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" The Application of High Resolution Electron Energy Loss Spectroscopy to 
the Characterization of Small Molecules Adsorbed on Rhodium Surfaces 

Lawrence Henry Dubois 
Lawrence Berkeley Laboratory, University of California 

Berkeley, California 94720 
Abstract 

High resolution electron energy loss spectroscopy (ELS), thermal 

desorption mass spectrometry (TDS), low-energy electron diffraction (LEED) 

and Auger electron spectroscopy (AES) are used to study 1) the chemi-

sorption of CO, co2 and o
2 

on the Rh(lll) single crystal surface; 2) the 

bonding and chemical transformations of_C2H2 and c2H
4 

on Rh(lll); 3) the 

chemisorption and subsequent reactions of NO, o2 and CO on Rh(331) and 

4) the chemisorption of CO on model alumina supported rhodium catalysts. 

The vibrational spectra of carbon monoxide on Rh(lll) indicate two 

distinct binding sites (atop and bridged) whose relative populations ana 

vibrational frequencies are determined by bo.th the substrate temperature 

and the background pressure. TDS measurements show the bridge bonded CO 

to have an approximately 4 kcal/mole lower binding energy to the surface 

than the species located in the atop site. The adsorption of carbon di-'-

oxide yields virtually identical TDS and ELS spectra to that of "chemi-

sorbed CO, indicating dissociative adsorption. This is confirmed by 

studying the adsorption of isotopically labelled 13co
2

. o
2 

adsorption 

on Rh(lll) is dissociative at all temperatures studied (>250 K) and only 

a single metal-oxygen vibrational frequency is observed at all toverages. 

Evidence for "surface oxide" formation on Rh(lll) is also presented . 

. Below 270 K ELS measurements indicate that acetylene chemisorbs on 

Rh(lll) with its c=c bond oriented parallel to the surface forming an 

approximately sp2 hybridized species. LEED investigations show that both 
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.C2H2 and c2H4 form metastable (2x2) surface structures on Rh(lll) below 

270 K. An irreversible order-order transformation occurs between 270 

and 300 K to a stable c(4x2) hydrocarbon overlayer. The stable species 

formed from both molecules are identical. Hydrogen addition to chemi-

sorbed acetylene is necessary to complete this conversion. The geometry 

of the adsorbed ethylene species does not change during this transformation 

.although the overlayer structure does. This stable hydrocarbon fragment 

is identical to the hyd·rocarbon species formed from the chemisorption of 

either c2H4 or c2H2 and hydrogen on Pt(lll) above 300 K. This species 

has now been identified as ethylidyne (~-CH3 ), Decomposition of these 

molecules to CH fragments occurs on the Rh(lll) surface above ~420 K. 

Evidence for an oxygen intermediate in the reaction of NO and CO to 

form N2 and co2 over rhodium surfaces is presented. High resolution ELS 

measurements indicate that both NO and .CO molecules associatively adsorb 

on the Rh(331) single crystal surface at 300 K. Chemisorbed NO readily 

dissociates on this surface upon heating to 450. K. At 700 K high resolu-

tion ELS and Auger electron spectroscopy both indicate that only oxygen 

is present on the catalyst surface. N2 desorption below this temperature 

is easily detected by mass spectroscopy. The addition of CO to this sur-

face oxygen at 700 K results in the formation of gaseous co2 and the re

moval of the surface oxygen species. Similar results are obtained when 

o2 was .substituted for NO as a control indicating that surface oxygen is 

indeed a reaction intermediate under our experimental conditions. 

Model supported metal catalysts are fabricated by evaporating a small 

quantity of rhodium onto an oxidized aluminum substrate. High resolution 

electron energy loss spectroscopy can be successfully used to obtain the 

vibrational spectra of carbon monoxide chemisorbed on these model catalysts. 

b 
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The ELS spectra are compared with vibrational spectra obtained by infra-

red spectrpscopy and inelastic electron tunneling spectroscopy for CO 

chemisorbed on similar model catalysts. 

The theory of inelastic electron scattering from metal surfaces and 

the advantages of this technique for studying the vibrational spectra of 

adsorbed molecules are reviewed. The details of the spectrometer design 

and construction are discussed as well. 
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CHAPTER I. Introduction 

A. Background 

The scattering of low energy electrons by adsorbate covered metal 

1 2 surfaces has been explored for many years. ' These studies have yielded 

a wealth of information on the structure, bonding and electronic proper-

ties of the outermost layers of atoms. The electrons' ease of generation 

and detection and high surface sensitivity (low penetration depth) make 

. 'd 1 b f f . . 1,2 l.t an 1. ea pro e or sur ace sc1.ent1.sts. An incident electron can 

interact with the surface in basically two ways: it will either 

elastically reflect (or diffract) from the surface without losing energy 

or lose a portion of its incident energy and ineiastically scatter. In 

this thesis we will be concerned with only one of many possible inelastic 

scattering processes: the loss of the electron's energy to the vibra-

tional modes of atoms and molecules chemisorbed on the surface. 

If one considers the scattering of an electron by a rigid crystal 

lattice, then the incident electron can either,specularly reflect or 

Bragg diffract. Conventiopal low-energy electron diffraction (LEED) 

measurements combined with sophisticated scattering theories yield 

. 3 '4 detailed information about the geometry of the surface reg1.on. ' Due 

to the complexity of these calculations, however, only'a few surface.:_ 

adsorbed molecules have been studied to the point of yielding bond 

lengths and bond angles. To date these are carbon monoxide (CO) adsorbed 

on Ni(l00), 5 ' 6 Cu(lOO), 5 Pd(l00) 7 and Rh(lll), 8 and acetylene (C2H2) and 

ethylene (C2H4) adsorbed on Pt(lll). 9 ' 10 Extension of these studies to 

more complex molecules is quite difficult at present. 
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If the consequences of the small lattice vibrations are considered, 

two important changes to this simple diffraction model occur. Most 

significantly, the intensity of the elastically scattered electrons is 

3 4 reduced by a Debye-Waller factor ' (a measure of the mean square dis-

placement of the surface atoms). In addition, when the electrons are 

near the surface they may either emit or absorb one or more phonons. 

If the surface is covered by an adsorbed layer of gas, then vibrational 

excitations of the adsorbate are possible. Hence a study of inelastic 

electron scattering can ,yield detailed information on both surface and 

adsorbate vibrations. Analysis of the vibrational spectra can in turn 

give us structural information on the adsorbed molecules. Unlike LEED, 

we have the possibility of studying very complex surface species. 

Studying this scattering phenomenon has proved to be an extremely dif-

ficult experimental problem, however. Since both phonon and adsorbate 

vibrational energies are in the range of 40-400 meV (320-3200 cm-l 

-1 1 meV = 8. 065 em ) , the incident electron beam (1-10 eV) must be mono-
. -1 

chromatic to within 10 meV (80 em .· ) • · 

The design of electron optics has improved to the point where in-

elastic electron scattering by small molecules in the gas phase is a 

routine method for obtaining vibrational sp~ctra. 11 The first appli-

cation of this technique, now known as high resolution electron energy 

loss spectroscopy (ELS), to the study of molecules adsorbed on metal 

surfaces can be traced to the ·work of F. M. Propst and T. C. Piper in 

1967. 12 Credit for the expansion of this technique, however, must be 

given to Harold Ibach and his graduate students2 ' 13 who played a key role 

in both the advancement of spectrometer design and in the performance of 

outstanding experiments. At present there are almost a dozen working 

systems throughout the world and more are being built every month. 
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Both Evans and Mills14 and Ibach15 showed that the photon-surface 

oscillating dipole and the long range electron-surface oscillating dipole 

interactions are similar and therefore,·to first order, infrared spectros-

copy and high resolution ELS provide the same information. Furthermore, 

due both to the long range nature of thi~ interaction14 ,15 and to the 

large dielectric constant of the substrate, the same selection rules· 

should apply. Specifically, only vibrational modes which contain an 

oscillating dipole moment with a component perpendicular to the surface 

Can be exc1'ted. 14 ,15 Ad '1 d d' i f h h f h · · 1 · eta1 e 1scuss on o . t e t eory o t e 1ne. as-

tic scattering of low-energy electrons by surface vibrational-modes will 

be presented in the next chapter. 

During the past fifty years infrared· (IR) spectroscopy has been a · 

very powerful technique for studying the molecular structure of matter in 

the solid, liquid and gaseous phases. The pioneering work of Eischens, 

Pliskin and Francis in 1954 was the first application of vibrational 

16 
spectroscopy to the study of molecules adsorbed on metal surfaces. 

They studied the IR spectra of CO adsorbed on silica supported Cu, Pt, 

Pd and Ni. 17 Due to the small absorption cross-section for infrared 

photons, most studies have been carried out on high surface area powdered 

18 19 
samples. ' Unfortunately, these samples lack a well-defined surface 

structure and composition. Furthermore, due to light adsorption by the 

-1 support material below ""1200 em ·low.frequency vibrational modes, which 

20-22 are essential in structural determination, are completely masked. 

23 More recently, Raman spectroscopy and inelastic electron tunneling 

spectroscopy (IETS) 24- 26 have been used·to obtain the vibrational spectra 

of molecules a~sorbed on oxide supported transition metal surfaces. 
I 

These spectroscopic techniques can extend the spectral range over which 

3 



a sample can be studied, but both present problems of their own including 

substrate fluorescence and sample heating in the case of Raman spectros-

23 d . d h 1 1 d . h f copy an uncerta1.nty ue to t e top meta e ectro.e 1.n t e case o 

tunneling spectroscopy. 27 

The extension of these experiments to well characterized single 

crystal metal surfaces has met with limited success. Most experiments 

d h d 1 . h h d . f b "d 28,29 to ate ave ea t w1.t t e a sorpt1.on o car on monox1. e. Although 

the c=o stretching vibration (1800~2100 cm-1) can be observed with very 

high resolution (<2 cm-1 ) and good signal-to-noise (due to the large 

dipole derivative of this mode), no metal-carbon stretching or bending 

-1 28 29 vibrations (400-600 em . ) have be_en reported. ' Neither Raman 

spectroscopy nor lETS have been successfully applied to the study of 

molecules adsorbed on single crystal surfaces. 

B. The Advantages of High Resolution ELS 

The advantages of high resolution electron energy loss spectroscopy 

for studying the vibrational spe~tra of molecules adsorbed on metal sur-

faces are numerous. Firstly, the entire infrared region of the spectrum 

-1 
(from 300 to 4000 em ) can be scanned in less than twenty minutes. 

These studies can also be easily extended to the visible portion of the 

30 electromagnetic spectrum. Unlike optical measurements, all of these 

experiments can be accomplished without changing windows, prisms 

(gratings) or lenses. Secondly, for strong scatterers ELS is sensitive 

13 . 11 to less than 0.1% of a monolayer (approxl.mately 10 molecules), far 

more sensitive than most other techniques. Because of both this surface 

sensitivity and the nature of the inelastic scattering process (see 
l 

Chapter II), single crystal metal surfaces make ideal targets. Thus, 

4 



studies can be carried out on clean, well characterized substrates under 

ultra-high vacuum (UHV) conditions. Furthermore, a variety of comple-

mentary surface sensitive probes (such as LEED, Auger electron spectros-

copy (AES), thermal desorption mass spectrometry (TDS) and X-ray and 

ultraviolet photoelectron spectroscopy (XPS and UPS)) can be applied to 

the study of a given chemisorption system. Through this combination of 

techniques located in a single UHV chamber, a complete picture of the 

structure, bonding and reactivity of adsorbed monolayers can be obtained. 

Also, because of this surface sensitivity ELS can be used to detect 
. . 31 

hydrogen both through i.ts vibration against the substrate and against 

13 other heavier adporbed atoms. Thirdly, unlike many other techniques, 

both disordered32 , 33 and optically rough33 surfaces can be readily 

studied. Finally, due to the low incident beam energies and beam cur-

rents (see Chapter III), high resolution electron energy loss spectros-

copy is a non-destructive technique whic·h can be used to probe the 

structure of weakly adsorbed molecules. 

While discussing: the advantages. of high resolution ELS, mention 

should be made ot two of it's major disadvantages. First, by optical 

standards the terms "high resolution" are a misnomer since the resolu

tion is limited, at present, to about 60 cm-l (the full width at half 

maximum of the elastic scattering peak). Peak assignments can be made 

-1 much more accurately (±5 em ) , however. This limits the use of. iso-

topic substitution and the analysis of closely· spaced vibrational modes. 

The second major drawback is that the maximum pressure under which experi-• 
. -5 

ments can be carried out is approximately 5 x 10 Torr due to el~ctron-

gas collisions inside the spectrometer. High pressure catalytic reactions 

and chemisorption at the solid-liquid interface cannot be readily studied. 

5 



Nevertheless, a tremendous number of studies on the adsorption of atoms, 

diatomic molecules and large hydrocarbons on transition metal surfaces 

have been performed. 

C. Simple Normal Co-ordinate Calculations: CO/Rh 

Since we now have a technique for obtaining the vibrational spectrum 

of a molecule adsorbed on· a metal surface, one might ask the question: 

What vibrational frequencies should be observed? For the case of carbon 

monoxide adsorbed on a rhodium surface we can answer this question to a 

reasonable degree by applying a normal co-ordinate analysis to the 

stretching and bending modes of model metal cluster carbonyls. In this 

section we will use a simple valence force model .and neglect all stretch-

stretch, stretch~bend and bend-bend interactions. Force constants derived 

from infrared and Raman studies of organometallic compounds will be 

applied to the study of linear triatomic, linear tetraatomic and bridged 

tetraatomic rhodium carbonyls. Bond lengths will be taken from appro-

priate organorhodium compounds. LEED structural studies on the chemi

sorption of CO on Ni(l00), 5 ' 6 Cu(l00) 5 and Pd(l00) 7 show this to be a 
0 

reasonable approximation (good to± 0.1 A). Although the degree of 

sophistication in the present calculations is rather crude, the agreement 

with experiment is quite good (see Chapter IV). 

