute solutions (10-7-10-10M), as 
might be expected for solutions of actinides con
taining naturally significant complexing agents, 
such as carbonate. 

As with our work in linear scan voltammetry, 
solution of the Fick equations, with appropriate 
boundary conditions,! gives: 

*-^-§*<%8P. CD 
where E is the potential, E£y 2 *s the reversible 
half-wave potential, m* is a constant, and m(E) is 
the semiintegral: 

mCE) 

E 

i /77 Y 
C2) 

Equation 2 is a convolution integral of i with 
El/2- By differentiating Eq. (1), the semideriva-
tive2 is obtained, namely: 

.„ _ dra(E) . n 2F 2Ai> 1 / 2Do 1 / 2 ^ 2 nF fE_JS. , e(E) = = JUT seen ^ (•- t 1 / ? j . TKT cl/2' 
C3) 

This work was supported by the Assistant 
Secretary of Nuclear Energy, Office of Commercial 
Nuclear teste Management, Commercial teste Manage
ment Program Division of the U. S. Department of 
Energy under Contract No. W-7405-BIG-48 through 
the Battelle Memorial Institute, Office of Nuclear 
Waste Isolation (ONWI), Columbus, Ohio. 

For systems in rapid equilibrium with complexing 
ligands, Eq. (3) becomes: 

. - N x dm(E) . n 2F 2A 1 / 2 D o 1 / 2 „ . 2 nF „. Jl . _ , 
e ( E ) " -aH" JET s e c h W (E-EV/7-lnFo)> "1/2 

C4) 
where 

Fo(L) = 1 + B^LJ * B2lir JU" 
(S) 

and where [L] is the ligand concentration. 
We have tested this equation on the Pb-Cl 

system, where Pb concentrations were held at 
10-7 M. xbe Pb-Cl system is known to have sev
eral small constants; such a system provides an ex
cellent test of the reproducibility of the mea
surements. A second problem associated with ASV 
is capacitative current, which is not included in 
the theory. This current component can be effec
tively removed by subtraction of a blank, 3 
leaving a background-corrected ASV scan that can 
then be convoluted with E"l/2 and subsequently 
differentiated to yield the semiderivative, as 
shown in Fig. 1. 

-t.lt -OK -0.4! -OJI -0J4 

Potentiol vs SCE 
-0.W -0.K -M9 -0JI -0.H 

Potential vs SCE 

Fig. 1. (a) ASV wave; (b) background scan; 
(c) background-subtracted wave; Co") resulting 
semiderivative wave. (XBL 804-714) 

http://-t.lt
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Studies of Pb+2 complexation with chloride 

in 2.2 M ionic strength solutions (controlled 
with NaClO,)) gave the results listed in Table 1. 
Only three complexes have been observed. The 
small experimental errors observed and the agree
ment with literature values indicate that the 
technique is well suited to measurement of sta
bility constants. 

Table 1. Results of Pb complexation with 
chloride in solution 

Method Temp.(K) Medium log$n Ref. 

potentiometry 25 3 M NaClO. 1.16 
1.7 
1.97 
0.7 

4 1.16 
1.7 
1.97 
0.7 

polarography 25 3 M NaClO^ 1.17+.03 
1.7+.1 
1.4+.2 
1.2+.2 

5 

convolution 20 
potential 
voltanmetry 

2.22MNaC10. 1.09+.. 18 This 
4 1.02+.10 work 

1.59J..01 

Table 2. Comparison of Nd hydrolysis. 

Model3 -log B Std. Deviation Goodness of Fit 

45.87 

74.26 

47.59 

46.64 

110.58 

190.23 

74.85 

3Numbers x,y indicate values for Ndx(OH).. 

3. SfcPA.ATION OF OVERLAPPED PEAKS BY SEMIDIF-
FERENTIAL :LECTR0ANALYSIS + 

1. 1,1 - 9.21 0.0196 

2. 2,2 -13.85 0.061 

3. 1,1 
2,2 

- 9.21 
-15.36 0.1S92 

4. 1,1 
1,2 

- 9.21 
-17.58 0.315 

5. 1,1 
2,2 
3,5 

- 9.21 
-15.36 
-30.99 0.312 

6. 1,1 
1,3 
2,2 

- 9.21 
-20.399 
-13.85 

0.304 

7. 1,2 
2,2 

-16.84 
-13.85 

1.19 

J. J. Toman and S. D. Brown 

Brief version of LBL-10820, Anal. Chim. Acta 
123, 187 (1981). 
IT" M. Grenness and K. B. Oldham, Anal. Chem. 
44, 1121 (1972). 
77 M. Goto and D. Ishii, J. Electroanal. 
Chem. 61, 361 (1975). 
3. S7~b. Brown and B. R. Kowalski, Anal. 
Chem. Acta 107, 13 (1979). 
4. Special Publication No. 25, Supplement No. 
1, part 1, The Chemical Society, London (1971). 
5. R. M. Smith and A. Martell, Critical Sta
bility Constants, Vol. 4, Plenum Press, New York, 
(1976). 

2. STUDIES OF COPPER AND NEODYMIUM HYDROLYSIS 

Y.-T. Wu and S. D. Brown 
Studies of the complexation of Cu + 2 and 

Nd + 3 by OH" were performed by potentiometryj The 
Nd*3 system was examined as a model for Am*J be
cause the two metals are expected to behave sim
ilarly. Kinetic effects complicated the Nd*3 

study. Table 2 reports the various models used 
for the Nd +3 systems, the stability constant cal
culated, and the fit parameters. The simple 
Nd^-OH" model seems to represent the data best, 
although other models, such as NdOH2+, Nd(OH)+, 
or NdOH2+, Nd2(OH)|* cannot be ruled out. 

One limitation of dynamic electrochemistry, 
when used for studies of metal complexation or for 
measurements of trace metals, is the resolution 
of overlapped peaks. Previous approaches have 
either used time-intensive methods with many blanks 
or relied upon guesses cf peak shapes. We have 
appled convolution voltamnetry (see Article 1) to 
this problem and have developed two techniques 
based entirely upon theoretical parameters. 

Both approaches fit theoretically defined 
semiderivative peak shapes to the data sets gen
erated by semidifferentiating the data containing 
the overlapping peaks. One is based on an itera
tive, sequential stripping algorithm similar to 
to that used in x-ray spectrometry.1 The other 
fits all peaks simultaneously, using the simplex 
algorithm, a multi-dimensional, linear programming 
method. 2 These approaches were characterized by 
deconvolution of synthetic overlapped peak sys
tems and subsequently applied to semidifferenti-
ated linear scan voltanmograms (LSV) of Cd+', 
Pb + Z, and In3*, as well as to semidifferentisted 
linear scan anodic stripping voltaimograms of 
Cd +2, In?? and T1+. 

For synthetic data, both approaches worked 
well, failing only when the difference between 
peak potentials is less than 20 mV for two peaks 
of 40 mV half-width. Each approach has strengths 
and weaknesses, with the iterative stripping * 
routine working best when peak heights are quite 
different for the overlapped peaks, while the sim
plex routine worked best when the peak widths of 
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'-£« 3l# ^w i « 3M £ i i i75 .Vu ^ . I I 
V vs. Rg/RgCI 

Fig. 2. Semidifferentiated LSV scan for Cd+2, 
Pb +2 ( and In+3, with fit ted result . 

(XBL 8011-3937) 

the overlapped peaks differ greatly. In both 
cases, the algorithms are best able to provide 
peak potentials, doing better here than the peak 
heights or with peak half-widths, the other fit
ting parameters used in this study. 

A typical fit obtained for a real data set 
is shown in Fig. 2, where Cd, Pb and In are suc
cessfully deconvoluted. The efficiency of separa
tion of real systems was investigated by adding 
aliquots of each of the overlapped components. 
Figure 3 shows the results of such a study for 
ASV scans of Cd*2, In* 3, and Tl +. The constancy 
of the slopes and the size of the intercepts 

CONC. xr>l7 H. 
Fig. 3. Peak height vs. concentration plots with 
corresponding straight line fit;i for the Tl + ASV 
single and overlapped peak systems. Symbols: 
squares, T1+ only; octagons, T1+ and Cd +2; 
triangles, T1+ and In+3; and crosses, T1+, In +3 
and Cd+2. (XBL 8011-3935) 

(ideally zero) indicate the ability of the algo
rithm in separating peaks. The output of physi
cally significant peak parameters allows study of 
electrode processes, even in systems containing 
overlapping peaks. 

Brief version of LBL-11738. 
1. P. S. Statham, Anal. Chem. 49, 2149 (1977). 
2. S. N. Iteming and S. L. Morgan, Anal. Chem. 
45, 278A (1973). 

4. SOLUBILITY OF AMERICIUM HYDROXIDE IN NEUTRAL AND BASIC SOLUHQNSt 
R. J. Silva 

Initial experiments were aimed at determining 
the solution concentration of Am as a function of 
hydroxyl ion concentration in aqueous solutions 
from which CO2 was excluded. From previous experi
ments, it had been determined that for initial con
centrations less than 10" 6 M, most of the Am tends 
to be adsorbed on the polyethylene container walls. 
In an attempt to saturate the sorption sites (both 
in solution and on the walls) with other cations 
and thus stabilize the Am in solution, the use of 
supporting electrolytes was investigated. However, 
in all the solutions, most of the Am ended up on 
the walls of the container. 

In the next set of experiments, 10 ml solu
tions of purified 243Am3+ were prepared with con
centrations of 1.62 x 10-6 M and 1.13 x 10-8 M 
and with 0.1 M NaC10 4 as supporting electrolyte. The pH of the solutions was adjusted to pH - 7, 
8.5 or 10. The solutions were agitated periodi
cally for three days, and any needed pH adjustment 
was made. After this period, 2 ml of the unfil-
tered solutions were placed in plastic counting 
vials. Also, about 3.5 ml of each solution was 
passed through 0.2 urn Gelman filters, and 2 ml of 
the last 2.S ml through the filter also was placed 
in plastic counting vials. The Am concentration 
was assayed by gamma counting. 

These experiments indicated that Am was 
reasonably stable for initial concentrations of 
10-6 M or greater using 0.1 M NaC104 as supporting 
electrolyte. Therefore, we set out to measure the 
solubility of americium as a function of pH using 
0.1 MNaClO^ as supporting electrolyte. 

Duplicate samples (labeled Am I and Am II) of 
100 ml volumes, 1.023 i 0.031 x 10" 5 M in purified 
243Am3+ and 0.1 M in NaC104, were prepared. The 
pH of these solutions was initially adjusted to 5 
with dilute NaOH. The pH was then increased in 
steps of -1 pH unit to pH 10. At each new pH 
value, the solutions were allowed to sit for sev
eral days to reach equilibrium. The pH was checked 
nearly daily and readjustments made as necessary. 
In the range 6-9, the pH tended to drift slowly, 
even after four days, usually to lower values. 
Therefore, waiting times were extended to longer 
periods to allow the pH to more or less stabilize. 
However, even after the longer periods, some drift 
was observed at pH 7, 8, and 9. 
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At the end of the waiting periods, samples of 

the two solutions were taken and centrifuged. One 
ml of the centrifuged solutions was taken di
rectly for analysis for 243Am content. Two mis of 
the centrifuged solutions were passed through 0.4 
micron Gelman disposable filters. Since any pre
cipitated Am could be in a finely divided form, at 
pH 8, 9, and 10, portions of the centrifuged solu
tions were also passed through 0.015 micron Nu-
cleopore filters to determine if there might be 
an effect due to filter pore size. All aliquots 
of the centrifuged and filtered soluti.ons were 
acidified to 0.1 M in HC1 before removal from 
the inert box for analyses. 243Am concentrations 
were determined by gross alpha counting using a 
liquid scintillation counter. The concentrations 
determined for 243Am as a function of pH are given 
in Table 3. 

There was essentially no observed loss in 
Am from solution for both Am I and Am II at pH 
values of - 5, 6 and 7. Both the centrifuged and 
0.4 micron filtered samples gave nearly the same 
results. At pH - 8, Am began to be lost from so
lution, and the centrifuged and filtered samples 
began to give slightly different results. At 
pH values of 9 and 10, the centrifuged samples 
contained considerably more Am in solution than 
the filtered samples. These higher values, com
pared to the filtered solutions, could have re
sulted from finely divided Am(QH)3, from Am sorbed 
on very small contaminant particles, or from 
sampling problems. However, the values obtained 
for the centrifuged samples do represent an up
per limit to the solubility of Am under these con
ditions. At pH 9, the 0.4 micron and 0.015 micron 
filtered samples gave sijuilar results, but at pH 
10, the 0.4 micron samples contained approximately 

a factor of three less Am than the 0.015 micron 
samples for both Am I and Am II. Perhaps the fil
tration process removed Am from solution. The 
0.4 micron Gelman filters are more massive and 
probably present a larger possible sorption area 
to the solutions than the 0.015 micron Nucleopore 
filters. The averaged results for the Am concen
trations at various pH are shown in Fig. 4. We 
assume these data represents the solubility of 
Am(0H)3. 

Allard has reported estimates for the hydrol
ysis constants for Am'* in aqueous solution as well 
as for the solubility product of AmCOHJs.1 Using 
a computer program, which includes corrections for 
ionic strength by the Davies equation, we have cal
culated the solubility limit for Am in a 0.1 N 
NaC104 solution as a function of pH from Allard's 
estimates. The results of the calculation are 
shown in Fig. 4 as curve A. 

Baes and Mesmer2 have also estimated the solu
bility product for Am(0H)3 from a comparison with 
a lanthanide ion of nearly the same ionic radius, 
i.e. Nd3+. Using this value and measured or esti
mated values of the hydrolysis constants of Nd as 
estimates for Am, solubility limits for Am(0H)3 
in 0.1 N NaC104 were calculated and are shown in 
Fig. 4 as curve B. Clearly, our experimental data 
favor the solubility limits calculated from the 
Baes and Mesmer estimates. In fact, if the solu
bility of Am(OH)3 estimated by Baes and Mesmer is 
decreased about a factor of 10, i.e., changing 
log K = - 18.7 to log K = - 17.5, the calculated 
curve C results. 

Table 3. Concentration of americium in solution as a function of pH. 

Am I (M) Am II (M) 

pH (days) l a 2 b 3 C l a 2 b 3 C 

4.95 i 0.05 4 0.954 x 1 0 " S 0.964 x 1 0 " S 0.9451 x 1 0 " 5 0.913 x 1 0 " 5 

5.90 i 0.15 5 1.020 x 1 0 " 5 1.048 x 10* 5 1.059 x 1 0 " 5 1.042 x 1 0 " 5 

6.85 i 0.20 7 0.873 x 1 0 " 5 0.912 x 1 0 " S 0.921 x 1 0 " 5 0.936 x 1 0 " 5 

7.90 i 0.15 23 0.7S7 x 1 0 " 6 3.393 x 1 0 " 6 2.131 x l O " 6 5.715 x 1 0 " 6 S.322 x 1 0 " 6 3.975 x 1 0 " 6 

8.95 + 0.10 21 1.699 x 1 0 " 7 1.140 x 1 0 " 8 2.362 x l O " 8 7.700 x 1 0 " 8 1.288 x 10~ 8 1.297 x l O " 8 

10.00 ± 0.05 12 1.595 x 1 0 " 7 1.750 x 1 0 " 9 5.040 x 1 0 " 9 7.716 x 1 0 " 8 1.698 x 1 0 " 9 4.394 x 1 0 " 9 

Initial Am concentration « 1.023 i 0.031 x 10-5 M 
*1 = contrifugation 
^2 ' centrifugation plus 0.40 micron filtration 
c 3 - centrifugation plus 0.015 micron filtration 
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RESEARCH PLANS FOR CALENDAR YEAR 1981 

The purpose of this program is to investigate 
the thermodynamic properties of anticipated actin-
ide and fission product ions and the compounds 
they may form in geologic environments so that 
their chemical behavior and potential migration 
in a nuclear waste setting can be assessed with 
improved capability. 

A number of laboratory studies wil-. be under
taken to obtain data concerning species, oxida
tion states, effect of complexing ligands, and 
other related information. Such data will con
tribute to a better understanding of the chemi
cal systems that may be involved in various geo
logic media and will furnish more reliable pa
rameters for radionuclide migration modeling 
studies. 

During 1981, the techniques developed during 
the past year will be applied to studies of actin-
ide complexation. A survey of electrochemical 
properties will be undertaken in order to identify 
especially convenient systems for study, such as 
Np(V). Other systems that will receive attention 
are Pu(IV) and U(VI). Initial studies will focus 
on hydrolysis of actinide ions and on complexa
tion of actinide ions with CO?" because these two 
reactions are expected to be the predominant ones 
in groundwaters. We will also examine the photo-
acoustic spectra of such lanthanides as Nd+3 and 
Pr +3, with and without complexing ligands, in 
order to evaluate the stability constants in 
these systems. Photoacoustic spectroscopy will 
also be applied to the Am*3 - co2- system and to 
the Pu(V) - Pu(IV) system. 

Fig. 4. (XBL 8011-2630) 
1980 PUBLICATIONS AND REPORTS 

Refereed Journals 

J. J. Toman, R. M. Corn, and S. D. Brown, 
"Convolution Voltammetry of Metal Complexes, 
Anal. Chim. Acta 123, 187 (1980), LBL-108Z0. 

LBL Reports 

+Brief version of Final Report-FY 80 Work- -Subtask 
III, Battelle/ONWI Identification MPO No. 511-05100. 
1. B. Allard and G. W. Beall, "Predictions of 
Actinide Species in Groundwater," Workshop on 
Environmental Chemistry of the Actinide Elements, 
Warrington, VA., October 9-12, 1978. 
2. C. F. Baes, Jr. and R. E. Mesmer, "The Hydrol
ysis of Cations," John Wiley fi Sons, New York, 
(1976). 

J. J. Toman and S. D. Brown, "Peak Resolution 
by Semiderivative Voltaumetry," LBL-11738, 
submitted to Analytical Chemistry. 

Supported in part by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
Chemical Sciences Division, Office of Basic 
Energy Sciences, U. S. Department of Energy. 
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Other Protects 

a. SokibifHies of Heavy Hydrocarbons to Water* 

John M. Prausnitz, investigator 

1. LIQUID-LIQUID PHASE EQUILIBRIA FOR HEAVY 
HYDRDCARBON-WATER SYSTEM 

Frank E. Anderson, Michael M. Gibson, 
and John M. Prausn i tz 

In coal g a s i f i c a t i o n o p e r a t i o n s , a complex 
mixture of high-molecular-weight compounds, 
p r imar i ly aromat ic , c a l l ed coal t a r , i s in the 
e f f luen t gases . Many molecules i n coal t a r conta in 
heteroatoms; oxygen i s most common, but some 
su l fu r and n i t rogen a r e a l s o p r e s e n t . Roughly 
85 % of the compounds in coal t a r have normal 
bo i l i ng po in t s in the range: 220 t o 420°C. 1 In 
normal g a s i f i e r ope ra t ion , t he hot e f f luen t gases 
a re quenched a t about 2S9°C with wate r . This 
quenching removes t he h igh -bo i l ing coal t a r and 
r e s u l t s in c lean , t r a n s p o r t a b l e gases plus a t h r e e -
or four-phase mixture of water and coal t a r . 

Rel iable methods a r e not a v a i l a b l e for 
ca l cu l a t i on of t h i s complex mul t iphase , mu l t i -
coraponent equi l ibr ium and for c a l c u l a t i n g the 
e q u i l i b r i a occurr ing in subsequent opera t ions 
for the sepa ra t ion of the organic compounds from 
the water . We have i n i t i a t e d experimental 
and t h e o r e t i c a l research to provide for such 
c a l c u l a t i o n s . 

Experimental. We have designed and cons t ruc ted 
an apparatus with which t o measure the mutual 
s o l u b i l i t i e s of r e p r e s e n t a t i v e aqueous mixtures 
a t temperatures and p ressures found in commercial 
quenching ope ra t i ons . Our equi l ibr ium c e l l i s 
machined from a s i n g l e c r y s t a l of quar tz to allow 
for v i sua l observat ion of the con ten t s . I t has 
an ins ide diameter o f 32 mm and an ou t s ide 
diameter of 108 mm. The c e l l i s sealed with MONEL 
(a n icke l -copper a l loy ) flanges through which a 
motorized s t i r r e r i s a t t ached . 

After t he c e l l i s charged, i t is heated in 
an oven, and samples of the coex i s t ing phases 
a r e withdrawn for a n a l y s i s in a gas chromatograpn. 

Theore t i ca l . Coal t a r i s a very complex, mul t i -
component mixture . We cannot hope t o ob ta in 
experimental phase-equi l ibr ium da ta for a l l 
poss ib le combinations of t he c o a l - t a r cons t i t uen t s 
and water . Therefore, we must develop a method 
for ex t r apo l a t i ng t he l imi ted da t a we ob ta in 
from our experiments on r e p r e s e n t a t i v e mixtures . 