At the simplest level we consider a linear triatomic species, Rh-C=o, 

as a model for carbon monoxide bonded in an atop site on a rhodium surface. 

A linear triatomic molecule should have 3x(3)-5 or 4 vibrational degrees 

of freedom. In our case these will be essentially the carbon-oxygen 

stretch (v1), the rhodium-carbon stretch (v
3

) and the doubly degenerate 

Rh-c=o bend (v2). See Figure la. We use the stretching force constants 

6 



Figure 1. Approximate vibrational modes observed for a (a) linear 
triatomic, (b) linear tetraatomic and (c) bridged 
tetraatomic metal carbonyl. 
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derived by Richardson and Bradshaw34 from the chemisorption of CO on 
0 0 

(kc::o = 16.8 mdyne/ A, kRh-CO = 2. 6 mdyne/ A) and be,nding force Ni(l00) 35 

constants 
. . 0 2 36 

from molybdenum h~xacarbonyl (~h-C::o=0.45 mdyne A/rad ). 

This should be a reasonable approximation to the bending force constants 
0 

of the adsorbed molecule since the OC-Mo-CO bonds are all 90 and should 

approximate!~ model the steric hindrance found in bending a 'surface 
0 

Rh-c::o bond. Bond lengths were taken from Rh6 (C0\6 (r c::o = 1.155 A, 
0 37 

rRh-c= 1.864 A). ·Unfortunately no normal co-ordinate calculations on 

related rhodium carbonyls have been reported. Model compounds were 

chosen on the basis of similar metal-CO geometry (bond length, bond angle) 

and similar metal mass. The predicted vibrational frequencies can be 

38 computed using the equations presented by Herzberg. These frequencies 

are listed in Table Ia. 

A more reasonable approximation to the vibrational spectra may be 

obtained by assuming the mass of the rhodium atom is infinite (i.e.; 

the carbon monoxide molecule is vibrating against a rigid crystal 

lattice). Table Ia indicates that.this only seriously affects the 

metal-carbon stretching vibration (v
3

) and leaves the other two modes 

relatively unchanged. 
. . I 

The true situation should be somewhere between 

these two limits and with this choice of force constants we expect v
3 

-1 to occur slightly above 400 em • All of these modes are within the 

-1 
accessible scanning range of the spectrometer (400-4000 em ). However, 

v
2 

is parallel to the surfa~e and because of the normal dipole selection 

·rule (discussed in Chapter II) may not be observed. 

A slightly more sophisticated approximation can be obtained by 

assuming a linear tetraatomic species: Rh(a)-Rh(b)-c::o. In this case 

we have added a new doubly degenerate bending mode (v5 =vRh-Rh-CO) and a 

9 
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Table I. Calculated Frequencies (in -1 em ) for On-top CO on Rhodium 

a) linear Rh-c=o 

~h Vl v2 v3. 
--·i 

102.9 2093 404 436 

co 2092 401 387 

b) linear Rh(a) - Rh(b) - c::o 

~ . (a) ~(b) VI v2 v3 \14 vs 

102.9 102.9 2092 443 .418 153 76 

co 102.9 2092 441 417 102 '71 

co co 2092 387 413 0 51 

' . 10 = 16.8 mdyn A 
0 

=·1.155 A 
.'··\-: 

. ... :. ·o' .· • . 
= 2. 6 mdyn/ A ' . 

0 

rRh-C = 1.8.64 A 

~h-c=o 
0 2 

0.45 mdyn A/rad 

0 2 = 0.3 mdyn A/rad 

/ 

.·.,_, .. 

,-· •.·· 



metal-metal stretching vibration (v 4 = vRh-Rh). v 5 and v3; the Rh-c=o 

bending modes can be likened. to a frust.rated surface translation and to 

f t d f · . : 1 34 Th. . h . . F. a rustra e sur ace rotat1.on, respectl.ve,y. l.S l.S s own 1.n 1.gure 
. . " 0 2 

lb. The new force constants ~h-Rh-C,O · (0. 3 mdyne A/rad ) and kRh;_Rh 
0 39 (0.82 mdyne/A) were taken from Ru3 (co) 12 • The rhodium-rhodium bond 

. 
0 40 

length is assumed to have the bulk value (2.69 A). The results of 

these calculations using the equations of Kohlrausch41 are shown in 

Table lb. As we expect, the computed frequencies are not significantly 

different than those calculated above since the geometry and the force 

constants have remained essentially unchanged. If we assume that the 

mass of Rh(a) is infinite (i.e., the Rh(b) -CO unit is vibrating against 

a rigid lattice), then most of the calculated vibrational frequencies 

shift only slightly. We expect v4 (the rhodium-rhodium stretch) to be 

significantly affected. Assuming that both rhodium atoms have infinite 

-1 masses shifts v
4 

to 0 and decreases v
5 

to 51 em (see Table Ib). 

Unfortunately observation of the low frequency modes (specifically v4 

and v
5

) are out of the range of our spectrometer. Again, observat'ion 

of vibrations parallel to the surface will be difficult. 
I 

. A bridge bonded carbon monoxide molecule can be modeled by the 

Rh
2 

> C=O species shown in Figure lc. Here we have six possible normal 

modes of vibration: a C=O stretch (v
1
), a symmetric (v 2) and an asym

metric (v
4

) Rh
2 

>.CO stretch, a metal-metal stretch (v 3) and an in-plane 

(v
5

) and an out-of-plane (v
6

) Rh
2 

> C=O bend. The stretching force con

stants for these calculations were taken from the work of Richardson and 
0 0 34 

Bradshaw (kc=o=l4.9 mdyne:/A, kRh >CO=l.l mdyne/A) •. We'take kll (out-
2 

of-plane bend) equal to kRh >c=o (in;_plane 
2 0 2 36 stant from Mo(C0) 6 (0.45 mdyne A/rad ). 

bend) and use the force con-

Kroeker et al. have shown --

11 



this to be a reasonable approximation for the chemisorption of CO on 

alumina supported iron particles. 42 The Rh-C-Rh bending force constant 

can be approximated using the metal-metal stretching vibration and the 

2 ° 2 
metal-carbon bond length (kRh-C-Rh:. kRh-Rh (rRh-CO) = 3. 31 mdyne A/rad ) • 

Bond lengths for the bridge bonded species were taken from (C
5

H
5

) 2Rh2 (co)
3 

0 0 43 
(r C=O = 1.155 A, r Rh-C = 2. 01 A) • The . Rh-C-Rh bond angle can be easily 

calculated knowing the bulk rhodium-rhodium separation and the rhodium-

. -1 . 0 

carbon bond length ( <Rh-C-Rh=s1n (rRh-Rh/2rRh-C) ':" 84 ) • 

The calculated values of the vibrational frequencies for the tetra-

atomic bridged species are shown in Table II. Even though Figure lc 

indicates that each mode is of a distinctive character, for realistic 

force constants there is a strong mixing of the low frequency stretching 

and bending vibrations of the same symmetry. However, most of the low 

frequency modes can become uncoupled when the mass of the two rhodium 

atoms goes to infinity. As expected, v
3

, the metal-metal stretching 

vibration is zero in this case (see Table II). v
3 

and v5 are out of the 

range -of our spectrometer, but are also essentially parallel to the sur-

face and will therefore not be observed. Again, in these calcul'ations 

we have neglected all interactionforce constants. Inclusion of these 

force constants would certainly add complexity to the present calcula-

tions, but add little new physical insight. Furthermore, values of these 

force constants are not well-known. 

Low frequency vibrational modes do have an effect on,"the geometry 

of the adsorbed.species and this can be shown by calculating the mean 

square displacement of the adsorbed species. If we assume that the sys-

tem can be treated in the harmonic oscillato~ approximation and that a 

Boltzmann distribution governs the population of the vibrational levels; 

12 
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.. 
-1-·· Table II. Calculated Frequencies (in em ) for Bridged CO on 

Rhodium (Rh2 > C=O) 

~ \)1 \)2 \)3 \)4 v_s \)6 

102.9 1981 429 150 627 179 433 

00 1981 398 0 621 139 431 

0 0 

kC=O = 14.9 mdyn/A rC=O - 1.155 A 

1._1 mdyn/ A 0 

kRh-C = rRh-C = 2.01 A 

0.45 
0 2 

84° kRh-c=o = kfl = mdyn A/rad < = 
Rh-C-Rh 

3.31 mdyne 
0 2 

k = A/rad 
Rh-C-Rh 



h 
34,44 

t en 

2 
<Q. > = 

l. 

16 · 86 coth(0.719 h n./T). hn. 1. 
l. 

2 Here <Q. > is the mean square amplitude of the vibrational normal co-
. l. 

ordinate i in ~2 h n is the frequency of the mode involved (in em -l) , i 

and T is the temperature in °K. We can approximate the mean inclination 

<0> by knowing the geometry of the adsorbed species (<0> "' tan-1 [<Q.
2

>/ 
l. 

(rRh-C + r C=O cos ( <Rh-C-Rh/2))]). For the v5 mode at 160 cm-l (its 

average value in Table II), <0> is approximately 6° at 300 K. Thus the 

molecule is no longer completely perpendicular to the surface. Unfor-

tunately such small changes in bond angle cannot be observed by low-energy 

electron diffraction. 3 •4 However, the effects of these low frequency 

bending vibrations have been observed in recent electron stimulated 

. 45 
desorption, ion angular distribution (ESDIAD) experiments. 

The amplitude (angular excursion) of these low frequency modes can 

become significant at elevated temperatures and may even be important in 

surface chemical reactions. We can calculate the population of a given 

vibrational level n using a simple Boltzmann distribution 

N /N 
n o 

-nhn/kT = e 

At a surface temperature of 570 K the population of high vibrational 

-1 levels of v
5 

(160 em ) can be significant (see Table III). We can cal-

culate the angular excursion of this mode (0 ) in the harmonic approxi
n 

. b . 45 mat1.on y assum1.ng 

14 



Table III. Relative Populations and Angles as a 
Function of Vibrational Level for the 
\)5 mode of 

n 

0 

1 

2 

3 

4 

10 

15 

20 

Rh2 >CO 

N /N n o 

1 

0.668 

0.446 

0.298 

0.199 

0.018 

0.002 

3.lxl0-4 

e n 

4.8° 

8.3 

10.8 

12.7 

14.5 

22.1 

26.8 

30.8 

15 



Using the value of kRh
2

>C=O from Table II, we find that Gn is 22° for 

n=lO (see Table III). These high amplitude vibrational modes can cause 

a significant interaction between the molecular orbitals of the oxygen 

atom and of the metal surface. This will become especially important for 

carbon monoxide molecules adsorbed at step and/or defect sites since the 

CO bond is no longer perpendicular to the surface, even at low tempera-

tures. Extensive orbital overlap may also lead to carbon-oxygen bond 

scission. 

The application of these relatively simple calculations to more 

complex surface species is rather: difficult at present due to the lack 

of accurate force constant information. Currently the best way to analyze 

high resolution electron energy loss spectra is by analogy with the infra-

red and Raman spectra of model organometallic compounds of known molecular 

10 structure. Throughout the remainder of this thesis this approach will 

be used to discuss the structure of carbon monoxide chemisorbed on Rh(lll) 

(Chapter IV), 46 , 47 the dissociative chemisorption of carbon dioxide on 

. 48 
Rh(lll) (Chapter V), the structure and reactions of nitric oxide and 

. 49 . 
carbon monoxide adsorbed on Rh(331) (Chapter VI), the structure of CO 

33 chemisorbed on a rhodium on alumina model catalyst (Chapter VII) and 

47 50 finally, the structure of acetylene, ethylene , and their decomposition 

47 fragments chemisorbed on Rh(lll) (Chapter VIII). Although at present 

this is the best way of analyzing the vibrational spectra of surface 

species, recent studies by Kroeker et al. have shown that care must be 

taken in making the direct comparison between adsorbed molecules and 

42 
organometallic compounds. 

16 
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CHAPTER II. Theory of Adsorbate Vibrational Excitation by Inelastic 
Electron Scattering from Metal Surfaces 

A. Background 

The theory of long-wavelength surface optical phonons in ionic 

crystals was first discussed by Fuchs and Kliewer in 1965. 1 Subsequently, 

numerous groups have tackled the related problem of the inelastic scat-

. f 1 1 b f 'b . 1 d 2- 20 
ter~ng o ow-energy e ectrons y sur ace v~ rat~ona mo es. Lucas 

and Sunjic solved for the differential scattering cross-section using a 

classical treatment of the. electron as a point particle traveling along 

a single, specific trajectory (specular reflection).
2 

They assumed that 

the electron remained in the;vacuum above the crystal at all times and 

excited surface vibrations by means of its Coulomb field. Their results 
f 
I 

predicted only single phonon losses. However, their calculated inelastic 

scattering cross-sections agreed extremely well with those measured in 

1 . 21 ear y exper~ments. An extension of this theory allowed for multiple 

phonon excitation bands (overtone and combination frequencies) with the 

intensities of the loss peaks given by a Poisson distribution. 3 

Evans and Mills5 pointed out several problems with the classical 

treatment and emphasized that a fully quantummechanical description of 

the electron-solid interaction must be used. The experimental conditions 

-2 
on the energy di~tribution require that ~E /E be no greater than 10 

. 0 0 

where E is the incident electron energy (2-7 eV) and ~E is the energy 
0 0 

width of the beam (8-12 meV). The uncertainty principle tells us that 

~r~p ~ 2nh where ~r is the spatial extent of the wavepacket and ~p is 

the spread in the electron momentum. Putting this in terms of the elec-

tron energy and rearranging we find that 

20 



where m is the rest mass of the electron. If we substitute typical 

values for E and t:-E we find that a minimum uncertaint.Y width wave-a o 
0 

packet is on the order of 2000 A and therefore the electron can no 

longer be treated as a point particle. However, in the limit of 

specular reflection from an ideal surface the inelastic scattering 

cross-sections calculated from either the classical or the quantum 

5 mechanical treatment agree exactly. 