This work was supported by the E l e c t r i c Power 
Research I n s t i t u t e (EPRI) under Contract No. 
RP 1901-1 through an agreement wi th t he D i r ec to r , 
Office of Energy Research, U.S. Department of 
Energy under Contract No. W-7405-ENG-48. 

We a re pursuing the tivo approaches descr ibed 
below, i t i s not y e t poss ib le t o p r e d i c t which 
approach w i l l be more u se fu l . 

The e q u a t i o n - o f - s t a t e method for c a l c u l a t i o n 
of phase e q u i l i b r i a r equ i res an equation of s t a t e 
for mixtures a t d e n s i t i e s from zero t o the l iqu id 
dens i ty and over t he e n t i r e temperature range 
of i n t e r e s t . For simple ( i . e . , nonpolar) com
pounds, t he Perturbed-Hard-Chain Theory (PHCT)2,3 
can be used. However, for the complex molecules 
found in coal t a r , extens ions t o the PCHT a re 
necessary , and new ex t rapo la t ion techniques a r e 
required t o determine parameter values for 
compounds and t a r cu t s for which experimental 
data a r e not a v a i l a b l e . 

The a c t i v i t y - c o e f f i c i e n t znethod i s the second 
approach. With t h i s method, an equation of s t a t e 
i s used for the vapor phase , but a sepa ra t e model 
i s developed for the l i qu id phase . An engineer ing-
or ien ted model i s UNIFAC,^ a group-cont r ibu t ion 
method t h a t would be r ead i l y app l i cab l e t o mixtures 
of cons t i t uen t s of coal t a r and water . Unfortun
a t e l y , UNIFAC i s inadequate , in i t s p resen t form, 
for mixtures conta in ing l a rge organic s o l u t e s . 
We are working on improvements to the UNIFAC method, 

1. A. B. Macknick, Ph.D. t h e s i s , Univers i ty of 
Ca l i fo rn i a , Berkeley (1979). 
2. S. bere t and J . 'M, P rausn i t z , AIChE J . 2 1 , 
1123 (1975). — 
3. M. D. Uonohue and J . M. P rausn i t z , AIChE J , 
24, 849 (1978). 
37 Aa, Fredenslund, R. L. Jones , and J , M. 
P rausn i t z , AIChE J , 21_, 1086 (1975). 

RESEARCH PLANS TOR CALENDAR YEAR 1981 

During 1981, we expect t o assemble and t e s t 
our experimental apparatus and t o ob ta in l i q u i d -
l i q u i d equi l ibr ium da ta for seve ra l aqueous 
mixtures of aromatic hydrocarbons conta in ing 
n i t r o g e n , s u l f u r , o r oxygen a t cond i t ions r e p r e 
s e n t a t i v e of those in a c o a l - g a s i f i c a t i o n quench 
opera t ion . We a l s o expect to develop fu r the r 
both our e q u a t i o n - o f - s t a t e and our a c t i v i t y -
c o e f f i c i e n t models for c a l c u l a t i o n on these 
complex mul t iphase , multicomponent e q u i l i b r i a . 

1980 PUBLICATIONS AND REPORTS 

Refereed Journa l s 

1. C. G. Van de Rostyne and J. M. P r a u s n i t z , 
'Vapor Pressures of Some Ni t rogen-Conta in ing, 
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Coal-Derived Liquids»" J. Chem. Eng. Data 25, 1 
(1980). ~~ 

2. G. Miiller, C. J . Radkes and J . M. Prausnitz, 
"Adsorption of Weak Organic Electrolytes from 
Aqueous Solution on Activated Carbon," J . Phys. 
Chem. 84_, 369 (1980). 

3. A. Landauer, R. N, Lichtenthaler, and 
J . M. Prausnitz, "Mutual Solubilities of Alkanus 
and Methyl Cellosolve," J. Chem. Eng, Data 25, 
152 (1980). ~~" 

4. T. F. Anderson and J . M. Prausnitz, 
"Computational Methods for High-Pressure Phase 
Equilibria and Other Fluid-Phase Properties 
Using a Partition Function. 1. Pure Fluids," 
Ind. Eng. Chem. Proc. Des. Develop. 19, 1 (1980). 

5. T. F. Anderson and J. M. Prausnitz, 
Computational Methods for High-Pressure Phase 
Equilibria and Other Fluid-Phase Properties Using 
a Partition Function. 2. Mixtures," Ind. Eng. 
Chem. Proc. Des. Develop. 19_, 9 (1980). 

6. D. D. Lui and J . M. Prausnitz, "Calculation 
of Phase Equilibria for Mixtures of Ethylene and 
Low-Density Polyethylene at High Pressures," Ind. 
Eng. Chem. Proc. Des. Develop. 19_, 205 (1980). 

*7. H. Lazalde-Crabtree, G. J. F. Breedveld, 
and J . M. Prausnitz, "Solvent Losses in Gas 
Absorption. Solubility of Methanol in Compressed 
Natural and Synthetic Gas," AIChE J. 26_, 462 (1980). 

8. B. K. Kaul, M. D. Donohue, and J . M. 
Prausnitz, "Henry's Constants and Second Virial 
Coefficients from Perturbed-Hard-Chain Theorv," 
Fluid Phase Equil. £, 171 (1980). 

9. W. Merk, R. N. Lichtenthaler, and J . M. 
Prausnitz, "Solubilities of Fifteen Solvents in 
Copolymers of Poly(vinyl acetate) and Poly(vinyl 
chloride) from Gas-Liquid Chromatography. 
Estimation of Polymer Solubility Parameters," 
J. Phys. Chem. 84, 1694 (1980). 

**10. A. I. El-Twaty and J . M. Prausnitz> 

"Correlation of K-Factors of Mixtures of Hydrogen 
and Heavy Hydrocarbons," Chem. Eng. Sci. 35_, 
1765 (1980). 

Other Publications 

1. J . M. Prausnitz, T. F. Anderson, E. A. Grens, 
C. A. Eckert, R. Hsieh, and J . P. O'Coimell, 
Computer Calculations for Multicomponent Vapor-
Liquid and Liquid-Liquid Equilibria, Prentice-
Hall, Englewood Cliffs, New Jersey (1980). 

2. P. J . Hicks, J r . , "The Solubility of Acetone 
and Isopropyl Ether in Compressed Nitrogen, 
Methane, and Carbon Dioxide," M. S. thesis, 
Department of Chemical Engineering, University 
of California, Berkeley (1980). 

3. D. R. Edwards, "Vapor Pressures of Coal-
Related Liquids," M. S. thesis, Department of 

Chemical Engineering, University of California, 
Berkeley (1980). 

4. C. R. Gonzalez-Yradier, 'Vapor-Liquid 
Equilibrium of High-Boiling Petroleum Fractions," 
M. S. thesis. Department of Chemical Engineering, 
University cf California, Berkeley (1980). 

5, G. Lobien, "Activity Coefficients at Infinite 
Dilution for Partially Miscible Liquid Systems," 
Ph.D. thesis, Department of Chemical Engineering, 
University of California, Berkeley (1980). 

Invited Talks 

' 1 . J. M. Prausnitz, "State-of-the-Art Review 
of Phase Equilibria," Keynote Lecturer, Second 
International Conference on Phase Equilibria and 
Physical Properties for the Chemical Industry, 
West Berlin, Germany, March 1980 (LBL-10767). 

2. J . M. Prausnitz, Wilhelm Lecturer t Chemical 
Engineering Department, Princeton University, 
Princeton, New Jersey, April 1980. 
+ 

3. W. B. Uniting and J. M. Prausnitz (presented 
by w.B. Miiting) "A Perturbed-Hard-Sphere, 
Local-Composition Model for Liquid Mixtures," 
Sixth West Coast Statist ical Mechanics Conference, 
San Jose, California, June 1980. 

4. D. Edwards, C. G. Van de Rostyne, J. IVinnick, 
and J . M. Prausnitz (presented by D. Edwards), 
"Estimation of Vapor Pressures of High-Boiling 
Fractions in Liquefied Fossil Fuels Containing 
i^teroatoms Nitrogen or Sulfur," Second Chemical 
Congress of the North American Continent, Las Vegas, 
August 1980. 

5. J. M, Prausnitz, Phillips Petroleum Company 
Research Laboratories, Bartlesville, Oklahoma, 
October 1980. 

6. J. M. Prausnitz, Centennial Lecturer, Chemical 
Engineering Department, Louisiana State Uhii'ersity, 
Baton Rouge, Louisiana, November 1980. 

Supported in part by the U.S. Department of Energy. 
Supported in part by the Deutsche Forschungsgemein-

schaft (administered by the Technical University 
of Berlin). 
s 
Supported in part by the Department of Chemical 

Engineering, University of California, Berkeley. 
Supported in part by the Petroleum Research Fund 

(administered by the American Chemical Society). 
Supported in part by the Gas Processors 

Association. 
**Supported in part by a fellowship from the 
government of the Libyan Arab Republic. 

Supported in part by the National Science 
Foundation. 
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b. High Strength AustenlHc Alloys for Generator Retaining Rings* 

John W. Morris, Jr., Investigator 

In t roduc t ion . This research p r o j e c t involved 
the development of new u l t r a high s t r eng th 
a u s t e n i t i c a l l oys t ha t a re intended for such 
app l ica t ions as the r e t a i n i n g r ings of l a rge 
e l e c t r i c a l gene ra to r s . 

1. ULTRA HIGH STRENGTH PRECIPITATIQ.-HARDENED 
AUSTENITIC STEELS 

Keh-Minn Chang and Ityw K. Shin 

Previous research under t h i s p ro j ec t led to 
the development of^a j ' a -madif ied i ron-based 
supera l loy , designated EPRI-T^ which has nominal 
composition Fe-34.5Ni-5Cr-3Tl-0.5Al-3Ta-2Mo-
0.3V-0.01B. This a l l oy can be heat t r e a t e d to 
y i e ld s t r eng th in excess of 200 ks i i f i t i s 
processed from the as- forged cond i t i on , and i t 
r e t a i n s high toughness and good r e s i s t a n c e t o 
s t r e s s corros ion cracking in the high s t r eng th 
condi t ion . I t i s cu r ren t ly under study for 
poss ib le commercialization in a s epa ra t e con t rac t 
funded by EFRI. 

The cont inuat ion of research repor ted here 
involved two t a s k s , both of which were intended 
to accomplish fur ther improvements in the pro
p e r t i e s of Alloy T. The f i r s t involved the use 
of tberroomechanical t reatment p r i o r t o aging to 
improve the s t rength- toughness combination of 
the a l l o y . The second involved the use of chemical 
modifications to change the p r e c i p i t a t i n g species 
from cubic y' to t e t r agona l y". This modif icat ion 
increases the e f f i c iency of hardening and c r e a t e s 
the p o s s i b i l i t y of achieving a 200 ks i s t r eng th 
leve l without thertnomechanical process ing . 

The r e s u l t s of experiments on thermomechanical 
t reatment a re shown in I : ig. 1. 'llie thennomechanical 
t reatments u t i l i z e d three con t ro l l ed r o l l i n g 
schedules : 

Re: 1150°C/1 h r - 25$ reduction 

•* 1000°C/10 min - W.Q. 

Hf: 1150°C/1 h r - 25 ?

0 reduct ion 

•+ 1000°C/10 min - 135 reduct ion -* w.d. 

Lf: 11S0°C/1 h r - 25S reduct ion 

->• 1000°C/10 min - 13$ reduct ion 

•* 85°C - 14% reduct ion -• W.Q. 

300 

2 0 0 -
- 1 5 0 0 

- 1 0 0 

500 

100 120 140 
Fracture Toughness, ksî Arv 

Mg. i. Improvement of s t rength- toughness 
r e l a t i o n by thermomechanical p rocess ing . 

(XBL 804-5034] 

After con t ro l l ed r o l l i n g , the specimens were 
given a double-aging heat t reatment a t 750°C, 
16 hr + 6S0°C, 16 h r . The f igure documents t ha t 
s u b s t a n t i a l improvements in the s t rength- toughness 
combination can be obtained with appropr i a t e 
theraramechanical process ing schedules . 

Tlie a l l oys s tudied in the second t ask a re 
l i s t e d in Table 1. These a l l o y s a l l con ta in 
s u b s t a n t i a l t an t a lun a d d i t i o n s , which previous 
research has shown t o cause a change in p r e c i p i t a t e 
s t r u c t u r e from the cubic Y' to t he t e t r agona l y". 
The a l l o y s were annealed t o remove forging damage 

The compositions of Ta-bearing 
siqjeralloys. 

This work was s\roported by the E l e c t r i c Power 
Research I n s t i t u t e (EPRI) under Contract Kos, 
FP 1061 and RP 1266-12 through an agreement with 
the D i r ec to r , Office of Energy Research, U.S. 
Department of Energy under Contract 
No. W-740S-ENG-48. 

Alloy No. ft Ni Cr Ti Al Ta Mo V B 

A b a l 34.5 S 2.5 - 5.5 1 0.3 0,01 
B bal 34 5 2.5 - 6.5 1 0.3 0.01 
C bal 34 5 2.5 0.3 6.5 1 0.3 0.01 
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and tfere then given the thermal treatments l isted 
in Table 2. The results show that yield strengths 
very close to 200 ksi can be achieved in these 
alloys after thermal treatment alone. The results 
also document the beneficial effect of the^ 
tantalum increase and suggest that the addition 
of aluminum has a deleterious influence on 
attainable strength. 

1980 PUBLICATIONS AND REPORTS 

Invited Talks 

1. Keh-Minn Chang, "The Effcct of Controlled 
Rolling on Properties and Structures in Age-
Hardening Fe-Ni Based Alloys," TMA/AIME Annual 
f e t i n g , Law Vegas, February 24-28, 1980. 

2. H. J . Lee, "Annealing Embrittlement in Age-
llardened Fe-Ni Based Austenitic Alloys," TMA/AIME 
Annual Meeting, Las Vegas, February 24-28, 1980. 

3. J . W. Morris, J r . , "Controlling the Hydrogen 
Resistance of High Strength Austenitic Alloys," 
TMA/AIME Annual Meeting, Las Vegas, February 24-28, 
1980. 

4. J. W. Morris, J r . , "Development of High 
Strength If/drogen-fiesistant Austenitic Alloys," 

Table 2. The strength properties of alloys after various 
Iieat treatnents OcsiJ. 

Alloy A a Alloy B b Alloy C b 

750°C/8 hr 163 1S9 170 
750°C/16 hr 166 178 175 
7S0°C/8 hr • 650°C/16 hr 189 198 191 
725°C/16 hr 173 179 170 
725°C/32 hr 179 192 186 
72S°C/16 hr • 640°C/32 hr 189 195 191 

aAnnculed at 1000°C/I hr . 
1 Umeolcd at U00°C/i hr. 

7MS-A1ME Conference in Hydrogen Effects in 
Metals, Jackson Hole, Wyoming, August 1980. 

5. J. W. Morris, J r . , "Development of High 
Strength Austenitic Alloys for Generator Retaining 
Rings, Materials for Fossil Energy Conversion, 
NBS, Gaithersburg, Virginia, October 1980. 



c. Investigation of New Fuel Cell Electrolyte end Electrode Concepts* 

Philip N. Ross, Investigator 

Introduction. In contemporary theories of 
catalysis by metal alloys, the result of alloying 
metal B with an active metal A can generally be 
classed in the following ways: (1) a dilution 
effect, where B is an inactive metal which serves 
only to dilute the AB surface of the active 
metal A without affecting the intrinsic activity 
of A; (2) a configuration effect, .-'here B does 
chemisorb the reactant, and the unique nearest 
neighbor configuration around the active metal 
A produces unique adsorbate configurations with 
unique reaction rates; (3) a ligand effect, where 
the AB chemical bonding is such that the adsorptive 
properties nf \ are changed. In heterogeneous 
hydrocarbon catalysis, the most widely observed 
effect is dilution, occurring when Group VIII 
transition metals are diluted with the Group lb 
metals. Ligand effects were also widely postulated 
in the early studies of alloy catalysis, where 
they were frequently referred to in the context 
of d-band f i l l ing, particularly with Group VIII-lb 
alloys, but contemporary studies on these alloys 
have shown the ligand effect to be minor. The 
well-known property of the transitior. »etals to 
chemisorb oxygen and hydrogen at room temperature, 
in contrast to only physical adsorption on sp-
mstals (Group lb) , has long been attributed to 
the unfilled d-orbitals. Metal-ligand bonding 
that involves d-orbital overlap and thus changes 
the d-orbital occupancy of the active metal 
atoms might be expected to produce dramatic 
catalytic effects. According to the Engel-Brewer 
valence bond model, the enormous thermodynamic 
stabil i ty of the Pt interne ta l l ies l ike Ft^Ti or 
Pt32r, where the free energy of formation is about 
-420 kJ/mol, is due to donation of unpaired 
electrons from Zr (ground state d 3s) to the Pt 
Cexcited state) to form 5 bonding d-orbitals. I t 
is anticipated, therefore, that the class of 
netal ligands forming the extremely stable inter-
metallics may produce electronic configurations 
which result in heats of adsorption of oxygen 
both above and below that for the pure metal. One 
objective of the present project is to study oxygen 
reduction on carbon-supported Pt intermetallic 
clusters in phosphoric acid, and to determine the 
general applicability of the concept to other 
transition metals, e .g . , Pb and Ru. 

The kinetics of oxygen reduction at any given 
netal electrode surface wil l , in principle, always 
depend on the nature of the electrolyte. The 
polarization curve observed using practical gas 
diffusion electrodes will show an even greater 
dependence on the nature of the electrolyte because 

This work was supported by the Electric Power 
Research Institute (EPRI) under Contracts 
RP 1200-5 and RP 1676-02 through an agreement 
with the Assistant Secretary for Conservation 
and Renewable Energy, U. S. Department of 
Energy under Contract No. W-7405-ENG-48. 

of the combined effect of the electrolyte on 
kinetics and transport properties. One might, 
therefore, anticipate that several material 
properties that relate either to the kinetics of 
electrode reactions or to the rates of transport 
in electrolytes may cause significantly different 
polarization characteristics for gas diffusion 
electrodes in different electrolyte. . Kinetic 
effects that might be anticipated are, for example, 
the effect of the proton sr-tvation shell on the 
kinetics of electron transfer for the elementary 
step 

0 2 + HS+ + l e ' = 02H + S , 

where S denotes the solvation shell in nearly 
anhydrous acid and the effect of specific anion 
adsorption on site availability or cr. activation 
energy. Transport effects might occur due to 
changes in solubility and diffusivity of molecular 
oxygen, or to the HS + mobility in very concentrated 
(nearly anhydrous) acid. The objectives of the 
present study are to evaluate strong perfluoroalkyl 
acids as electrolytes for air elect*odes in acid 
fuel cell and to determine how the oxygen kinetics 
and/or oxygen transport are different in these 
acids. 

1. OXYGEN REDUCTION ON CARBON-SUPPORTED Pt and Pd 
INTERMETALLIC CLUSTER CATALYSTS IN ACIO ELECTROLYTE1" 

P. N. Ross and L. Johnson 
A procedure was developed for preparing small 

(5-5 :m) bimetallic clusters dispersed on a con
ductive carbon substrate. Vulcan XC-72 R (Cabot 
Corp.) carbon black was impregnated with platinum 
to 10 w/o by use of a colloidal method. The alloy 
metal of interest was deposited (as hydrated 
oxide) onto the carbon by precipitation from 
chloride solution with ammonium hydroxide. The 
binary alloy was formed by heat treating; the most 
probable reaction sequence is: 

M3 * C - + 3Pt -- MPt- + C 

That dispersed intennctallic clusters were 
indeed formed on the carbon surface was confirmed 
by detailed structure analysis using x-ray diffrac
tion (XRD) and transmission electron microscopy 
(TBQ. Lattice imaging by TEM confirmed the 
existence of metallic clusters (mean diameter 
3-5 nm) of a single phase. Lattice parameters 
were measured using standard x-ray powder diffrac
tion methods. The structure and composition cf 
the most interesting intermetallics studied so 
far are summarized in Table 1, 

Oxygen reduction kinetics were studied using 
a thin porous layer technique1 in which the effects 
of molecular oxygen transport in the liquid film 
are analyzed with the same accuracy as achieved 
in the rotating disc electrode technique.2 The 
results of these kinetic studies are shown in 
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Table 1. Characterization of supported Pt-group IVb 
and Group Vb alloys and intermetallics by 
x-ray diffraction. 

Alloy Phases 
Lattice 

Parameter 
Est. 

Coifiposition 
Crvstal l i te 

Si:e 

Pt-Ti fee 
Ti Pt . 