B. The Scattering Process 

The derivation of the differential inelastic scattering cross-
' . 

section presented in this chapter will mainly follow that of References 

10, 12, 13, 16 and 17. This theory will be a full quantum mechanical 

treatment. We will only consider the ~ong range electron-dipole inter-

action, however. The theory of short ranged "impact" scattering has 

18-20 been. presented .recently by several authors. . 

Consider an array of molecules, M, chemisorbed on a semi-infinite 

plane metal surface and assume that the interaction between neighboring 

adsorbed species can be neglected (see 
1

Fig. la). An electron beam inci-

dent on the surface from the vacuum (z~ 0), will set-up an electric 

field on the surface. If the electrons are a long distance from the 
\ 

surface, then the electron-molecule interaction can be described by an 

electron-dipole term. 'This is the.lowest order multipole interaction 

possible since the adsorbed molecules are neutral. , Even in the case of 

chemisorption involving extensive charge transfer to or from the surface, 

21 
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. ' 

Figure 1. (a) An incident electron bea:m inte·racts with an array of 

molecules M chemisorbed on a plane metal surface. (b) ·If we 

take the Fourier transform of the electric field, E(w), we 
;. 

find that all ~ossible.vibrational fie4uencies can be ex~it~d 

simul tan"eously. 

22 
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overal~ neutrality must be retained. 16 Since we are constructing a time 

dependent electric field, a continuous distribution of vibrational 

energies will be excited. This can be seen if we take the Fourier 

transform of the field 

E(t) = f dw E(w) iwt e (1) 

Equation (1) is shown schematically in Figure lb. Thus, unlike infrared 

spectroscopy; all possible surface vibrational modes can be excited 

simultaneously. 

The interaction Hamiltonian between the incoming electrons and the 

adsorbed molecules, H', can be written as10
, 17 

-+- -+-' -+- -+ 
H' = ,-lJ(R) • E(r) 

-+-+ 
where lJ(R) is the total dipole moment operator (permanent plus oscil-

-+-+ 
lating) for one (arbitrary) molecule and E(r) is the electric field of 

the incident electrons at the position of the molecule. The scattering 

geometry is shown in Figure 2a. 
-+·-+ 

Expanding lJ(R) about the ground state 

configuration yields 

-+- -+- -+- -+- -+- -+ 
lJ(R) + (\7 • lJ(R ))R + ... 

0 0 

-+-+ 
We will neglect the first term, lJ(R ), which is the permanent dipole 

. 0 

moment, since it only contributes to elastic electron scattering (see 

below). Furthermore, we will only assume a single vibrational mode of 

frequency n can be excited. Thus 

-+- -+- -+-
\7 • 1J (R ) 

0 

d]J(R) I - I 
= dR = l..l • 

R=R 
0 

24 



Figure2. {a) The scattering geometry. The subscripts o and s refer to 

th~ incident and scattered electron beams, respectively. The 

plane of incidenc.e is defined as ¢ = 0. (b) The position of 
. 0 

the incident electron (~) above the met~! surface and its 
• -+ 
~mage (r') below the surface. 

25 
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. . 

The contribution of different modes to the vibrational spectrum is addi

tive at this level of sophistication in the theory. 16 

The electric field felt by a molecule in free space from a single 

incident electron is simply 

(2) 

The electron-adsorbed molecule interaction is more complicated since the 

incident electron will also affect the electrons in the metal. This 

induced charge density will try to screen the external electric field 

and therefore add an additional term to Equation (2). Returning to 

. -iQt 
Equation (1) we find that only the term E(Q) e can excite a molecular 

vibration of frequency Q (assuming the excited state has an infinite life-

. ) 17 t1.me • Therefore only the response of the electrons 'in the metal to 

this component of the electric field need be considered. Since Q is much 

smaller than the plasmafrequency w (hQ"' 0.2 eV, hw "'10 eV), the 
p .p 

electrons in the metal can easily follow the slowly (on the scale of 1/w ) 
p 

varying external field. Simple electrostatics tells us that we can 

replace the induced charge density in the metal by an image of the inci-

dent electron (see Fig. 2b). This is true regardles~ of the velocity 

17 (and therefore the energy) of the incident beam. If the adsorbate is 

in the image plane, then Equation (3) gives us the electric field at the 

-+ molecule from the electron in the vacuum at r and its image charge at 

-;, =-;- 2-; .10 
z 

(3) 

This simplification can be performed since 1-+rl -- I~' I (see Fig. 2b). 

27 
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Equation (3) requires the electric field to be normal to the surface 

at all times. Therefor'e only those molecular vibrations with a nonzero 

oscillating dipole moment perpendicular to the surface can be excited. 

This normal dipole selection rule has been shown to be valid for infra-

11-13 red spectroscopy as well as for ELS and will be discussed in more 

detail in Section F. 

For a one-dimensional harmonic oscillator oriented perpendicular 

to the surface, the interaction Hamiltonian can now be written as 

(4) 

, C. The Inelastic Scattering Cross-section 

Since the adsorbed molecules are very heavy compared to the incident 

electrons, we can write the zero-order wavefunction in a seperable form 

(the adiabatic.approximation). 

. -+ -+ 
= ~(r) x(R) 

-+ -+ 
where r refers to the incident electron and R is the normal coordinate of 

the individual atoms in the adsorbed molecule. We can solve for the 

transition qmplitude, T, using first-order time dependent perturbation 

theory. 

T = <ljlk (-; ,R) I HI I ~ (-; 'R) >. 
s 0 

The subscripts o and s refer to the incident and inelastically scattered 

electron waves, 'respectively. T can be readily calculated by substituting 
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-+-+ . 
~(r,R) and H' (Eq. (4)) and separating the integrals 

T = 2e~' < I~ (;)><x1 <ih I litl lx 0 CR)>. (5) 
0 

The second integral is the easiest to solve and will be discussed 

first. We can write the normal mode displacement R of a one-dimensional 

h . "11 . f h d' . d "11 22 
armon1.c osc1. ator 1.n terms o t e secon quailtJ.ze oscl. ator operators 

where 

~ 
(Ms-2) ( ~) -~ 
2h R ± ip 2MS"lu • 

M and n are the reduced mass and·frequency of the mode, respectively; p 

is the momentum -+ 
of the oscillator. x0 (R) and 

-+ 
x1 (R) are the ground state 

CIO>) and first excited state Cll> = atiO>) wavefunctions of a harmonic 

oscillator. The vibrational transition matrix element is then 

<11 R IO> '(6) 

The scattering transition matrix element ·(the first integral in 

Equation (5)) is slightly more difficult to calculate. The wavefunction 

for a plane wave in free space is 

-+ 
~(r) 

This must/be modified to include a reflected wave after scattering from 

a surface (see Fig. 2a), however. 



-+- ik .-; [ -ik .-; _2 i~ (-+-k) · ikz .• -;z] 
~(r) = e p p e z z + R(k) e u e. 

k and k are the parallel and perpendicular components of the electron · 
p z 

. -+ 
momentum (k), respectively. 

-+- -+-
r and r are defined in Figure 2b. p z . . 

-+-
R(k) 

is the reflection coefficient which specularly scatters the incident wave 
-+- -+- -+- -+-

.-+ -+- · ik •r -ik •r 
e l.k ·r (--e' P P e z z). Th fl · f h · b e re ect1vity o t e surface is given y 

. -+-
o(k) is the phase shift experienced by the reflected electron 

wave. Inserting this modified wavefunction into the first integral of 

Equation (5) and simplifying we find four contributions to the scattering 

transition matrix element. 

J 
r >6 z 

-+-
2i0 (k ) 

r -i(k -k ) .-; 
0 s z 

* -+-+ R (k ") 
s 

s e 
x e z z 

-+ -+ -+ 
-2i0 (k ) 

-+- -+ 
-k )•r 

s p 
.P 

. -+ -+ -+· 
-i(k +k )•r 

. 0 s .· z 
e z z 

+ R(k ) e 0 

0 
e 

i(k +k )•r 
0 s z z . z * -+ -+ + R (k )R(k ) 

s 0 

X 

-+- -+-
-2i(o(k )-o(k )) 

0 . s 
e 

-+- -+- -+- J i(k -k )•r 
0 . s . z 

z z e • (7) 

These four contributions are shown schematically in Figure 3. The first 

term in Equation (7) (Fig. 3a) is equivalent to the scattering of electrons 

by molecules in the gas phase. The incident electrons are both in-

elastically scattered and "reflected" by the adsorbed molecule. The 

cross-section for 

electron energies 

this process is-extremely small except for certain 
\ 

. \ 
where short-range impact (or resonant) scattering occurs. 

This is discussed iri detail in References 18-20. The most probable scat-

tering mechanisms are illustrated in Figures 3b and 3c. Here electron 

reflection from the surface is either preceded by or followed ~y'Small 

30 



Figure 3. Four possible contributions to the inelastic electron scatter

ing cross-section: (a) The adsorbed molecule both inelastic

ally scatters and reflects the incident electron. Electron 

reflection from the surface can also be (b) preceded by or 

(c) followed by vibrational excitation of the adsorbate. 

The probability of (d) electron reflection from the surface 

followed by large angle inelastic scattering and .reflection 

from the surface once again is low. 
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... 

angle inelastic scattering from the molecule. The probability of re-

flection from the surface followed by larse angle inelastic scattering 

and reflection from the surface (Fig. 3d) will be small. 

Analytical solutions to Equation ,(7) are difficult to obtain since 

-+ . -+ 
both R(k) and o(k) cannot be accurately calculated. However, by making 

several assumptions a reasonable approximation to the solution can be· 

obtained. 
-+ . 

Since these quantities are only functions of k and since the 

momentum transfer to the surface during,excitation of a molecular vibra-

-+ -+ 
tion is small (see Section E), we will .assume that R(k) and o(k) are 

-+ 
slowly varying func,tions of k and therefore 

R(k ) = R(k ) - R 
0 s 

0 (k ) 
0 

= 0 <k ) - 0. s 

23 24 
This has been shown experimentally by McRae and Caldwell and Watts 

for elastic low-energy electron. scattering from nickel surfaces. Further-

more, we will define ~~, ~-+ and ~-+ as follows: 
p z . z 

~-+ 
p 

-+ 
- k 

0 
p 

k 
s 

p 

-+ 
~-+ - k 

z 0 
z 

k 
s z 

I-+ - k 
z 0 

z 

Equation (7) can now be written in a more compact form. 

s f 
r >0 

z 

1
-; I -+ -+ [ -i~-+·-; 

d3 z i~ ·r z .z + R* 2io r ----
3 

e p e e e 
1-; I · 

-ii-+•r-+ 
z z + 

+k 
s 

z 

(8) 

Again, the four contributions to the scattering amplitude of Equation (8) 

are represented schematically in Figure 3a-d. 

Sokcevic et a1. 12 ,l3,lS have solved the integral in Equation (8). 

(R2+1)~ 
s = -=-----=-.._p + R · (~ cos2o + I sin2o) + 

~ 2+~ 2 ~ 2+I 2 p z 
(9) 

p z p z 
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We can now combine the results of Equations (6) and (9) to calculate the 

transition matrix element T • 

T = 2e].J 1 
.._ k [ (R2+1.)~ 

( 11)2 p 
2MQ 2 '2 

~ +~ p z . 

+ R (~ cos2o + r sin2o) + 
~ 2+r 2 p z 
p z 

(10) 

/ 

In converting the scattering amplitude (10) to a differential scattering 

cross-section, we must take into account the flux of incident electrons 

22,25 
and the relative velocities of the incoming and outgoing electron beams. 

Electrons are detected in a cone d8d~ and therefore 

1 (vs) cose 'vo 
ITI 2 o(E -(E +hn)) 

0 s 
(11) 

v and v are the velocities of the· inelastically scattered and incident. 
,s 0 

electrons, respectively. The o function is to insure conservation of 

energy. E and E refer to the energies of the incident and scattered 
0 s 

electrons, respectively •. Substituting (lO) into (11) and rearranging in 

terms of known quantities, we find 

2 
d (J 

d8d~ = 

k 

.2(')2. (E)2 

e lJ . .!!!. ~ 
2 · M E 

8n E h Qcose o 
' 0 

- E s 
- hrl) 

f (=2k S) is a dim'ensionless scattering amplitude. This quantity ·o 

(9)) is determined from the characteristics of the incident (E , 
0 •. 

outgoing electrons (E , e ) and by the details of the reflection 
s s 

(12) 

(Equation 

e ) 
,0 

and 

process. 

f cart be more accurately calculated using the wavefunctions and scattering 

1 d d f 1 1 d "ff . 26,27 potentia s evelope or ow-energy e ectron 1 ract1on. 



D. Numerical Calculations 

Unfortunately, accurate differential scattering cross-sections are 

difficult to determine experimentally, even when the scattering amplitude 

is known well. The measurements are further complicated by disord.ered 

overlayers and the non-zero angular acceptance of the spectrometer. These 

p~tential problems can be alleviated by taking the intensity ratio of the 

inelastic (I ) to the elastic (I ) scattering peaks. Several authors have s 0 

calculated approximate values for the case of specular electron reflection 

. 5 11 
from a well ordered surface. , 

I 
s 

-= 
I 

0 

n cosEl g (E , El ) 
0 0 

(13) 

-2 . n is the concentration of surface oscillators (em ) and g(E , El ) is an 
0 0 

angular term 

Here we assume the spectrometer accepts electrons in a cone with half 

angle a (circular aperture) about the specular beam. B is a dimension-

less beam width parameter given by 

For one third of a monolayer of carbon monoxide themisorbed on a 

clean Rh(lll) single crystal surface, Equation (13) gives a value o,f 

I /I of approximately 0.007. The values used in the calculation, in
s 0 

eluding the operating characteristics of the spectrometer to be used in 

the following experiments (see Chapter III), are listed in Table I. 
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28 
ll' was taken from gas phase data, but this agrees quite well with the 

value calculated from the chemisorption of CO on Pt(lll) (ll' = 0.90 x 

10-19 C). 15 , 29 Using a value of ll' derived from the inelastic electron 

tunneling results of Kroeker~ a1. 30 from the chemisorption of carbon 

monoxide on alumina supported rhodium particles (3.6 x l0-19 C) increases 

I /I t-o approximately. 0.09. We expect the observed inelastic scattering 
s 0 

intensities in our experiments to be somewhere between these two.values. 