3.906A 25 a/o Ti 6 nn 

Pt-Zr fee 
"Zr Pt ," 

3.958 20 a/o Zr 4 

I't-flf fee 
"llf Pt ," 

3.955 20 a/o llf J 

Pt-V fee 
Y-V Pr. 

3.888 20 a/o V 3.S 

Pt-NIi fee 
"Nb Pt." 

•-.963 20 a/o Mi 5-6 

Pt-Ta fee 
"Ta Pb 5" 

3.965 2'J a/o Ta ' 

Table 2. Because of the potentially complex 
interaction between the intermetallic clusters 
and the electrolyte, no mechanistic interpretation 
of the kinetics of oxygen reduction on these 
catalysts is possible at this time. There is 
merit, however, to a phenomenological description 
of changes in kinetics brought about by interme-
ta l l i c bonding. The kinetic parameters for the 
Pt intermetallic clusters VPt3, ZrPt4, and TaPts 
differed significantly from the parameters for 
pur*? Pt clusters of the same cluster size dispersed 
on the same support. These parameters showed: 

(1) an order of magnitude higher activity for 
oxygen reduction at potentials where anodic 
film formation starts on Pt clusters; 

(2) a slightly higher activation energy in the 
oxide-free potential region, but also a higher 
apparent pre-exponential factor; 

(3} an essentially temperature-independent Tafel 
slope above 400 K of 120 ± 5 mV per decade on the 
intermetallic catalyst versus 110 t 5 mV for the 
Pt catalyst. 

The cyclic voltammetry of these .ntermetallic 
cluster compounds revealed that the large 
difference in kinetics at potentials where the 
anodic layer forms on Pt clusters is probably 
due to a less exothermic free energy of formation 
of oxide on the intermetallic clusters. If i t 
is asstmed that changes in the heat of adsorption 
of the rate-determining intermediate (generally 
-O-H) are reflected in changes in the heat of 
adsorption of the like-spacies that constitute 
the anodic film, 3 i t is easily shown that the 
reduced heat of adsorption leads simultaneously 
to higher activation energy and a higher pre-
exponential factor. The change in pre-exponential 
factor reflects a large change in total coverage 
of intermediates (at constant potential) rather 
than a significant change in activation entropy. 
The kinetic parameters found in this work are con
sistent with the interpretation of elementary 
processes that lead to 'Volcano1' relations between 
reaction rate and adsorption energy. 4 This volcano 
relation suggests further gains in catalysis can 
be obtained by finding materials for which the heat 
of adsorption of oxygenated species is even less 
exothermic than those found here. From a practical 
standpoint, in 0.5 mg/cm2 electrodes of optimized 
structure, the expected performance gain for ambient 

Table 2. Kinetic parameters for oxygen reduction on Pt and Pt intermetallics in H-PO.. 

Cata ly s t 

C lus te r 
s i z e 
(A) 

Surface 
area 
(m2/g) 

Specific 

fmA/rag) 

.Ac t iv i ty 3 

CuA/cm2 Pt) 

Tafel 
s lope 
(mV) 

E f

b 

ac t 
CkJ/mol) 

Ai r 
performance ' 

(mV a t 200 ASF) 

Col lo ida l P t 18 100 21 . 20 105 34.3 688 

Hea t - t r ec t ed Pt 25 75 36 52 110 42.5 702 

H£Pt 4 , Z rP t 4 40 50 55 110 120 48 722 

VPt 3 30 65 SO 75 115 -48 725 

TaP t j , NbPt s 40 SO 40 . 100 120 -48 715 

^ f i j i e d as normalized current density at 0.9 V in 97 wtl H,PO, at 450 K, pure oxygen at ambient 
pressure. 

In oxide-free potential region. 
c I n optimized PTFE-bonded electrode with O.S ngPt/an 2, 97 wtS HJTJ,, 450 K, ambient pressure. 
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a i r consumption us ing t h e i n t e r m e t a l l i c c a t a l y s t s 
developed in t h i s fork should be 20-40 mV a t 200 ASF 
over the conventional P t c a t a l y s t . 

'Brief vers ion of LBL-10799. 
J. P. N. Ross and P. S tonehar t , Electrochim. Acta 
21 , 441 (1976). 
77 J . Newman, J . Phy* Chan. 70, 1327 (1966). 
3. A. Uamjanovic and J. Brus ic , t-lectrochim. Acta 
12, &15 (1967). 
4T A. J . Appleby, C a t a l . Rev. £ , 221 (1970)-

Z. OXYGEN INDUCTION KINF.TJCS ON Pt IN 
HiRRUOKOALKYL ACID KU-CfROLYTES 

1'. N. Itoss and L. Johnson 

The k i n e t i c s of oxygen reduct ion on Pt in the 
usual inorganic acid? (HCIO4, H2SO4, H3PO4J a r e 
being compared t o the per f luoroa lky l ac ids 
l i s t e d in Table 3, using rotating r i n g - d i s c 
e lec t rode (RUDE) techniques . The e l e c t r o l y t e s 
appearing there a r e s e l ec t ed t o determine the 
ef fec t of acid funct ional group (-COOH, -SO3H, 
-PO5H}, and the e f f e c t o f anion symmetry ( e . g . , 
"OOC CF 2 0°C>" vs . CF5COO~). T r i f l u o r o a c e t i c 
(TFA) pe r f luo rosucc in i c (PFSA) and t r i f l u o r o -
roethanc .sulfonic (TFMSA) are s tandard commercial 
items. Dif luoro^ethanedisul fonic (DFMDSA), 
t e t r a f luo roe thaned i su l fon ic (TFEDSA), and d i f luo ro -
methanediphosphonic (DFMDPA) are being synthes ized. 
During the p a s t yea r , we have completed room 
temperature Pt RRUF. s tud i e s o f H2SO4, HCIO4, H3PO4, 
TFA, and TBEA, a l l a t pH = 1. With the exception 
of TFA, oxygeff reduct ion on Pt KRDE in these 
e l e c t r o l y t e s has been s tud ied before . Our purpose, 
however, i s to p u l l a l l the known data toge ther 
with new data in a cons i s t en t manner 50 as to 
rake a q u a n t i t a t i v e comparison of a l l e l e c t r o l y t e s . 
Fur ther , while the data for a Pt RRDE in d i l u t e 
HCIO4 and H2SO4 are cons i s t en t and have been 
reproduced i n many l a b o r a t o r i e s , t h e r e s u l t f for 
d i l u t e TFMSA reported by O'Grady e t a l . 1 d i l t t i 
s u b s t a n t i a l l y from those of Appleby and Baker.-
Di lu te H3PO4 has not been thoroughly inves t iga t ed . 

0,0) 

- | 1 1 
Oxygen Polarization -
* 0.1 M TFMSA 
o & l M HCIQ. 

300 K 

0.6 a? 0.8 OS 
Potential (V vs.DHE) 

Fig. 1. Po la r i za t ion curve for oxygen reduct ion 
on a Pt d i s c e l e c t r o d e a t i n f i n i t e r o t a t i o n r a t e . 

(XBL 8011-2390) 

Figure 1 shows the polarization curve for a 
smooth Pt disc at infinite rotation rate, produced 
by extrapolation using the relation, 

Table 3. Acid electrolytes for fuel cells. 

Carboxylic Sulfonic Phosphonic 

t r i f l u r o a c e t i c t r i f luoromethane su l fon ic N.A, 
CF„ a y i CF5 so-Ji 

N.A. difluoromethane d i su l fon ic difluoromethane dipho^phonic 
SO 3H CF 2 SO 5H PO 3H CF 2 po^i 

perfluorosuccinic tetrafluoroethane disulfonic N.A. 
S03H CF 2 CF 2 SOJH C02H CF 2 CF 2 C02H 

N.A. = not available in this study. 
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1/2 i '? 
B = (?i /60) ' nAF v J ' ^o 

x [0.621 s " 2 / 5 / ( l + 0 .5 S " 1 / , J + 0.145 S'2^)] , 

where n i s the number of e l ec t rons t r a n s f e r r e d 
per nolo of 0i consumed, v the k i n e t i c v i s c o s i t y , 
S the Schmidt number, and Co the s o l u b i l i t y of 
oxygen. In a l l t h ree e l e c t r o l y t e s , t he B coe f f i c 
ient was found t o be 0-064 ± 0,004, exac t ly the 
value expected for n = 4 in these s o l u t i o n s . The 
r ing cur ren ts indicated tha t < 5?

H of the oxygen 
leaves the e l ec t rode surface as peroxide . The 
r e s u l t s for II2SO4 and HCIO4 are e s s e n t i a l l y 
i den t i ca l to reported va lues , - 5 and the TFMSA 
r e s u l t s are very c lose to those repor ted by 
0 1Grady e t a l . 1 However, we find no evidence 
for any enhancement of oxygen s o l u b i l i t y in 0 .1 N 
TFMSA as suggested by O1Grady e t a l . , s ince the 
B coe f f i c i en t was exac t ly the sar-e as in 0.1 N 
HCIO4 and the l i m i t i n g cur ren t s were wi th in t \Q% 
(Fig. 2). Since anion specific adsorption i -
0.1 N HCIO4 i s a l ready minimal, the enhanced 
reac t ion r a t e must be purely c a t a l y t i c , i . e . , 
h igher r a t e per Pt surface atom. 

The r e s u l t s obtained with d i lu t - 3 H5PO4 were 
s u r p r i s i n g . The concent ra t ion of so lu t ion for 
which the measured pit i s 1 was 0.7 " . Cyclic 
voltamnietry of a c lean Pt e l ec t rode in 3 . " M H5PO4 
indica ted c h a r a c t e r i s t i c changes in the under-
p o t e n t i a l hydrogen fea tures tha t a re usua l ly 
a t t r i b u t e d to s p e c i f i c adsorpt ion of phosphate 
anions . The ex ten t of s p e c i f i c anion adsorpt ion 
i s genera l ly f e l t to increase in the order 

HF IIC10. 

The kinetics i n 0 . 1 N TFA were s i m i l a r to 
those i n 0 .1 N TFMSA, showing a c a t a l y t i c 
enhancement of a f ac to r of a t l e a s t 5 over t he 
inorganic a c i d s . The acce l e r a t ed k i n e t i c s i n 
per f luoroa lky l ac ids appea r s , t h e r e f o r e , t o be 
a s soc i a t ed with t he pe r f luo roa lky l group r a t h e r 
than with the ac id funct ional group. 