Table I. The Chemisorption of CO on Rh(lll) 

0 10-19 ll' = 3.1 MA = 1.04 X c E 5 eV 
0 

hQ 2100 -1 0.26 eV 0 60° = ern = 
0 

5.3 X 1014 -2 1.50 n = ern a = 

E. Long Range Nature of the Scattering 

Much has been said about the long~range nature of the inelastic 

scattering process. It is because of this long-range electron surface 

oscillating dipol~ interaction that the momentum transfer to the surface 

during vibrational excitation is small. .Therefore, the inelastically 

scattered electrons should be scattered very ciose to either the specular 

beam or to one of the Bragg beams. The normal dipole selection rule 

(mentioned earlier and discussed in more detail below) is also a conse-

quence of this long-range interaction. 

The question arises: Just how far above the surface does this inter-

action begin to take place? First. we consider elastic electron scattering 

31 from a semi-infinite rigid lattice of metal atoms. · ·For an incident 

-+- -+- "*r ) electron far -from the crystal the potential <t>(r) = <t>(r , must satisfy p z 

Laplace's equation 
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2 (-+ -+r ) 1/ cjJ r , = 0. 
p z 

For a periodic crystal, the surface charge density p(;p';) may be 
z· 

expanded in a power series of reciprocal lattice vectors 

p (-; ' -; ) 
p z I 

c 
p 

. -+ . pG (r ) e 
p p 

iG .; 
p p 

c. 
p 

(14) 

This is similar to the series expansion in terms of Bloch functions in 

three dimensions. The potential felt by the electron must reflect this 

two dimensional periodicity. Thus 

-+ 
G 

p 

-+ -+ 
iG •r 

p p 

If we now substitute this potential into Laplace's Equation (14) and 

-+ -+ 1-+rl recall that cjJ(r , r) must go to zero as goes to infinity, p z 

0 

cflc <o) 
p 

lc I p 
0 

lc I :1 o . p 

cjJG (0) is found by the boundary conditions at l;zl = 0 (on the metal 
p 

surface). 

(15) 

The important point here is that for elastic electron scattering the 

potential (Equation (16)) goes to zero rapidly, even at small I; 1. If z 
0 

a is the lattice constant (-2-3 A), then the smallest non-zero value of 
0 

lc I is 2n/a • Thus from (16) p 0 

= cflc <o) 
p 

-2TI 
e o.oo2 cflc <o). 

p 
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Therefore, the electron-rigid crystal lattice interaction is short-ranged 

for elastic scattering. The incident electrons do not significantly inter-

act with the metal atoms until they penetrate the actual charge distribu-

tion of the surface. Thus, we can obtain structural information by analy-

zing both the angle· and intensity of the elastically scattered (diffracted) 

26 27 electrons. ' 

If the effects of the small surface (or adsorbate) vibrations are 

considered, then the incident electrons can lose energy by interacting 

· with one of these modes. Using an analysis similar to the above, we can 

show that the ·inelastic electron scattering occurs via a long-~ange 

Coulomb potential. -+ -+ -+ "*r ) Let 6~-+k (r , r ) be the change in ~(r , caused by 
p p z p z 

the excitation of a 
-+ 

surface vibrational mode of wave vector k • 

6~-+ 
k 

p. 
c;,-;)= 

p z 

-+ -+ 
ik •r 

p p 

p 

This is analogous to Equation (15) above. If we substitute (17) into (14) 

we find that 

lk I = o p 

lk I :~ o. p 

(18) 

. -+ 
Again the potentia~ must go to zero as lrzl approaches infinity. 

6~k (0) is found from the boundary 
p 

case in Equation (16), there is no 

at 1-; I= 1/lk 1. z p 

6~k (1/lk I) 
p p 

conditions at 1-; I = 0. Unlike the z 

longer a minimum value of lk I. Thus 
. p 

1/e 6~k (O) 
p 
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we can easily find the value of 1/lk I at which this happens. 
p 

Conservation of monentum parallel to the surface requires that 

lk I = p lk k I op sp 

-+ 
lkpl can easily be calculated knowing the characteristics of our spectro-

meter. Using the data in Table I for carbon monoxide chemisorbed on a 

rhodium surface we find that lk I 
p 

~ 106 cm-l and therefore 1/lk I ~ 100 A. 
p 

0 

The effect of this potential at 100 A above the surface is only decreased 

from its value at I; I = 0 by a factor of 1/e (-0.37). 
z 

Because of the long-range nature of the inelastic scattering process, 

the momentum transferred to the surface by the incident electrons is quite 

small for vibrational excitation of the adsorbed species. Therefore, the 

inelastically scattered electrons should be scattered very close to either 

the specular beam or to one of the Bragg beams. This has been shown 

. 32 
experimentally by Ibach. We can use the expression derived in Equation 

(9) to calculate the angular distribution of the inelastically scattered 

electrons. This is shown in Figure 4a for the chemisorption of carbon 

monoxide on rhodium. 
. -1 

The two values of h st, 2100 and 500 em refer to the 

carbon-oxygen and metal-CO stretching vibrations, respectively (see 

Chapter I). The rather arbitrarily chosen values of R(0.2) and 6{rr/2) 

do not significantly affect the results. The intensitie~ .of these two 

. modes are normalized to 1. f and f refer to the scattering amplitude 
p z 

parallel and perpendicular to the surface, respectively. d is the height 

of the molecule above the surface. 

The full width at half maximum in the-angular distribution of lfzl
2 

for the 2100 em -l ·mode is -2° • This angle depends on both the incident 

beam energy and the frequency of the vibrational mode involved and its 
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Figure 4. (a) The angular distribution of inelastically scattered elec

trons· by modes at 2100 ~nd 500 cm-l The two curves are 

normalized tp 1. (b) If 
-1 500 em is spaced above 

a viqrational mode of frequency 
0 

the surface 2.5 A, a weak parallel 

component to the scattering amplitude Clf 1
2) is also 

p . 
observed. 
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value can be approximated by S, the beam width parameter (hn/2E ) • As 
. 0 

the vibrational frequency decreases, both S and the angular distribution 

of jfzj
2 

decrease and this is precisely what we see here. As mentioned 
. . 2 

earlier, the normal dipole selection rule requires jf I to be zero for 
. p 

an oscillator located at d= 0. In the next section we will show how 

this can. breakdown for a molecule located a distance d above the surface. 

F. The Dipole Selection Rule 

The normal dipole selection rule has been quoted several times. 

throughout this chapter, but will be repeated here for completeness: 

Only those vibrations with a changing dipole moment perpendicular to the 

surface can be excited. There have been several recent reports, however, 

indicating that this selection rule does not rigorously hold for inelastic 

electron scattering and vibrational modes parallel to the surface have 

been observed. For the case of benzene and deuterated benzene parallel 

bonded to both Ni (111) and Ni (100)·, Bertolini ~ al. recorded several 

d f E 
, 33 

mo es o lu symmetry. In the.gas phase all of these modes are in the 

plane of the molecule. Studies on W(OOl) by Adnot and Carette showed the 

-1 presence of a W-H bending mode at 632 em for atomically adsorbed hydro-

34 gen (82 state). Finally, ·Backx ~ al. observed a C-C stretching vibra-

-1 35 36 
tion at 1120 em for acetylene parallel bonded to a W(llO) surface. ' 

They claimed that the coupling of this lateral vibration to the surface 

(either by a charge redistribution in the metal or by coupling with low-

energy phonons) could add aperpendicular component to an otherwise 

completely parallel mode. There is now evidence that observation of such 

a mode in specular ~lectron reflection may be caused by non-dipole 

. 37 
scatter~ng. 
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I 

12,13 . Sokcevic ~ al. have also s,hown that the "perpend1cular dipole 

selection rule," which should rigorously hold for infrared spectroscopy, 

does not necessarily apply to high resolution ELS. In the IR the photon 

wavelengths (A.) are such that A. » d, where d is the height of the oscil-

lating dipole above the surface. Therefore both the molecule and its 

"image" interact with the radiation together, giving cancellation of all 

parallel vibrations. However, this is not the case for ELS since the 

incident electrons have wavelengths on the order of angstroms. There are 

at least four different causes for a breakdown in the normal dipole selec~ 

tibn rule: 1) non-dipole scattering, 2) scattering from insulator surfaces, 

3) scattering from molecules located above the surface and 4) scattering 

from stepped and/or polycrystalline surfaces. 

18-20 For the case of short-ranged "impact" scattering both theory 

. . 38 39 and exper1ment , indicate that all possible normal mode vibrations 

should be observed. The angular distribution of these modes will be quite 

broad and scattering will not necessarily be observed in the specular 

direction. The reader is referred to References 18, 20, 38 and 39 for 

an extehsive discussion of this scattering mechanism. 

All possible normal mode vibrations should also be observed for 

molecules adsorbed on insulator surfaces. Due to the relatively low 

dielectric constant of these surfaces, the incident electrons will not be 

effectively screened by the image charges and therefore the simple model 

presented earlier will not work. Thus we might expect the normal dipole 

selection rule to breakdown in this case as well.. To date no experiments 

have been reported on well characterized insulator surfaces and this 

postulate remains untested. 
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Even for the case of a molecule chemisorbed on a perfectly clean, 

flat and reflective metal surface, parallel vibrations can be observed. 

This was hinted at in the last section. A molecule located a distance 

d above a metal surface will feel a parallel component to the electric 

field. We can show this mathematically by modifying Equation (3). 

slightly 

= (-e)(-~+d) + (e)(-~'+d) 
1-ri!l 1-~' +!I 

(19) 

The scattering geometry is shown in the insert to Figure Sa. l.Je cart 

easily resolve Equation (19) into parallel and perpendicular components 

-+-+ 
of E(r). 

E = er sin0 [ (r2 + d2 - 2rd cos0 ) - 312 - (r2 + d2 + 2rd cos0 ) - 312,] 
p . 0 0 0 

E = e[(rcos0 -d)(r2+d2-2rd cos0 )-312 + (2r cos0 +d)(/+d2 
z 0 . 0 0 

' -3/2 
+ 2rd cos0) ]. 

. 0 

The total field is simply E = (E 2 + E 
2

) 112 • Representative plots of 
p z 

E , E and E as a function of the incident electron's distance from the 
p z 

0 

surface for d = 0, 1 and 2 A above the surface are shown .in Figure sl 

For a molecule on the surface (d=O) the nonnal dipole selection rule 

requires that E be 0 and E = E . This is clearly shown in Figure Sa. 
p z 

0 

However, even when a molecule is only 1 A above the surface, E can be p 

significant when the incident electron is close to the molecule (see Fig. 
0 

Sb). For d=2'A, (Fig. Sc) E can be larger thanE ! This is actually a 
p z 

very realistic situation since atoms or molecules located in atop posi-

tions will be spaced above the surface at least the sum of the radii of 
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Figure 5. The parallel (E), perpendicular (E) and total (E) electric p z . 
fields from a single incident electron felt by a molecule 

0 

spaced a distance of (a) 0, (b) 1 and (c) 2 A above ,a plane 

metal surface. 
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0 

the metal and tqe adsorbate atoms (-2.A). These calculations are very 

" idealized since we have assumed that the image charges formed inside the 

metal can exactly screen the incident electrons. Using a more realistic 

screening potential would both increase the magnitude of E and decrease 
p 

the magnitude of E • However, a partially compensating effect will be 
z 

the fact that the 'image'·plane and the electron reflection plane will 

not occur at z=O, but at some small, non-zero value of z. Thus the actual 

value of d will be smaller than that discussed here. Nevertheless, it is 

clear that a molecule located above a metal surface will'feel a parallel 

component to the electric field. 

Since the electric field is now different, f, the dimensionless 

scattering amplitude must also be modified. Revised expressions can be 

derived from the work of Sokcevic et al. 12 ,l3 , 15 

f 
z = - f:. 

z 

- i: sin(i: d-28)] + i z z 

2k R 
sinf:. d] + --~0--~ 

z f:. 2+i: 2 
p z 

[t:. e 
p 

-f:. d 
p cos28 -

·-k f:. (R2-l) 
f = --~o~p~~-- sinf:. d + ik f:. 

-f:. d 
p - cost. d) 

z P. f:. 2+t:. 2 z o p 
p z 

2R + (cos28 e 
f:. 2+t:. 2 

p z 

-f:. d 
p -cosO: d-28))] z 

(20a) 

(20b) 

Equations (20a) and (20b) include the effects of the image charges. At 

d=O Equation (20a) simplifies to (9) and (20b) goes to zero. 

The effects of the parallel component.of the electric field become 

especially important when we consider hydrocarbon vibrations since the 
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ends of long hydrocarbon chains can be located a significant distance 

above the surface. Figure 6 shows calculated values of if 1
2 

and if 1
2 

p z 

as a function o~ the distance of the vibrational mode above the surface 

for hQ = 3000 cm-l (6a). Both the symmetric C-H stretching vibration 

(normal to the surface) and the asyrrnnetric C-H stretching vibration 

3 (parallel to the surface) of a. perpendicularly bonded sp hybridized 

species occur at approximately this frequency. Again we choose E = 5 eV 
0 

and 0 ='60°. The values of R(0.2) and o(rr/2) are somewhat arbitrary. 
0 

0 

Figure .6a clearly shows that even at distances of only 5 or 6 A above 

2 
the surface if I can be significant. 

p 
2 

if I goes to zero as d approaches 
p 

0 in keeping with the normal dipole selection rule. Unlike previous cal

culations, if 1
2 

is sensitive to the choice of o. This is clearly shown 
z 

in Figure 6b for o = rr • 
2 

if I decreases much more rapidly with increasing 
. z 

d in this case. 