1- W. E. O'Grady, E- J . Taylor and S. S r in ivasan , 
to be publ ished in J . E l e c t r o a n a l . Chem. 
2. A. J . Appleby and B, S. Baker, J . Electrochem. 
Soc. 125, 404 (1978). 
3 . A. Damjanovic and V. Brus ic , Electrochim, Acta 
12, 615 (1967). 

RESEARCH PLANS FOR CALEN&AR YEAR 1981 

The program w i l l concen t ra te on the study of 
the k i n e t i c s of oxygen reduct ion on Pt in pe r f luoro-
a lky l ac ids using r o t a t i n g r i n g - d i s k methods. 
Further explora tory s tud i e s on the use of Pd and 
Pd i n t e r m e t a l l i c c l u s t e r c a t a l y s t s in both 
phosphoric and per f luoroa lky l su l fon ic ac ids a r e 
planned. 

1960 PUBLICATIONS AND REPORTS 

LBL Reports 

1, P. N. Ross. "Oxygen Reduction on Supported Pt 
Alloys and I n t e r m e t a l l i c Compounds in Phosphoric 
Acid," LBL-10799. 

TFMSA appears to f a l l between HF and HCIO4 in t h i s 
ranking. Yet, the RRDE r e s u l t s for oxygen 
reduct ion in H3PO4 a re almost i nd i s t i ngu i shab l e 
from those obtained in HCIO4. Any a c t i v e s i t e 
blocking by s p e c i f i c anion adsorpt ion must be 
minimal, or t he anions a r e e a s i l y d isp laced from 
the Pt sur face by cheiaisorbed oxygen o r bo th . 

Other Publ ica t ions 

1. P. N. Ross, "Oxygen Reduction on Supported Pt 
Alloys and I n t e r m e t a l l i c Compounds in Phosphoric 
Acid," Final Report , EPRI Projec t 1200-S, Report 
EM-1553, September 1980. 

Inv i ted Talks 

Potential {V vs. OHE) 

Fig. 2. Potentiodynamic polarization curves for 
oxygen reduction on a Pt disc electrode (10 mV/sec). 

(XBL 809-2000) 

1. P. N. Ross, "Oxygen Reduction on Carbon 
Supported Pt I n t e r m e t a l l i c C a t a l y s t s , " National 
Fuel Cel l Seminar, San Diego, CA, Ju ly 14-16, 1980. 

2 . P. N. Ross, " E l e c t r o c a t a l y t i c P r o p e r t i e s of 
the Pt-Group iVb and Vb In t e r r ae t a l l i c Compounds," 
ACS National Meeting, Houston, Texas, Apr i l 15-20, 
1980. 

3. P. N. Ross, "The Reduction of Oxygen on the 
Pt-Group IVb and Vb I n t e r m e t a l l i c s in Acidic 
E l e c t r o l y t e s , " 158th Meeting of t he Electrochemical 
Socie ty , Hollywood, F lo r ida , October 5-10, 1980. 

4 . P. N. Ross, "Anomalous Current Ratios i n 
Teflon Bonded Electrodes in Very Concentrated 
H3PO4," 158th Meeting of t he Electrochemical 
Soc ie ty , Hollywood, F l o r i d a , October 5-10, 1980. 
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d. Improved Beta-Atumfna Electrolytes for Advanced Storage Batteries* 
Lutgard C. De Jonghe, Investigator 

1. LOCAL ELECTRODE CURRENT DENSITY AND FLAW 
DECORATION OF SODIUM-BETA" ALUMINA* 

Lutgard C. De Jonghe and Les l i e Feldman 

When i o n i c cu r ren t s a re passed through sodium-
be ta alumina, metal f i l l e d cracks may propagate 
from the ca thodic t o the anodic i n t e r f a c e . Several 
authors have modeled the progress ion of t h i s type 
of electrolyte failure. 

The init iation stage of this phenomenon is 
the most important one. The lateral dimensions 
of the flaws from which the degradation ini t iates 
are thought to be y small, on the order of the 
grain size or smaller. Local electrode current 
densities are thus expected to be of significance 
in the very early stages of degradation. Both 
local electrode current densities and small 
sodium-filled flaws are not readily observable. 
Two simple decoration methods have been developed 
that can qualitatively reveal local electrode 
current densities and permit decoration of small 
sodium-filled cracks: an electrolytic decoration 
and a chemical decoration. 

The electrolytic decoration of the anolyte/beta 
aluminum interface was described in the previous 
annual report. I t clearly demonstrated the 
heterogeneous nature of the beta" alumina electrode 
interface. 

When the sodium crack network has propagated 
through a degraded sample, i t appears optically 
very diffuse because the polycrystalline electro
lytes are translucent rather than transparent,. 
and light scattering prevents a clear examination 
of the metal-filled cracks. Where the cracks 
intersect the surface, reaction with the atmosphere 
depletes the sodium so that optical surface 
detection of the cracks is difficult. 

Crack openings are quite small, as a result , 
regular dye penetrants seem to be ineffective. 
In our chemical decoration methods, the polished 
and degraded samples are submerged for about 
5 to 20 minutes in an aqueous, one molar solution 
of silver nitrate kept at about 80°C. The cracks 
are then decorated with a dark deposit. Pre
sumably, Ag+ reacts with the NaOH that has formed 
in the fine cracks. When viewed with crossed 
polarizers that reduce surface reflection, the 
details of the cracks network show up clearly. 
Figure 1 is an example of a decorated crack 
network in a section parallel to the direction of 
crack propagation. A multitude of fine cracks 

This work was supported by the Electric Power 
Research Institute (EPRI) under Contract No. 
RP 252-3 through an agreement with the Assistant 
Secretary for Conservation and Renewable Energy, 
U.S. Department of Energy under Contract No. 
W-7405-ENG-48. 

Fig. 1. Silver decorated cracks in degraded 
sodium-beta" alumina sample. (XBB 801-45) 

intersect the surface, again indicating crack 
branching. Denser crack clusters can also be 
observed in the same samples as shown in Figs. 2(a) 
and 2(b). Figure 2(a) shows a combination 
of single cracks and crack clusters as they 
emerge at the anodic interface. 

The appearance of crack clusters can vary, 
as is evident from Fig. 3. At this anodic inter
face, the crack clusters were mainly along grain 
boundaries. Interestingly, degradation emerged 
in this case in a high porosity area. While there 
are some indications that the cracks prefer paths 
of high porosity, clear relationship between pore 
distribution and degradation path was not found. 

Brief version of Mat. Res, Bull. 15, 777 (1980). 

Fig. 2. Silver decorated cracks and crack 
clusters on anodic surface of a degraded electro
lyte specimen. (XB3 801-44) 



Fig. 3 . S i l v e r decorated crack c l u s t e r . The 
degradat ion has emerged in a high p o r o s i t y a rea . 
Extensive cracking along gra in boundaries i s 
ev iden t . [XBB 801-46) 

2, SLOW DEGRADATION AND ELECTRON CONDUCTION 
IN SODIUM-S ALUMINAS'1" 

Lutgard C. De Jonghe, L e s l i e Feldman, 
and Andrew C. Buechele 

Sodiuni-beta aluminas used as s o l i d e l e c t r o l y t e s 
in sodium-sulfur b a t t e r i e s degrade during c e l l 
cyc l i ng . This type of degrada t ion , which was 
f i r s t d iscussed by Armstrong e t a l . , 1 has been 
examined in more d e t a i l by a number of au thors . 
This degrada t ion , c a l l e d Mode I h e r e , involves 
the propagat ion of a sodium-f i l led crack driven 
by a ca thodic depos i t ion mechanism. In genera l , 
a s i g n i f i c a n t t h re sho ld cu r r en t dens i ty must be 
exceeded before t he rap id Mode I f rac ture 
degradation is init iated. 

From our examinations of a number of sodium-
beta alumina electrolytes that were used in Na/S 
cel ls , i t appeared that a second type of degra
dation was active. This mode of degradation, 
called Mode II here, manifests i t se l f as a damage 
layer developing from the sodium side of the 
electrolyte. Degradation was also found to 
develop from the sulfur side of the electrolyte. 
Additionally, the usual chemical coloration 
propagating from the sodium electrode was also 
present. 

Used electrolytes were obtained from the 
General Electric Research and Development Center, 
They were beta alumina electrolytes with a 
conposition of 9.6 wtt Na^, 0.25 wt% L12O, 
balance AI2O3. The electrolytes had been cycled 
in sodium/sulfur cells a t current densities of 
approximately 100 raA-csi"2, around 300°C. 

Important observations on the used electrolytes 
are shown in Fig. 4. In these polished and stained 
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Na332 N«703 
Fig. 4. Damage layer progressing from Na side 
of the electrolyte after charge transfer of 332 
and 703 A-hr cm"2. For the lower cycle l i f e , the 
damage layer is uneven. (XBB 804-4119) 

cross-sections i t is clearly shown that signifi
cant electrolyte damage has occurred in a layer
like fashion from the sodium/electrolyte interface. 
At 703 A*hr cm - 2 of total ionic charge transfer, 
this layur of degradation has progressed through 
about one-third of the tube wall. The white, 
spotty reflections were subsurface. It is proposed 
that they are microfractures caused by internal 
sodium deposition. Supporting evidence is 
presented in Figs. 5 and 6. Figure 5a is a high-
voltage transmission electron micrograph of a 
thick foil prepared by ion milling from the 
degraded region of an electrolyte subjected to 
332 A-hr on""2 of charge transfer. The arrows 
indicate where sodium metal appears to have 
deposited. The deposition occurred at some grain 
boundaries, as well as at some grain triple 
junctions. The degraded t r iple junctions con
tained silicon as well (Fig. 5b). It therefore 
appears that grain boundaries, as well as inter-
granular phases, are active in the Mode II 
degradation. Figure 6 shows a microfracture area, 
where excess sodium as well as silicon was 
detected with the analytical scanning transmission 
electron microscope. 

This slow Mode II sodium penetration cannot be 
accounted for by Poiseuille pressure arguments. 
Indeed, Mode I degradation leads invariably to 
rapid crack propagation. Instead, i t involves 
some electron conduction from the sodium/beta 
alumina interface, followed by electron-Na+ 

recombination in the electrolyte. 

Mode I flaws were also observed in cycled 
electrolytes. An example is shown in Fig. 7. 
Possibly, the microcracking associated with the 
Mode I failure might actually have initiated the 
Made I failure. I t is interesting to note that 
the Mode I crack shown in Fig. 7 did not remain 



Fig. 5 . (a) Sodium depos i t s in damage layer of 
e l e c t r o l y t e a f t e r charge t r a n s f e r 01 352 A cm"-. 
Arrows ind i ca t e sodium d e p o s i t s . Both gra in 
boundaries and gra in t r i p l e junc t ions appear 
involved. Thick fo i l observed in h igh-vol tage 
t ransmission e lec t ron microscope to minimize 
loss of Na. (b) Analyt ica l microscopy shows t ha t 
Si i s present in the t r i p l e gra in j u n c t i o n , where 
ex t r a Na has depos i ted . 

[(a) (XBB 805-3889); <>•; (XBB 805-3568)] 

perpendicular to the tube wall*. We attribute 
this deflection to a basic instability in the 
Made I geometry: a deflected crack is more 
effectively current-fed. This deflection can 
clearly lead to spalling of the electrolyte 
surfaces. Similar crack deflections have been 
observed by us in accelerated sodium/sodium 
testing of electrolyte tubes at 500°C. 

Degradation was observed on the sulfur side 
of the used electrolytes as well. At short 
cycling times, the sulfur/electrolyte surface is 
virtually unaffected. At long cycling times, a 
significant degradation occurs, as shown in 
Fig. 8. Figure 8 clearly shows the "imprinting 
effect" that has been reported by other workers 
as well. Surface cracks are also present, as 
shown in Fig. 7. The light and dark regions in 
the electrolyte surface reflect the macrostructure 
of the graphite filler that was used to facilitate 
current extraction from the positive sulfur 
electrode. A cross-section of the electrolyte 

Fig. 6. Thick foil prepared from damage region 
of electrolyte subjected to 703 A-hr c m - 2 of 
charge transfer. Microcracks associated with 
sodium deposition are arrowed. Care must be 
taken to distinguish these cracks from cracks 
introduced in foil prcparntion. Thick foil* arc 
necessan' to avoid interference frc.:i foil artifacts. 

LXJ1B 8"b-705?) 

at the p o s i t i v e e l ec t rode i s shown in H g . ;>-
Again, a band of degradation is observed a f t e r 
extensive charge t r a n s f e r . This layer appears 
q u i t e nonuniform a t low-charge t r a n s f e r , but i s 
i s fully e s t ab l i shed a f t e r 703 A-hi . i i r - . The 
ind ica t ions a r e tha t again a sodiuui depos i t i on 
has occurred. This highly unusual s i t u a t i o n 
would requ i re the p o s i t i v e i n t e r f ace to ac t as 
a pseudo-cathode during pa r t of the charge c y c l e . 

* ft * 

Brief vers ion of LBL-1094U. 
1. R. U. Armstrong, T. Dickinson, and J . Turnci , 
l i lectrochim. Acta 19_, 187 ( 1 9 7 4 ) . 

Fig. 7. Mode I flaw, arrowed, in e l e c t r o l y t e a f t e r 
703 A*hr cm~2 of charge t r a n s f e r . These f laws, 
when p re sen t , always emanate from the Na s i d e . 

[XBB 804-4120) 
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Fig. 8. "Imprinting" effect of graphite fiber 
f i l ler on S side of electrolyte. (XI1B 804-4125) 

Fig. 9. Degradation, after silver staining, of 
sulfur side of electrolyte after 332 and 
703 A-hr cm"2. The degradation layer becomes 
more uniform after prolonged electrolysis. 

(XBB 804-4128) 

3. INITIATION OF DEGRADATION IN POLYCRYSTALLINE 
SODIUM-BETA ALUMINA ELECTROLYTES+ 

Lutgard C. De Jonghe, Les te r Feldman, and 
Andrew C. Buechele 

The i n i t i a t i o n s tage of Mode I degradat ion in 
g and S" s o l i d e l e c t r o l y t e s i s the most important 
one s ince cracks propagate rap id ly once they a r e 
fo rmed. 1 " 2 Here, the s i gn i f i c ance of t he l o c a l 
micros t ruc ture on the Mode I i n i t i a t i o n i s 
discussed. I t appears t h a t g ra in boundaries can 
be favorable s i t e s for Mode I f a i l u r e i n i t i a t i o n . 

The 'lode I f a i l u r e i n i t i a t i o n presupposes the 
ex i s tence of small su r face f laws, t y p i c a l l y 
between 1 to 20 M long, with a crack opening 
less than 1000A. Once sucli flaws are f i l l e d 
with sodium by electrolysis, the cr i t ica l stress 
intensity factor, K[c, can be exceeded at the 
crack t ip at sufficiently high macroscopic 
current densities. Current focusing on the 
small intruding crack is essential for the oper
ation of the Mode I failure. The usual calcu
lations of the cr i t ical current densities at 
which the Mode I failure ini t iates involves the 
solution of Laplace's equation to describe 
the detailed electric field and the resulting 
primary current distribution on the crack phases. 
Approximate solutions for the secondary current 
distributions were recently obtained by Brennan.2 

All treatments consider only solutions for iso
tropic solids. Beta alumina i s , however, an 
extremely anisotropic solid, and frequently 
blocking grain boundaries can be found.3 The 
microstructure will therefore strongly al ter the 
current flow into cracks, especially when these 
are of the order of the grain size. Geometrical 
considerations show that cracks are most effec
tively fed when they are oriented perpendicular 
to the conduction planes, as shown in Fig. 10a. 
However, p-alumina cleaves most readily parallel 
to the conduction planes. The next most favorable 
crack-feeding geometry is shown in Fig. 10b. 
This shows a blocking grain boundary that is 
faceted along the conduction planes. Evidence 
of failure initiation at grain boundaries such 
as those in Fig. 10, at 300°C, above the melting 
point of sodium, is found in Fig. 11. The 
micrographs clearly indicate the importance of 
local geometry in failure init iation. 

Fig. 10. (a) Local geometry for most effective 
current focusing; (bj local geometry for next best 
current focusing, involving a 00.1 faceted grain 
boundary. (XBL 805-9786) 
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Fig. 11. Degradation initiation at 300°C, after 
a charge passage of 20 A *hr an"'. Grain 
boundaries are again involved. fXBL 804-4117) 

A A A 

+ B r i e f vers ion of LBL-11000. 
1. R. D. Armstrong, T. Dickinson, and J . Turner, 
ElectrochiJii, Acta 19, 187 (1974). 
2. M. P. J . Brennan, In p r e s s : Electrociiim. 
Acta (1980). 
3. L. C. De Jonghe, 1.. Feldman, A. Hucchelc, 
LBL-10946 (May 1980). 

RESEARCH PLANS FOR CALENDAR YEAR 1081 

Galvanosta t ic and p o t e n t i o s t a t i c measurements 
wi l l be c a r r i e d out to determine p o l a r i z a t i o n 
phenomena occurr ing a t the Na /e l ec t ro ly t e i n t e r 
face with pure and impure e l e c t r o d e s . A r e l a t i o n 
w i l l be sought between e lec t rode overvol tages 
and the onset of degradat ion. The onset of Mode I 
degradation w i l l be detected by acous t i c emission 
monitoring during e l e c t r o l y s i s . 

The e l e c t r o n i c conduct iv i ty of p a r t l y reduced 
e l e c t r o l y t e s w i l l be measured by the asymmetrical 

p o l a r i z a t i o n method. The na tu re of t he chemical 
co lo ra t ion of the e l e c t r o l y t e when in con tac t 
with molten Na w i l l be s tud ied . 

1980 PUBLICATIONS AND REPORTS 

Refereed Journals 

1. L. C. De Jonghe and L. Feldman, "Local Elec t rode 
Current Densi t ies and Flaw Decoration of Sodium-
Beta Alumina," Mat. Res. Bu l l . 15, 777 (1980). 
2. 1. C. De Jonghe, "High Resolution Images of 
&" Aluminas," Acta Cryst . A36, 831 (1980). 

LBL Reports 

1. L. C. De Jonghe, L. Feldnian, and A. Buechele, 
"Slow Degradation and Electron In jec t ion in 
Sodium-3 Aluminas," LBL-1094G (May 1980). 

2. L. C. Do Jonghc, I. Feldman, and A. Ruecheio, 
" I n i t i a t i o n of Degradation in P o l y c r y s t a l l i n e 
Sodium-Beta Aluminum E l e c t i ' o l y t e s , " LI3L-11000 
(May 1980). 

Invi ted Talks 

1. L- C. De Jonghe, "Micros t ruc tu res , Defects , 
and Sodium Transport in Sodium-Beta Alumina Solid 
Ulec t i ' o ly te s , " U. S. Japan Conference in Defects 
and Transport in S o l i d s , " October 1979, Honolulu, 
Hawaii. 

2. L. C. JJe Jon^he, "Chemical Colorat ion of 
Sodium-Beta Alumina Solid E l e c t r o l y t e s , " Cornell 
University, April 1980, I thaca , Sew York. 

3. L. C. De Jonghe, "In-Cel l Degradation of 
Sodium-Beta Aluminas," General E l e c t r i c Co. , 
Apri l 1980, Schenectady, New York. 

4. L. C. De Jonghe, "Breakdown Phenomena in 
Beta Alumina Sol id E l e c t r o l y t e s , " Ford Motor Co., 
Aeronautics Div is ion , August 1980, Redondo Beach, 
Ci l i f o m i a . 