Consider the stretching and bending vibrations of a ca.rbon monoxide 

molecule oriented perpendicular to a plane metal surface, but with the 
0 

center of. mass of the vibrational mode located 2.5·A above the surface. 

From the simple normal co-ordinate calculations of Chapter I we see that 

the metal-carbon stretching vibration (normal to the surface) and the 

M-c=o bending vibration (parallel to the surface) occur at approximately 

-1 . 
500 ern (depending on the choice of force constants). The angular 

distributions of these two modes are shown in Figure 4b. As we expect, 

the scattering amplitude of a mode oriented parallel to the surface 

<If J
2) is much less than the scattering amplitude of a mode oriented 

p . 

perpendicular to the surface (if J
2). Furthermore, the angular distribu

z 

tion of the parallel mode (""1.1°) is broader than the angular distribution 

of the perpendicular mode. There is also significant tailing of if 1
2 

p 

to lower scattering angles. 

48 

... -



Figure 6. Parallel (If 1
2

) and perpendicular (If 1
2). components of the 

p . z 
inelastic scattering amplitude as a function of distance 

-1 
above a metal surface for, a vibrational mode at 3000 em . 

In (a) o = rr/2 and in (b) o = rr. 
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Again one must recall that all of the calculations presented here 

are highly idealized since only approximate electron-molecule interactions 

and electron wavefunctions were used. Nevertheless these calculations 

show significant trends and qualitative agreement with experimental 

measurements should be expected. 

The normal dipole selection rule can also breakdown for molecules 

chemisorbed on either stepped or polycrystalline metal surfaces. Although 

we will not demonstrate this mathematically, this· is shown schematically 

in Figure 7b. On a stepped surface the adsorbed molecules are oriented 

with respect to the microscopic surface normal (n) while the elastic 

(specular) beam is scattered with respect to the macroscopic surface 
A 

normal (N). The molecules are no longer oriented perpendicular to the 

image plane and therefore vibrations parallel to.the terraces should be 

excited by the incident electrons. This has not been well tested to 

date. 40 However, Baro and Ibach recently demonstrated that the asym-

metric stretching vibration of hydrogen (vPt-H = 1270 cm-1) bridge bonded 

to a Pt [6 (111) ·x (lll)] surface can be observed in. the specular direction. 

The relative intensity of this mode increases for electron scattering out 

of the specular direction, in agreement with the proposed assignment. 

Such a vibration has not been observed on the flat Pt(lll) surface. In 
A 

this case Nand n will be parallel (see Fig. 7a). A potentially large 

amount ~ information on inelastic electron scattering can be gained by 

studying the azimuthal angle dependence of the intensity of the energy 

loss peaks. 

Although the normal dipole selection rule is seen to hold in most 

cases, care must be taken in analyzing any vibrational spectra at present. 

More experimental and theoretical work needs to be done before the limits 

of this selection rule are actually known. 
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Figure 7. Geometry and position of the image charge for electron 

scattering from (a) a plane metal surface and from (b) a 

stepp~d surface. 

52 

. -. 

.... . . 



53 

-e ' 

... 
E 

+e 
(a) 

--
+e 

- r.;;. '"' 

(b) 

XBL 806-5316 



References 

1. R. Fuchs and K. L. Kliewer, Phys. Rev. 140, A2076 (1965). 

2. A. A. Lucas and M. Sunjic, Phys. Rev. Lett. ~' 229 (1971). 

3. A. A. Lucas and M. Sunjic, Prog. Surface Sci. !, 75 (1972). 

4. v. Roundy and D. L. Mills, Phys. Rev. BS, 1347 (1972). 

5. E. Evans( and D. L. Mills, Phys. Rev. BS, 4126 (1972). 

6. E. Evans and D. L. Mills, Phys. Rev. B7, 853 (1973). 

7. D. L. Mills, Surface Sci. 48, 59 (1975). 

8. D. L. Mills, Prog. Surface Sci. .§_, 143 (1977). 

9. D. M. Newns, Phys. Lett. 60A, 461 (1977). 

10. D. N. J. Persson, Solid Stat.e Connnun. 24, 273 (1977). 

11. H. Ibach, Surface Sci. 66, 56 (1977). 

12. D. Sokcevic, Z. Lenac, R. Brake, and M. Sunjic, z. Physik, B28, 
273 (1977) .-

13. M. Sunjic, R. Brake, z. Lenac, and D. Sokcevic, Intern. J. Quantum 
Chem. ~' Suppl. 2, 59 (1977). 

14. F. Delanaye, A. Lucas and G. D. Mahan, Surface Sci. 70, 629 (1978). 

15. Z. Lenac, M. Sunjic, D. Sokcevic, and R. Brake, Surface Sci. 80, 
602 (1979). 

16. T. N. Rhodin and J. W. Gadzuk, The Nature of the Surface Chemical 
Bond, T. N. Rhodin and G. Ertl, eds. (North-Holland Publishing 
Company, Amsterdam, 1979) p. ll3. 

17. B. N. J. Persson, Surface Sci. 92, 265 (1980). 

18. J. W. Davenport, W. Ho, and J. R. Schreiffer, Phys. Rev. Bl7, 3115 
(1978). 

19. G. E. Thomas and W. H. Weinberg, J. Chern. Phys. 70, 1000 (1979). 

20. S. Y. Tong, C. H. Li, and D. L. Mills, Phys. Rev. Lett.~, 407 
(1980); Phys. Rev. B21, 2057 (1980). 

21. H. Ibach, Phys. Rev. Lett.~' 1416 (197.0). 

54 



- , .. .., 

22. G. Baym, Lectures on Quantum Mechanics (The Benjamin/Cummings 
Publishing Company, Inc., Reading, Massachusetts, 1969). 

23. E. G. McRae and C. W. Caldwell, Surface Sci. 2!_, 766 (1976). 

24. C. M. K. Watts, Surface Sci. 23, 453 (1970). 

25. M. S. Child, Molecular Collision Theory (Academic Press, London, 
1974). 

26. J. B. Pendry, Low Energy Electron Diffraction (Academic Press, 
London, 1974). 

27. M. A. Van Hove and S. Y. Tong, Surface Crystallography by LEED, 
(Springer-Verlag, Berlin, 1979). 

28. R. A. Toth, R. H. Hunt, and E. K. Plyer, J. Mol. Spectr. ~' 85 
(1969). 

29. H. Froitzheim, H. Hopster, H. Ibach, and S. Lehwald, Appl. Phys. 
13, 147 (1977). 

30. R. M. Kroeker, W. C. Kaska, and P. K. Hansma, J. Catal. 2!_, 72 
(1979). 

31. This treatment is similar to that presented in Ref. 8. 

32. H. Ibach, J. Vac. Sci. Technol. 2_, 713 (1972). 

33. J. C. Bertolini, G. Dalmai-Imelik, and J. Rousseau, Surface Sci. 
~' 478 (1977). 

34. A. Adnot and J.-D. Carette, Phys. Rev. Lett. 39, 209 (1977). 

35. C. Backx, R. F. Willis, B. Feuerbacher, and B. Fitton, Surface Sci. 
68, 516 (197.7). 

36. C. Backx and R. F. Willis, Proc. 7th Intern. Vacuum Congress and 3rd 
Intern. Conference on Solid Surfaces (Vienna, 1977), p~ 751. 

37. S. Lehwald and H. Ibach, to be published. 

38. W. Ho, R. F. Willis, and E. W. Plummer, .Phys. Rev. Lett. 40, 22 
(1978). 

39. R. F. Willis, W. Ho, and E. w. Plummer, Surface Sci. ·so, 593 (1979). 

40. A. :t-1. Baro and H. Ibach, Surface Sci. ~' 237 (1980). 

55 



CHAPTER III. Experimental 

A. Spectrometer Design and Construction 

The high resolution electron energy loss spectrometer used in the; 
. 1 

present studies is similar in design to that of Froitzheim et al. 

A schematic diagram of the complete system is shown in Figure 1. The 

principles of operation are quite straightforward: Electrons are 

emitted by a hot tungsten hairpin filament (JEOL #E-0014) and focused 

onto the slit of a monochromator by ·a three element asymmetric electro-

static lens system (Al, A2, A3). The center of the filament is located 

at the focus of a parabola (repeller) causing an approximately parallel 

beam of electrons to be emitted from the filament assembly. The repeller 

is biased negatively with respect to the filament center (cathode). 

Lenses Al to A3 were based on the design of Froitzheim2 and not optimized 

further. They were formed from 0.15 mm thick tantalum foil for mechan-

ical strength and ease of spot welding. Construction of these lenses is 

not critical since the electron beam is essentially space charge limited 

' ' 1 ) at the monochromator entrance slit (~6 mm from the filament center . 

With 2.1 amps of current flowing through the filament, a maximum of 25 

~amps of current is measured at the monochromator slit. In practice, 

less than 2 ~amps of current pass through the slit and into the mono-

chromator. The use·of a low work function thoriated tungsten filament 

did not appreciably enhance the performance of the spectrometer. 

Furthermore, we found that the incident beam current measured at the 

sample position (see Fig. 1) was not very sensi.tive to the potentials 

placed on the input lenses. Al, A2 and A3 were all split in a vertical 

plane to allow deflection of the beam in a horizontal direction. Thus 
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Figure 1. Schematic diagram of the high resolution electron energy loss 
spectrometer used in the present experiments. The filament, 
monochromator and lenses are rotatable so that possible 
angular effects can be studied. The entire system (including 
all feedthroughs) is mounted on a 200 rom OD Conflat flange. 
Typical operating voltages.are listed in Table I. 
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the angle of incidence of the electron beam could be easily varied. 

Deflection of the beam in a vertical direction was thought to be un-

necessary. 

In our spectrometer the monochromator consists of a 127° cylindrical· 

sector although 180° hemispherical sectors3 •4 •5 and cylindrical mirror 

6 analyzers have also been successfully used as energy dispersing elements. 

For an excellent review of the various types of electrostatic energy 

analyzers and their advantages and disadvantages, see Reference 7 .. The 

choice of a 127° cylindrical sector forour system was based on its ease 

of design, construction, alignment, 7 optimazation and most importantly, 

8 its proven performance. Although this type of electrostatic energy 

analyzer only focusses electrons in a single plane, and in theory is not 

well suited for electron monochromatization, 9 in practice, cylindrical 
, 

sectors have out-performed all other types of energy dispersing elements. 8 

The design of our sectors was based on the published work of Froitzheim 

1 7 10 11 
~ al. and Roy and Carette. ' ' An expanded drawing of one of the 

spectrometer sectors is shown in Figure 2. 

The differential equation describing the motion of a charged particle 

in a cylindrical electric field is9 

(1) 

where u=.r/R 
mean 

(r, 0) and E are the position and energy of the elec-

tron inside the sector, respectively. R is the mean radius defined 
mean 

in Figure 2. E is the incident energy and ct is the angular aberration. 
0 

A first order solution to Equation (1) was derived by Hughs and 

Rojansky in 1929. 12 
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:Figure{ 2. Expanded view of one of the spectrometer sectors. All 
dimensions are in mm. The insert shows the details of the 
"sawtooth".profiling.l 
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R mean 
r 

E 
0 

2 E cos ex 
(1 - cos/2 0) + cos/2 0 - tiiex sin/2 0. 

The last term (which contains the largest aberration term) vanishes for 

0 = TI//:2 = 127° 17'. A solution correct to second order in (which also 

holds at 0 = 127° 17') can be calculated as we1112 

2E 
0 

E 

2 
(1 + 4ex ) - 1. 

3 

The design parameters used in the present study are shown in 

Figure 2. The me~n radius is 35.0 mm with a spacing between electrodes 

of 10.0 mm. The slit dimensions are 0.3 mm wide by 4.0 mm high. The 

expected energy resolution of the system can now be easily calculated: 9 

6E 
E 

0 

68 
R mean 

6E is the full width at half maximum (FWHM) of the energy distribution 

and 68 is the slit width. ex and S refer to the se~iangular apertures in 

the plane and perpendicular to the plane of deflection, respeciively 

(-3°). Thus the resolving power of each 127° cylindrical sector is 

only 1% at best. 

The sectors were optimized to correct for fringing fields using the 

calculations of Wollnik and Ewald. 13 The entrance and exit slits were 

placed 2.6 mm from either end of the sector. To first order, then, the 

deflection field stays homogeneous until the edges of the sector and 

then becomes negligible. However, when the object and image distances 

are zero (i.e., located at the entrance and exit apertures), then the 

effective deflection angle of the spectrometer is the angle between the 

7 apertures. 

. '. 
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The optimum deflection angle of an electrostatic cylindrical sector 

analyzer is in some question at present. According to the simple theory 

presented earlier, the optimum deflection angle should be 127° 17'. 

However; extensive Monte Carlo electron trajectory calculations by Roy 

10 
and Carette indicate that an angle of approximately 135° is optimum. 

The design of Froitzheim and Ibach is based on a total deflection angle 

of 120°.1 •14 The theoretical work of Roy and Carette also indicates 

that the design angle of the sector (~) is a strong ·function of the 

1 ' 1 f . 'd 10 h 1" . . d d e ectron s ang e o 1nc1 ence: as t e e ectrons are 1nJecte towar 

the outer half of the sector (positive angle of incidence), the total 

deflection angle must be decreased. If the incident electron trajec-

tories are all outside of the mea~ radius (r < R ) , then ~ must be mean 

reduced to 110°. Conversely, if the electron trajectories are inside 

the mean radius (r < R ) , then ~ must be increased to approximately · mean 

145°. In practice neither of these situations can be realized and all 

trajectories must be considered. The calculations of Roy and Carette 

also indicate that the spread in electron energies transm1tted through 

the sector field can be minimized by injecting the incident beam toward 

the outer half of the sector and decreasing the total deflection angle 

from 135°. 7•10 In our system the electrons are injected and extracted 

at an angle a of 3° toward the outer half of the sector (suggested by 

Froitzheim ~ al. 1 ) and the total deflection angle is flxed at 127°. 