5. L. C. De Jor.ghe, "Degradation Mechanisms in 
Solid E l e c t r o l y s i s , " Tokyo I n s t i t u t e of Technology, 
September 1980, Yokohama, Japan. 
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3-S-80 M. White 
University of Texas 

3-5-80 A. Joshi 
Physical Electronics Industries 

3-11-80 P. Stair 
Northwestern University 

3-12-80 W. W. Kaeding 
Mobil Chemical Company 

4-9-80 E. Kugler 
Exxon 

4-11-80 W. Ellis 
Los Alamos Scientific Laboratory 

4-16-80 C. H. Bartholomew 
Bringham Young University 

Seminar Title 

Recent Work on Oxidation of Dihydrogen and Carbon 
Monoxide by Metals and Alloys 

Superconductivity Electrochemistry and Catalysis in 
the Layered Transition Metal Sulfides 

The Scattering of Beams of Small Molecules from 
Palladium Crystal Surfaces 

Concentration Profiles in the Impregnation of 
Porous Catalysts 

Angle-Resolved Photoemission from Molecules 
Adsorbed in Metal Surfaces 

Development of Catalytically Active Zirconium 
Species: The Naked Truth 

Reduction Reactions 

Spectroscopic and Other Structural Studies of 
Chemisorbed Species on Metal Single Crystals and 
on Dispersed Metal Substrates 

Bridging Methylene Metal Groups and Their Possible 
Role in Fischer-Tropsch Reactions 

Low Energy in Ion Scattering for Structure .Analysis: 
The Reconstructed Au (110) Surface 

Surface and Near Surface Research at Sandia Labs 

Internal Energy of Heterogenous Reaction Products: 
Nitrogen Atom Recombination on Iron 

Chemisorption on Copper Covered Ru (001) 

Metallurgical Applications of Electron Spectroscopy 

The Acidic Character of Oxidized Metal Surfaces 
and the Decomposition of Trimethylamine 

New Organic Reactions Over Synthetic Zeolites 

Selective Fischer-Tropsch Catalysis 

LEED/ISS Studies of Crystalline Compound Surfaces 

Crystallite Size and Support Effects in CO Hydro-
genation on Supported Nickel 
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LIST OF SEMINARS (continued) 

Surface and Catalysis Science (continued) 

Date 

4-17-80 

4-22-80 

4-3O-80 

5-9-80 

5-14-80 

11-6-80 

11-12-80 

11-19-80 

Speaker and Affiliation 

H. S. Jarrett 
Du Pont 

S. Ittel 
Du Pont 

G. W. Keulks 
University of Wisconsin 

B. Gate.-
University of Delaware 

A. T. Bell 
Department of Chemistry 
University of California, Berkeley 
Lawrence Berkeley Laboratory/ 
Materials and Molecular Research 
Division 

M. Farcasiu 
Mobil Research and Development 
Corporation 

5-28-80 M. A. Vannice 
Penn State University 

9-2-80 M. Kobayashi 
Kitami Institute of Technology 

9-24-80 J. G. Dash 
University of Washington 

10-1-80 R. Brundel 
IBM, San Jose, CA 

10-6-80 J. Melrose 
Mobil Research and Development 

10-15-80 A. Kam 
Mobil Research and Development 
Corporation 

10-22-80 D. Ollis 
DC Davis 

10-23-80 J. Rojo 
University of Madrid 

10-29-80 A. Xaldor 
Exxon Research and Engineering 
Company 

N. Y. Chen 
Mobil Research ard Development 
Corporation 

M. Grunze 

Seminar Title 

Fritz-Haber-Institut der Max-Planck- Transition Metal Surfaces 
Gesellschaft, Berlin 

Decomposition of Water by Use of the Photovoltaic 
Effect 

The Activation of C-H Bonds by Iron 

Selective Catalytic Oxidation of Propylene 

A Hierarchy of Supported Metal Catalysts, Complexes, 
Clusters, and Crystallites 

Application of Transient Response Techniques for the 
Study of Catalytic Reactions 

Coal Conversions and Chemical Structure 

Carbon Monoxide Hydrogenation Over Carbon Supported 
Iron 

Characterization of Mechanisms in Heterogeneous 
Catalysis by a Transient Response Method 

Monolayer Films, 2-D or Not 2-D 

Kinetics and Mechanisms of the Interaction of 
Oxygen with Nickel and Iron and Ni/Fe (100) Surfaces 
Thermodynamics of Micellization 

Gasoline from Coal Natural Gas via blethanol 

Heterogeneous Photo Assisted Catalysis 

Effects of Ion Bombardnient on Surface Reactivity 

Surface Science Measurements on Iron and Iron Oxide 

Recent Developments in Shape Selective Catalysis 

Molecular and Dissociative Nitrogen Adsorption on 

J. G. Ferry 
Virginia Polytechnic Institute 

T. R. Hughes 
Chevron Research Corporation 

Metanogenic Microbial Food Chains--A Unique 
Biological Group 

Improved Aromatic Selectivity of Naptha Reforming 
Catalysts by Carbonaceous Deposits from Reactant 
Hydrocarbons 
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LIST OF SEMINARS (continued] 

Surface and Catalysis Science (continuedj 
Bate Speaker and Affiliation Seminar Title 
12-3-SO J. Hemminger 

University of California, Irvine 
12-8-80 G. Coinsa 

KFA Julich; Ivest Germany 
Reaction Dynamics 
1-23-80 J. Beauchamp 

Department of Chemistry, 
California Institute of 
Technology, Pasadena, CA 

2-25-80 H. Rabits 
Department of Chemistry, 
Princeton University, 
Princeton, NJ 

3-5-80 J. A. Beswick 
Laboratory for Molecular 
?hotophysics, University of Paris, 
Orsay, France 

5-27-80 M. Bowers 
Department of Chemistry, 
University of California, 
Santa Barbara, CA 93106 

4-7-80 S. R. Leone 
JILA, National Bureau of Standards, 
University of Colorado, 
Boulder, CO 80309 

4-11-80 J. Hepburn 
Lash Miller Chemical Laboratories, 
80 St., George St., Toronto, Canada 

5-21-80 H. Pritchard 
Department of Chemistry, 
York University, Ontario, Canada 

6-29-80 R. Miller 
Department of Physics, 
University of Waterloo, 
Waterloo, Ontario, Canada 

10-24-80 D. L. Thompson 
Department of Chemistry 
Oklahoma State university, 
Stillwater, OK 74074 

10-27-80 J. Farrar 
Department of Chemistry, 
University of Rochester, 
Rochester, NY 14627 

11-17-80 J. P. Toennies 
Max-Planck-Institut 
Bottingerstr. 4-8, 
3400 Gottingen, West Geimany 

Raman Scattering Cross-Section of Adsorbed 
Pyridine Molecules on a Smooth Silver Surface 
Molecular Processes on Stepped Surfaces 

New Approaches to the Study of Reactions Inter
mediates in Organometallic Chemistry 

Sensitivity Analysis in Molecular Dynamics and 
Chemical Kinetics 

Dissociation Van der Waals Molecules 

Multiple Transition States in Chemical Reactions: 
A Unified Statistical Theon' Approach, Application 

IR Chemiluminescence Studies of Reactive 
Dynamics 

Vacuum UV Laser Induced Fluorescence Studies in 
Chemical Dynamics 

New Approach to Unimolecular Reaction Theory 

Infrared Laser Molecular Beam Spectroscopy 

Formation and Decay of Quasi-Bound Clusters of Ar 
Atoms 

Crossed Beam Studies of Proton Transfer Reactions at 
Low Energy 

Beam Scattering Experiments on Rotational and 
Vibrational Excitation 
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LIST OF SEMINARS (continued) 

Electron Microscopy of Materials 

Date Speaker and Affiliation 

i-14-80 0. L. Krivanek 
Lawrence Berkeley laboratory/ 
Materials and Molecular Research 
Division 

1-28-80 L. E. Thomas 
Hanford Energy Development 
Laboratory, Richmond, I1IA 

2-22-80 D. B. Williams 
Department of Metallurgy and 
Materials Engineering, 
Lehigh University, 
Bethlehem, PA 18015 

2-22-80 C. Colliex 
Laboratoire de Physique des Solides, 
Universite de Paris-Sud, 91405, 
Orsay, France 

2-29-80 P. R. Okamoto 
Materials Science Division, 
Argonne National Laboratory 
Argonne, Illinois 

3-17-80 Y. Bando 
National Institute for Research in 
Inorganic Materials, Sakura-mura, 
Niihari-gun, Ibaraki 305, Japan. 
Present address; Center for Solid 
State Science, Arizona State 
University, Tempe, A2 

4-25-80 R. M. Fisher 
Basic Research, U.S. Steel Corp., 
Research Laboratory, Monroeville, 
PA 15146 

Seminar Title 

Electron Energy Loss Spectroscopy: Towards Single 
Atom Analysis 

Microanalysis of Neutron - Irradiated Super - Alloys 

Applications and Limitations of the Analytical 
Electron Microscope 

Energy Loss Spectrometry 

Nonequilibrium Segregation Phenomenon in 
Irradiated Alloys 

Structure Analysis by 1 MV High-Resolution Electron 
Microscopy 

Catalytic Gasification on Graphite 

M. Ruhle 
Max-Planck-Institut fur 
MetalIforschung Stuttgart 

Electron Energy Loss Spectrometry at Grain 
Boundaries in Ceramics 
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Appendix D 

INDEX OF INVESTIGATORS 
Andersen, Richard A. 

Bartlett, Neil 
Bell, Alexis T. 
Bergman, Robert C. 
Boone, Donald H. 
Bragg, Robert H. 
Brewer, Leo 
Brown, Steven D. 

Clark, John H. 
Clarke, John 
Cohen, Marvin L. 
Cowiick, Robert E. 
Conway, John G. 

De Jonghe, Lutgard, C. 
Edelstein, Norman M. 
Evans, Anthony G. 
Evans, James W. 

Falicov, Leo 

Gronsky, Ronald 

Harris, Charles B. 
Heineman, Heinz 
Hess, Dennis W. 

Jeffries, Carson D, 
Jolly, William L. 

Lee, Yuan T. 
Levy, Alan V. 

Mahan, Bruce, H. 
Marrus, Richard 
Miller, William H. 

355, 381 
336, 427 
366, 427 
441 
100 
i92, 447 
364 
321 
165 
178 
334, 447, 450 
381 
93, 519 

381, 503 
54 

136, 427, 471 

238 
427, 453 
203 
158 
347 

262, 293, 462 
121, 421, 427, 
438, 441 

262 
326 
267 

Moore, C. Bradley 
Morris, J.W., Jr. 
Muetterties, Earl L. 
Muller, Rolf H. 

248, 
35, 
353 
205, 

457 
497, 

471 

513 

Newman, John 350, 471 
Olander, Donald R. 195 
Pask, Joseph 
Phillips, Norman E. 
Pines, Alexander 
Pitzer, Kenneth S. 
Prausnitz, John M. 

75 
183 
217, 
255 
375, 

415 
511 

Raymond, Kenneth N. 
Richards, Paul L. 
Rosen, Moshe 
Ross, Philip N. 

381 
139 
73 
413, 471, 515 

Schaefer, Henry K , III 
Seaborg, Glenn T. 
Searcy, Alan W. 
Shen, Y. Ron 
Shirley, David A. 
Somorjai, Gabor A. 
Streitwieser, Andrew, Jr. 

310 
381 
87 
146, 
271 
208, 
381 

462 

336, 427 

Templeton, David H. 
Thomas, Gareth 
Tobias, Charles W. 

381 
3, 

187, 
11 
471, 489 

Vollhardt, K. Peter 343, 427 
Washburn, Jack 
Westmacott, Kenneth H. 
Whittle, David P. 
Winn, John S. 

45 
29 

107, 
244, 

441 
262 

Zalkin, Alan 

GPO J»-IM/| 