Using the fringe field corrections discussed earlier for the placement 

of the entrance and exit slits requires us to cut the sectors at 

~ = 120° (see Fig. 2). Roy and Carette have chosen a similar geometry 

f . 1 . 1 1 . 7 " a ter extens1ve e ectroti traJectory ca cu at1ons. 
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The monochromator, analyzer and filament assembly were fabricated 

from OFHC copper. Although molybdenum is the recommended material for 

electron spectrometer/ (due to its unif<?rm surface potential), OFHC 

copper is relatively easy to machine, has no residual magnetic fields 

and is completely UHV compatible. The slits were ~de from 0.15 mm 

thick tantalum foil. The height of the sectors is not critical and 

40.0 mm was chosen as a convenient value. Top'and bottom plates (fixed 

at the slit potential) are spaced 2.6 mm above and below each sector. 

Both the inner and outer portions of the sectors were cut with a 

"sawtooth" profile to minimize stray electron reflection from the walls 

of the monochromator and analyzer. The dimensions of this corrugation 

are shown in the insert to Figure 2 .. Froitzheim et al. have shown that 

~his small modification can reduce background electron scattering by an 

order of magnitude without affecting resolution. 1 Even with this 

"sawtooth" profiling however, a small, broad peak centered near 800 cm-l 

is observed in many vibrational spectra.' Simple trajectory calculations 

by Froitzheim et al. indicate that this apparent .loss may be caused by 

1 electron r~flection from the outer half of the analyzer sector. Further 

. 15 
collimation can completely remove this spurious background peak. 

The relative energy resolution of each sector is only 1~- 2% and 

therefore we work at low pass energies (-0.5 eV) to reach approximately 

-1 ·. 
10 meV (80 em ) resolution. The electric field at any point inside the 

monochromator with respect to the mean radius, R , can be calculated · mean 
2 9 from the design parameters of the sectors. ' 

E(r) = -6V[~n(r/R )]/[~n(R /R. )] mean out 1n 

6V is the potential difference between the inner and outer halves. Using 

the sector dimensions shown in Figure 2, the potential on the outer 
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cylinder (r 

cylinder (r -

R ) must be -0.464 ~V while the potential on the inner out 

R. ) must be 0.536 ~V. 
~n 

The pass energy of the spectrometer, 

E can also be calculated knowing ~V. 2 ' 9 pass' 

E = ~V/2 ~n(R /R. ). pass out ~n 

In practice the slit potential, V has little to do with the pass slit' 
9 

energy due to the work function change at the entrance slit, ~<l>slit. 

In fact, V 1 .t is generally negative! (see below). s ~ . 

After exiting the monochromator the electrons are accelerated to the 

crystal by lenses Bl and B2. Bl is split in a horizontal plane to de-

fleet the beam vertically. Lack of horizontal deflection of the incident 

electrons is compensated for by translation and/or rot~tion of the sample. 

These lenses were based on the design of Froitzheim
2 

and not optimized 

further. The hinged shield (which allows rotation of the spectrometer) 

.is held at ground potential and therefore the 'crystal is housed in a · 

field free region. The incident beam energy is determined by the poten-

tial difference between the center of the filament (cathode) and ground. 

However, the sample can be biased up to +5 V above and below ground to 

compensate for work function changes upon gas adsorption. Typical beam 

-10 
currents at the sample are between 1 and 5 x 10 amps at an incident 

energy of 5 eV. 

After scattering from the sample, the electrons are collected by 

lenses B3 and B4. In all of the experiments described below the angle 

of incidence was fixed at 70° to the surface normal and electrons were 

collected in the specular direction. The electron beam is retarded once 
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again and focused onto the entrance slit of the analyzer sector. The 

spectrometer is symmetric so that lenses B3 and B4 are identical to 

lenses B2 and Bl, respectively. Bl through B4 and the hinged shield are 

fabricated from OFHC copper. The analyzer and monochromator are iden-

tical cylindrical sectors; thus the actual resolution of the spectro

meter is 1/1:2 of the measured peak widths. 7 

After energy analysis, the electrons are detected by a channeltron 

electron multiplier (Galilee CEM 4028). Post acceleration of the exiting 

electrons into the cone of the channeltron was unnecessary and degraded 

the resolution slightly. The signal is then amplified (Ortec 109 PC 

Preamplifier), shaped (Ortec 471 Spectroscopy Amplifier, Ortec 550 

Single Channel Analyzer) and counted (Ortec 449 Log/Lin Ratemeter) out.;. 

side of the vacuum chamber. Spectra are scanned in an analog mode by 

linearly ramping the voltage on the analyzer slits with a variable speed 

motor driven potentiometer (Irwin Halstrup)(X axis) and plotting the 

output of the ratemeter (Y axis) on a recorder (Hewlett-Packard 7044A). 

· Lenses B3 and B4 could also be scanned at variable rates to insure 

optimum electron focusing. Such scanning was found to be unnecessary 

under most operating conditions, however. 

To. reduce stray electron scattering throughout the spectrometer, 

the filament, all of the lenses and the channeltron are enclosed in 

copper shields. 7 The entire assemblage is held together with precision 

ground alumina rods and spacers thus insuring accurate alignment and 

electrical isolation. All surfaces exposed to the electron beam were 

coated with colloidal graphite (Aquadag) to further reduce electron re-

flection and to alleviate insulator charging problems. Resistive heaters 

(0.5 mm diameter tungsten wire) were installed in both the inner and 
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outer sectors of the monochromator and analyzer to outgas the graphite 
) 

coating. These were run at 30-40 amps (~1000 K) while baking the vacuum 

system. 

Voltages are supplied to each lens and sector through a precision 

voltage divider·network controlled by a single 70 V power supply (Power 

Designs il20S). Lenses B3, B4, the analyzer sector (inner and outer) 

and slits are biased by four separate floating power supplies (RO 105 and 

106) so that they could be individually scanned. All potentiometers are 

Beckman 10 turn, 5 watt Helipots with 0.25% linearity (Model A). Dif-

ference potentials (t:.Al-t:.A3, t:.Bl, t:.B4) are set using dual gang potentio-

meters. Ripple and noise were reduced below 2 mV peak-to-peak by 

placing simple RC low pass filters (T ~ 0.1 sec) on the output of each 

voltage divider.· All connections from the power supplies to the vacuum 

chamber were made using shielded cables. Voltage connections inside the 

vacuum system were made with 0.25 mm diameter Advance wire. This copper-

nickel alloy is relatively easy to spotweld, but retains no residual 

magnetic fields. OFHC copper wire was used for both the filament and 

heater leads. All wires inside the vacuum chamber were insulated using 

flexible borosilicate glass sleeving (Hygrade Thermoflex 1200). 

Reduction of background magnetic fields was also important in the 

d . f h . 7,11 es1gn o t e spectrometer. The fields due to the earth and to the 

ion pumps were reduced by placing a 1.5 mm thick, 29 em diameter ~metal 

can inside the ultra-high vacuum chamber. The shield ran the entire 

length of the chamber and had small holes for access to each port. The 

top arid bottom were capped to reduce field penetration. In addition, 

two layers of O.i mm thick silicon-iron foil were wrapped around the 

chamber ·(external) in the area o.f the spectrometer. The high saturation 
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index and relatively low permeability of this shielding material served 

to prevent the ~metal from saturating. Residual fields were reduced 

below 20 mGauss at the sample position. Three orthogonal 1 m square 

Helmholtz coils placed around the vacuum system were found to be of 

little additional use. The only source of magnetic fields ins1de the 

spectrometer was the filament leads. These were twisted to form a 

non-inductive winding and routed as far away from the sample as possible. 

The electron filament, monochromator and lenses are rotatable so 

that possible angular effects could be studied. This also helped in the 

initial tuning of the system. Rotation was accomplished through the use 

of a linear motion feedthrough driving a rack and gear mount,ed on the 

axis of the spectrometer. Copper-beryllium bushings and 3 nnn diameter 

~apphire ball bearings were used to reduce friction throughout. The 

spectrometer baseplate and rotation mechanism were constructed of type 

.304 stainless steel and thoroughly degaussed before use. As mentioned 

previously, the total scattering angle was fixed at 140° (70~ angle of 

incidence) for all experiments. The sectors, lenses·, rotation mechanism 

and all electrical feedthroughs were mounted on a single 200 nnn OD Con,flat 

flange. A photograph of the completed spectrometer is shown in Figure 3. 

B. The Tuning Procedure 

Tuning up the high resolution ELS spectrometer for optimum perform

ance is a straightforward al'beit tedious task. To minimize discomfort, 

the following procedure has proved very effective. Before beginning 

this scheme, it is important that both the vacuum system and the spectro-

meter be well baked and that the sample be relatively clean and well 

' 
ordered. First the current to the monochromator entrance slit must be 
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Figure 3. Photograph of the high ~esolution electron energy loss 
spectrometer shown schematically in Figure 1 . 
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optimized using the repeller and lenses A1 through A3. Current is 

measured using a Keithley 410 micro-microammeter (~25 pamps). Then the 

current that traverses the monochromator entrance slit and is collected 

at the outer half of the monochromator must be tuned for a maximum (~2 

pamps). This usually requires an extensive readjustment of A1 and A3. 

Difference potentials on all lenses should be kept to a minimum. The 

repeller voltage must always be negative with respect to the cathode 

(filament center). Next, the sample is placed directly in front of the 

hinged shield (see Fig. 1) and the current to the crystal is optimized 

-10 using principally Bl and B2 (~5 x 10 amps). The current at this point. 

should not be extremely sensitive to the potentials placed on these twq 

lenses, however, since both the crystal and the sample holder assembly 

act as electron collectors. The.incident beam energy is.also set at this. 

time. It is important that the sample current go through a maximum as a 

function of filament current (~2.1 amps). This insures that the mono-

chromator is functioning properly. 

The crucial step at this stage is .to position the crystal in the 

center of the spectrometer and rotate it to the proper angle sothat 

lenses B3 and B4 can collect the scattered electrons. This is made 

easier by the center point on the axle of the monochromator rotation 

mechanism. Thus the lateral position (X and Y) of the sample can be 

accurately determined. The crystal can be positioned vertically (z) 

knowing the half-height of the hinged shield (20 min). The rotation angle 

can be calculated fairly .accurately by measuring the sample angle in the 

LEED position and knowing the relative orientation of the high resolution 

ELS spectrometer (-42°). · At this point current to B3 should be easily 

-10 measurable (1-5 x 10 · amps). The current to the analyzer entrance slit 

can then be optimized using principally Bl through B4 and the crystal 
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bias (~1 x 10-lO amps). This will certainly cause a reduction ~n the 

current measured at the sample and may require extensive repositioning 

or biasing of the crystal. (±1 V above or below ground). Once current is 

measured to the analyzer slit, th~ high voltage power supply (Power 

Designs HV-1544) on the channeltron electron multiplier can be turned on 

(+2500 V) and the entire system tuned for maximum signal (approximately 

5 
2 x 10 counts per second in the elastic channel). Again, extensive 

repositioning, biasing and/or retuning may be required. 

Once maximum signal is detected at the channeltron, the spectrometer 

.is optimized for 1) maximum intensity in the inelastic scattering peaks 

and 2) minimum peak widths .. Both of these are extremely sensitive to 

the voltages placed on lenses Bl to B4, to the sample position and to the 

crystal bias. Difference potentials (~Bl and ~B4) are always kept to a 

minimum. The incident beam energy can also be important here due to rapid 

fl t t . · th 1 fl t" · between 1 and 6 ev. 16 •17 uc ua 1ons 1n e samp e re ec 1v1ty Optimi~ 

zation must occur in a cyclical fashion since the potential on any givert 

lens or sector affects the tuning of all lenses and· sectors.· "Tuning . . . 

down" f::he shoulders while maintaining signal in the peak maxima is the 

most effective method of minimizing peak widths and therefore improving 

resolution. This is not. always accomplished by lowering ~E on either the 

monochromator or a~alyzer since the signal decreases as well. Further-

more, as· gases are adsorbed on the sample (and inadvertantly on the 

spectrometer itself), lenses Bl through B4 must be retuned to compensate 

for the work function changes. The crystal bias is extremely important 

in this respect. Typical values of the potentials placed on each lens 

and sector are listed in Table I. All voltages are with respect to the 

cathode (filament center) except where noted. These are only typical 
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Table I. Typical Potentials Applied to the High Resolution Electron 
Energy Loss Spectrometer (All voltages are with respect to the 
filament center unless otherwise noted). 

Filament Current = 2.a1 amps 

Repeller = -a.261 v 

A1 Left 3.659 

A2 Left = 46.a2 

A3 Left a.665 

Monochromator: Slit = .,...a.l28 

Inner Slit = a.l89 

Iauter - Innerl = a.355 

Bl Lower = a.l33 

B2 a.l79 

Beam (Incident Energy) = 4.786 

Crystal Bias = 5.3a7 

· B3 = I.a62 

B4 Lower = a.aa7 

Analyzer: Slit = -a.222 

Inner 

Iauter 

Slit = a.l91 

Innerl = a.356 

Channeltron: Bias = 25ba 

Cage = -4a 

Al Right = 3.679 

A2 Right 41.26 

A3 Right = a. 677 

Outer - Slit = -a.l65 

Bl Upper = -a.ara 

· B4 Upper = -a. a5a 

OUter - Slit = -0.164 
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values and c.an vary tremendously depending on both the surface and the 

adsorbate under study. All potentials are measured with. a Keithley 179 

Digital Multimeter. 

Due to the high gain of the preamplifier, the adjustment of the 

counting electronics is not critical. The spectroscopy amplifier is run 
I 

1
at a gain of 5·to 10 and is primarily used for pulse shaping. A 0.5 sec 

time constant is essential for minimizing clipping at high count rates. 

The single channel analyzer is ~perated in the integral mode (as a dis-

criminator) and is merely used to reduce the counting of stray electrons. 

The ratemeter is run with a 0.03 to 0.3 second time constant depending 

on the count rate, scan speed and signal stability. With these settings, 

the elastic scattering peak from a clean metal surface should contain 

5 between 1 and 2 x 10 counts per second and have a full width at half 

maximum below 9 meV (70 cm-1). Scattering into inelastic channels is 

between 10 and 1000 electrons per second depending on the oscillator 

strength of the excited vibrational mode. The ratemeter time constant· 

on the more sensitive scales is generally increased to 3 to 10 seconds. 

Following this tuning procedure can often lead to a "relative" 

signal maximum and not to the optimum operating conditions for the given 

crystal/adsorbate combination. Sometimes the potential on any given 

lens or sector must be arbitrarily changed and the remainder of the 

voltages retuned in order to reach the "absolute" signal maximum. 
I 

Nevertheless, this section does provide a systematic procedure for 

tuning up the spectrometer which has proved to be very useful in per-

forming the experiments described in Chapters IV through VIII. 

.) 
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C. The Vacuum System 

All experiments were carried out in a stainless steel ultrahigh 

vacuum (UHV) chamber built in two levels. A schematic diagram of the 

system is shown in Figure 4. The upper portion contained the standard 

single crystal surface analySis equipment: a four-grid retarding field 

energy analyzer (Varian) for low-energy electron diffraction and Auger 

electron spectroscopy (with a glanci~g incidence electron gun (Cliff-

tronics)); a quadrupole mass spectrometer (UTI 100 C) for residual gas 

analysis, thermal desorption mass spectrometry and kinetic studies; a 

2 kV argon ion sputtering gun (Physical Electronics Industries) for 

sample cleaning and a nude ionization gauge (Varian) for pressure meas-

urement. For several studies a simple metal evaporation source and 

oscillating quartz crystal microbalance (Inficon XTM) were added to the 

upper level of t~e chamber as well. Their use is discussed in more 

detail in Chapter VII. Adsorbates entered the chamber through a variable 

leak valve connected to a stainless steel gas manifold. The manifold 

could be pumped by either two sorption pumps or by a liquid nitrogen 

-5 
trapped Il,lechanical pump and had a base pressure-below 5 x 10 Torr. 

After sample cleaning, characterization and gas dosing, the crystal 

was lowered into the high resolution electron energy loss spectrometer 

on the second level by an extended travel (250 mm) precision manipulator. 

This level also contains several extra ports in case an X-ray or ultra-

violet source (for X-ray or ultraviolet photoelectron_spectroscopy) is 

required in the future. The samples -could be resistively heated to over 

1500 K (approximately 5 V at 50 amps) or cooled to below 200 K with 

liquid nitrogen. As mentioned prev~ously, the vacuum chamber was lined 

with layers of ~metal and silicon-iron shielding to reduce background 
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Figure 4. Schematic diagram of the complete vacuum system. Sample 
cleaning, characterization and gas dosing occur in the upper 
level, while the vibrational spectroscopy is performed in the 

0 lower level. The base pressure in the system is below 1 x 10-l 
Torr after a 36 hr bakeout at 450 K. 
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magnetic fields. The upper and lower levels were also separated by 

~metal. The base pressure in the system was maintained at 1 x l0-10 Torr 

(after 36 hr, 450 K bakeout) with two sputter ion pumps (Varian 400 £/sec 

and 110 £/sec) and a water cooled titanium sublimation pump. 

This combination of techniques allowed us to determine the structure 

of the adsorbed species while on the metal surface and after desorption 

into the gas phase. Furthermore, molecular rearrangements in the 

adsorbed overlayer as a function ofboth-substrate temperature and back-

ground pressure could be studied. 

The procedures for sample preparation, mounting and cleaning have 

been described in detail elsewhere}8 Briefly, the rhodium single crys-

tal rod (Materials Research Corp., MARZ Grade) was oriented to within 

~2° using X-ray back reflection and 1 mm thick discs were C\.lt by spark 

erosion. After mechanical polishing (final step: slurry of 0.05 ~m 

A~2o3 in water), the samples were spot welded to etched tantalum foil and 

mounted inside the UHV chamber. A small jig and a helium-neon laser 

were used to insure accurate alignment of all samples. The rhodium 

crystals were cleaned by a combination of argon ion bombardment (5 x 10-
5 

Torr Ar, 30 ma emission current, 1000-2000 eV) followed by annealing in 

-7 vacuum (~1100 K) and o2/H2 cycles (5 x 10 Torr, 1100 K) to remove 

carbon, sulfur and boron. 18 

-9 Gas adsorption was studied at pressures between 5 x 10 and 5 x 

10-5 Torr and at temperatures between 210 and 850 K. 'l,'emperatures were 

measured with a digital thermometer (Doric) and a chromel-alumel thermo-

couple spot welded to the top of the sample. Surface structures were 
J 

observed both with increasing exposure and after the gas was pumped away. 

Neither gas exposures nor background pressures were corrected for ioni-

zation gauge sensitivity. 
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In the remainder of this.· thesis we will present several applications 

of high resolution electron energy loss spectroscopy to the character-

ization of molecules adsorbed on rhodium surfaces. It is clear from 

Chapter I that ELS is a very powerful technique for studying the vibra-

tional spectra of chemisorbed molecules, however, no single surface 

sensitive probe alone can yield a complete picture of the structure, 

19 
bonding and reactivity of adsorbed species. Therefore we have de-

signed a vacuum system which allows us to routinely perform a variety 

of complementary experiments on a single sample . 
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Chapter IV. The Chemisorption of Carbon Monox.ide on Rh(lll)l 

A. Background 

The bonding of carbon monoxide to transition metals is one of the 

most extensively_studied chemisorption systems in surface science. 2 ' 3 

The interaction of CO with metal atoms or with clusters of metal atoms 

is also well studied by inorganic chemists. 4- 6 As a result of these 

detailed investigations of CO, comparisons between surfaces and metal 

- 7 8 
cluster carbonyls can now be made. ' The bonding of carbon monoxide 

to _rhodium is of special interest since this metal catalyzes the hydro-

genation of CO in both heterogeneous and homogeneous media. The forma-

~ 9 10 
tion of small hydrocarbons from CO and H2 over supported and unsupported 

rhodium surfaces is well-known. Furthermore, rhodium carbonyls catalyze 

the hydroformylation of olefins and produce ethylene glycol from mixtures 

11 
of hydrogen and CO. Because of the importance of this metal we have 

chosen to explore the vibrational spectrum of CO chemisorbed on a Rh(lll) 

single crystal surface. 

Much effort has gone into understanding the vibrational spectrum of 

carbon monoxide chemisorbed on rhodium} 2 -More than 20 ye_ars ago Yang 

and Garland performed the first infrared studies using highly dispersed 

- B rhodium particles supported on an inert alumina substrate. They pro-

vided convincing evidence for a species of the form Rh(C0) 2 , a gem di

-1 
carbonyl, whose IR spectrum showed a doublet at 2095 and 2027 em The 

-1 - -1 presence of linear (~2060 em ) and bridge bonded (1925 em ) forms were 

also demonstrated. 
- - 12 14-18 

More recent investigations ' agree extremely 

well with these early experiments except that the C-0 vibration of the 

- - ~1 
multiply coordinated species was found to lie near 1860 em in most cases. 
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Supported rhodium cluster carbonyls of known molecular structure have 

also been studied and analogous stretching frequencies in the 1800 to 

-1 19 20 -1 2100 em region were reported. ' Substrate adsorption below 1000 em 

masked all Rh-CO vibrations. Both transmission and reflection IR 

studied employing evaporated rhodium films yield similar results. 12 Due 

to' the high density of rhodium atoms, no species of the form Rh(C0) 2 were 

formed, however. This is expected to be the case on the (111) surface 

as well. -1 
W~ak adsorptions-between 400 and 575 em were seen and are 

indicative of metal-adsorbate stretching and bending vibrations. In-

elastic electron tunneling spectroscopic (IETS) measurements on alumina 

21-23. supported rhodium particles add little new structural information 

' --1 except that peaks in the 400-600 em region have been definitely assigned 

to Rh-CO bending and stretching modes. 
24 Ibach has shown that high 

resolution electron energy loss spectroscopy and IR spectroscopy yield 

analogous information and therefore one would expect similar results from 

the present investigation. Selected vibrational frequencies for the 

chemisorption of carbon monoxide on rhodium are summarized in Table I. 

The structure of CO adsorbed on rhodium surfaces has also been 

studied·by low-energy electron diffraction. The first reported LEED 

exp~riments on the Rh(lll)/CO system were carried out by Grant and Haas 

in 1970. 25 These results have only recently been expanded and systema-

. d 26,27 t1ze . At room temperature CO forms a (1:3x/:3)R30° structure at 

-6 -4 exposures near 0. 5 L (1 1=1 Langmuir = 10 Torr • sec = 1. 33 x 10 

Pascal·sec). At intermediate coverages ·a "split" (2x2) pattern is visible 

and can be explained by double diffraction from a hexagonal overlayer of 

molecular CO. The spot splitting decreases as the overlayer compresses 

into a closest packed configuration and finally a (2x2) LEED pattern is 

visible. Thermal desorption mass spectra yield only molecular CO 
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Table I. Selected Vibrational Frequencies for Carbon Monoxide on Rhodiuma 

Surface Sites 

.0 0 0 0 0 
II' II Ill ~ 1/; 
c c c c c 

/ /1'\ 1\ I \I 
Rh Rh Rh Rh Rh Rh Rh 

Surface Technique 
\IRh-C 
0 

\) \I bridge 
\) _vRh-(C0)

2 Rh-C=O 
·),-fold atop 

Rh(lll)b - ELS 420 1870_ 2070 

Rh/Al 0 17 
2 3 IR 1870 2070 2031,2101 

Rh/SiO )O 
2 IR 1890-1900 2040-2065 ' 1990-2020,2080 

evaporated Transmission 400-575 1852 ;1905 2055 (2111) 

Rh film45 IR 

Rh/Al 0 23 lETS 413,465, 1721c 1942c 1942c 
2 3 600 

Rh (CO) 32 -
2 8 solution, IR 1845,1861 2061,2086 

Rh4 (C0)12 
33 solid, IR 393,423, 1848 2028-2105 

33 488 
Rh6 (C0) 16 solid, IR 413,427, 1770 2016,-2077 

5 

a 
all frequencies in -1 b) this study. em 

c peaks shifted due tQ the geometry of the tunnel junction (see page 110 of text and Ref. 56). 

00 
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26-28 
desorbing from the surface (Ed"' 31 kcal/mole) and show no evidence 

f Co d . . . d 1 h" h d" . 28 or 1ssoc1at1on un er u tra 1g vacuum con 1t1ons. · 

The effects of surface pretre&tment on the chemisorption of CO on 

rhodium have also been considered previously. Early infrared experiments 

showed that hydrogen had little affect on the CO/rhodium vibrational 

13 
spectrum. More recent studies indicate a slight decrease in the gem 

16 29 dicarbonyl (Rh(C0)
2

) species upon hydrogen exposure. , However, no 

evidence for changes in either the LEED patterns or the thermal desc;>rp-

tion spectra of CO adsorbed on Rh(lll) were found after exposing the 

surface to gaseous hydrogen at 300 K.
26 

Infrared studies on o2;co 

co-adsorption show an increase in the concentration of the gem dicarbonyl 

. . 13 14 16 . 
spec1es , , qnd a decrease in the concentration of the bridge bonded 

. 1 . h 1" . 13,16 spec1es re at1ve to t e 1near spec1es. Small shift~ in the C-0 

30 
stretching vibrations to higher frequencies have also been reported. 

The formation of co2 at higher pressures and elevated temperatures has 

. 10 13 31 been seen as well. , , Carbon pretreatment from the thermal decom-

position of acetylene had a marked decreasing effect on the rate of meth

ane formation from CO/H
2 

mixtures over a polycrystalline rhodium foil.
10 

Furthermore, ,CO thermal desorption spectra show a shift of 30 K to lower 

binding energy on these same pretreated surfaces. 

In this study we have combined high resolution ELS with LEED and 

thermal desorption mass spectrometry to present a rather complete picture 

of CO chemisorption on the Rh(lll) single crystal surface above 300 K. 

The vibrational spectra of carbon monoxidJ indicate two distinct binding 

sites (atop and bridged) whose relative populations and vibrational fre-

quencies are a strong function of both substrate temperature and back-
A 

I 

ground pressure (coverage). TDS measurements show the bridge bonded CO 
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to have a lower binding energy to the surface than the species located 

in the atop site, ~and therefore this species can be selectively removed 

from the rhodium crystal. Surface pretreatment also had a marked effect 

on CO adsorption: oxygen and carbon both inhibited carbon monoxide 

chemisorption and weakened the metal-adsorbate bond strength. Hy~rogen 

had no observable effects. Finally, by combining the present data with 

earlier 'IR
17 

and IETs23 studies a consistent set of force constants for 

the two types of chemisorbed ,carbon monoxide can be calculated. 

B. CO Chemisorption on Clean Rh(lll) 

The vibrational spectra of carbon monoxide- chemisorbed on Rh(lll) at 

300 K as a function of gas dosage is sho~ in Figure 1. At very low 

-1 
exposures (less than 0.1 L) only one peak at 1990 em is observed in the 

c::o stretching region and no ordered LEED pattern is found. By comparison 

32 33 with the infrared spectra of relevant organorhodium compounds ' and 

with matrix isolated metal car'bonyls, 34 one can assign this loss to the 

carbon-oxygen stretching vibration of a linearly bonded spec.ies. This 

peak shifts to higher frequency as the coverage is increased. Possible 

causes for this include local field effects, 35 , 36 vibrational coupling,
36 

d . 1 d. 1 . . 37- 39 . 1 d . h 1 1 1po e- 1po e 1nteract1ons or s1mp y a ecrease l.n t e tota meta -

40 
carbon backbonding due to the increased number of adsorbate molecules. 

When a molecule is chemisorbed on a surface it will not only be in-

fluenced by the substrate, but by o.ther neighboring adsorbate molecules 

as well. As the surface coverage increases, the average nearest neighbor 

spacing decreases and the magnitude of adsorbate-adsorbate repulsions 

and/or attractions increases. Calculations of these. local field effects 

-1 can only account for a 10 to 15 em shift in the c::o stretching 
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Figure 1. Vibrational spectra of CO chemisorbed on a clean Rh(lll) 
surface at 300 K as a function of exposure. Note the shift 
in both the 480 ·and 1990 cm-1 losses with increasing coverage. 
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f . h 36 requency, owever. Vibrational coupling between adjacent carbon 

monoxide molecules can also affect the CO vibrational spectrum. If one 

considers two carbon monoxide molecules (or ligands) bonded to a single 

metal atom, then coupling between vibrational modes of the same symmetry 

will certainly occur. However, this coupling will also be present 

36 (albeit not as strong) when CO's are bonded to neighboring metal atoms. 

I 

Such affects have been seen in the infrared spectrum of metal cluster 

-1 carbonyls and can account for shifts up to 30 em , depending on the 

h f h 1 . 36 strengt o t e coup 1ng constant. Dipolar interactions can arise from 

a purely electrodynamic (or th~ough space) coupling between one dipole 

and the oscillating electric field of another. Interactions with "image 

II . · . 38 39 41 
dipoles must also be considered. ' ' These forces are very long 

range, but again can only account for a 10 to 30 cm-l shift in the C::O 

' 38 39 stretching frequency. ' Finally, as .the number of adsorbed molecules 

increases, the competition for the electrons of the surface atoms in-

/ . 
creases so that there is less charge .available to put into each CO 2TI* 

antibonding orbital with the consequence that the carbon-oxygen bond 

becomes stronger and the c::o stretching frequency increases. Currently 

one lacks a complete understanding of the changes of the forces involved 

and the individual effects of each perturbation cannot be completely 

d d f d . 1 1 . 42 d ecouple . Recent in rare stud1es on single crysta p at1num an · 

. . 43 
,copper . surfaces have attempted to sort out these effects, but due to 

the extent of the shift here (see below), a combination of all of these 

mechanisms is most likely present. 

A result of these effects is a decrease in the rhodium-carbon stretch-

ing frequency and possibly a weakening of the metal adsorbate bond. 

Figure 1 clearly shows a shift in the rhodium-carbon stretching vibration 

88 r 

. ~, 



., . 
:• 

f; 
t· 

-1 
for this linearly bonded species from 480 em to lower frequency with 

increasing CO exposure. This is consistent with the weakening of the 

metal-adsorbate bond observed with increasing gas dosage in the CO thermal 

d . f F. 2 44 
esorpt1on spectra o 1gure • Previous studies have also shown a 

similar temperature drop in the TDS peak maximum with increasing carbon 

26 27 
monoxide exposure. ' No other vibrations corresponding to Rh-c=o 

bending modes were observed in the specular direction and by invoking' the 

normal' dipole selection rule (see Chapter II) we conclude that the carbon-

oxygen bond is oriented perpendicular to the surface. 

At larger than 0.4 to 0.5 L CO exposures a small shoulder near 

-1 
1870 em appears (see Fig. 1). Again by comparison with relevant model 

32-34 compounds, we can assign this peak to the carbon-oxygen stretch of 

a bridge bonded species. ' -1 
Unlike the loss near 2000 em , this peak grows 

-1 
at essentially constant frequency, never varying more than +5 em . By 

a CO exposure of 1.0 L the rhodium-carbon stretch has significantly 

broadened. The new low frequency shoulder appearing slightly above 

-1 
400 em corresponds to the metal-carbon stretch for the bridge bonded 

species. This weaker bond to the substrate for the new species can be 

correlated with the low temperature desorption peak appearing at high 

exposures in the thermal desorption spectra of Figure 2. Assuming first 

order desorption kinetics and a pre-exponential factor of 10
13 

sec-l 

the binding energy difference between these two sites is .found to be 

approximately 4 kcal/mole. Again the bridge bonded species is oriented 

perpendicular to the surface since no bending or asymmetric stretching 

modes are observed in the specular direction. 

26 Since Castner, et al. found the (2x2) LEED pattern to room tempera-

ture to be stable only at relatively high gas pressures, we have explored 
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Figure 2. Thermal desorption spectra of CO from an initially clean 
Rh(lll) surface.44 The high temperature peak corresponds to 
the atop sites whil~ the low temperature peak which grqws in 
at larger CO exposures belongs to the bridge bonded species. 
The heating rate is 25 K/sec. 
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-5 the vibrational spectrum of chemisorbed CO up to 1 x 10 Torr. This 

series of spectra is shown in Figure 3. Once again the carbon-oxygen 

stretch for the atop site continues to shift to higher frequency as a 

. -1 
function of coverage and reaches a limiting value of 2060 to 2070 em • 

The rhodium-carbon stretch of the linear species simultaneously de-

creases to 420 cm-l The 1870 em -l loss due to the bridge bonded species . 

remains at a constant frequency with increasing coverage, however. The 

presence of gem dicarbonyl species cannot be ruled out here due to the 

limited resolution of ELS;,but seem unlikely because of the high density 

of metal atoms on the (111) surface12 that would lead to' extreme crowding 

of CO molecules in the dicarbonyl configuration. 

The high coverage values of the c:o stretching frequencies measured 

here are in excellent agreement with most of the earlier infrared studies 

12-20 12 of carbon monoxide adsorption on both supported and unsupported · 
\ 

rhodium samples. The small differences in the reported stretching fre-

quencies may be due to dispersion and support effects. Representative 

infrared and ELS data for the CO-rhodium system are summarized in Table I. 

The chemisorption of carbon monoxide on Rh(lll) is completely re-

versible. As the background.CO in Figure 3 is pumped away the carbon-

oxygen stretching vibration for the bridge bonded species decreases in 

intensity and the metal-carbon and carbon-oxygen·stretching vibrations 

for the atop site shift back into their original positions. The bridge 

bonded species can be selectively removed from the substrate by slowly 

heating the crystal to approximately 360 K in vacuum. This is shown in 

Figure 4a, where we have exposed the Rh(lll) surface to an essentially 

infinite amount of CO (>1000 L) at 300 K and then evacuated the system, 

-1 
As the crystal is slowly heated, the 1870 em peak, due to the more 

weakly bound bridged species, decreases first and. the carbon-oxygen. 
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Figure 3. Vibrational spectra of CO chemisorbed on Rh(lll) at 300 K as 
a function of pressure. 
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Figure 4. Temperature dependence of the CO on Rh(lll) vibrational spectrum; 

a. 

b. 

infinite exposure (>1000 L) to CO; 

-5 spectra run under 1 x 10 Torr CO. 

Note the desorption of the bridge bonded species first, in 
agreement with the TDS spectra of Figure 2. 
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stretch for the atop species shifts to lower frequency. This is entirely 

consistent with the thermal desorption spectra of Figure 2 which show a 

lower binding energy for bridge bonded carbon monoxide. The second series 

of spectra in Figure 4b were obtained in the presence of 1 x 10-5 Torr of 

CO and at much higher temperatures. Once again the multiply coordinated 

species desorbs first. No CO decomposition was detected under any of 

-5 the conditions employed in our experiments (p ~ 1 x 10 Torr CO, 

T::;; 600 K). 28 

The adsorption of CO on Rh(lll) at 300 K produced a series of well 

ordered LEED patterns in excellent agreement with previous studies. 26 , 27 

The (/:3x/:3)R30° LEED pattern observed at a 0.5 L CO exposure probably is 

due to an ordered array of co molecules sitting in atop sites since the 

vibrational spectrum shows only a single peak in the carbon-oxygen 

-1 stretching region at 2010 em (see Fig. 5a). This has now been con-

firmed by a low-energy electron diffraction structure analysis.
46 

At 

intermediate CO exposures we see a compression of this hexagonal overlayer 

-6 until at pressures of -1 x 10 Torr where a closest·packed carbon mono-

xide overlayer has formed. This yields a (2x2) LEED pattern with two 

different CO species per unit cell and a surface coverage of 3/4. A 

real space model for this substrate-overlayer combination is shown·in 

Figure 5b. The ratio of atop to bridge sites is two to one and is in 

reasonable agreement with the intensity ratio found in the vibrational 

spectrum. The relative populations of the two surface species could not 

be accurately measured from the thermal desorption spectra due to the 

asymmetric peak shapes. Relaxation processes occurring in the over-

layer during the desorption process also complicate the determination of 

the coverages of the two types of CO species. Between these two limiting 
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Figure 5. Real space representations of CO chemisorbed on a Rh(lll) 
surface: 

a. (/3xi:3)R30° overlayer structure visible at 
low exposures; 

b. (2x2) structure seen at relatively high background 
pressures. 
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coverages we see a continuous growth of all peaks and a shift in the loss 

above 2000 cm-1 , consistent with the compression of the carbon monoxide 

overlayer. 

47 
Pritchard has shown that by slightly "relaxing" the overlayer 

structure, local site adsorption can be obtained without altering the 

diffraction pattern. Such effects may be taking place on Rh(lll) and 

are consistent with the vibrational spectra. Further evidence for local 

site adsorption can be seen in Table I, where a comparison of the present 

results with earlier IR studies is shown. Linearly bonded carbon mon-

oxide molecules have c=o stretching frequencies between 2000 and 2100 

-1 
em , regardless of the support or the dispersion. Similarly, bridge 

. . -1 
bonded species lie in the 1850-1900 em region. Finally, the recent 

photoemission studies of Braun, et al. on the Rh(lll)/CO chemisorption 

system show no evidence for adsorbate band formation. 48 

C. CO Chemisorption on Pretreated Rh(lll) 

Sexton and Somorjai showed that surface pretreatment had a marked 

effect on the rate of hydrocarbon formation from H2/CO mixtures over 
I 

polycrystalline rhodium foils: 10 oxidation enhanced the methanation 

rate while surface carbon inhibited product formation. We studied the 

·effects of hydrogen, oxygen and carbon on the CO on Rh(lll) vibrational 

spectra in the hope of understanding the. effects of pre-adsorption. H2 

pre-adsorption or post-adsorption on Rh(lll) at 300 K had no significant 

effect on either the CO vibrational spectra or on the CO thermal desorp-

tion spectrum (see Fig. 6b). Furthermore, no room temperature rhodium~ 

hydrogen stretching vibrations ar~ observed, even at H2 exposures up to 

several thousand Langmuirs. Finally, no changes are seen after heating 

the crystal to 600 K in 1 x 10-5 Torr of a 3:1 H2/CO mixture for 30 
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Figure 6. The effects of surface pretreatment on the thermal desorption 
spectrum of CO from Rh(lll): a) clean surface; b) pretreated 
in hydrogen; c) pretreated in o2 ; and d) pretreated with carbon. 
The heating rate is 15 K/sec. . 
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. . 49 
m~nutes. Earlier LEED, 26 TDs26 and IR13 ,l6 , 28 studies on a variety 

of rhodium surfaces also showed no effects at 300 K. 

The effect of preadsorbed oxygen on the carbon monoxide vibration-

al spectrum is shown in Fig. 7. o2 chemisorption on Rh(lll) is disso

ciative at 300 K yielding a single metal-oxygen stretching vibration at 

5'20 '-1 d d d h 1 d . . 26,31,50 em an a secon or er t erma esorpt~on max~mum. This 

peak only remains as a shoulder on the more intense rhodium-carbon 

stretch as the co coverage is increased. The formation of bridge bonded 

carbon monoxide is strongly inhibited in the presence of chemisorbed 

oxygen and the atop sites seem to saturate with CO by an exposure of 

only 1 L. It appears that pre-adsorbed oxygen blocks some of the surface 

sites so that CO cannot adsorb in many of the atop and bridge positions. 

Sirice oxygen is strongly electron withdrawing, the extent of rhodium-

carbon backhanding has decreased and the C-0 stretch has shifted approxi

-1 mately 50 em to higher frequency. The strength of the metal adsorbate 

bond is de_termined by the electron density in both the 5cr and 27r* molec-

ular orbitals of carbon monoxide and should therefore decrease as well. 

Consistent with this is a decrease of at least 30 cm-l in the metal-carbon 

stretch and a lowering of the thermal desorption temperature by approxi-

mately 40 K (see Fig. 6c). The smaller thermal desorption peak area is 

also in agreement with fewer CO molecules on the surface in the presence 

of chemisorbed oxygen. 

7 -1 
At CO pressures near 5 x 10- Torr a small shoulder at 1860 em 

appears and the bridge bonded species begins to form. By 5 x 10-
6 

Torr 

of CO the Rh-O stretch is absent and bridge bonded carbon monoxide is 

definitely present. Furthermore, the metal-carbon and carbon-oxygen 

stretching vibrations have shifted into more "normal" positions (vRh-c= 

-1 -1 
430 em , vC=O = 1860, 2070 em ). Oxygen is soluble in bulk rhodium at· 
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elevated temperatures and therefore may be residing beneath the 

f 26,31,50,51 
sur ace. Alternatively, the chemisorbed oxygen could slowly 

react with CO and desorb from the surface as co
2

. 26 •31 No co
2 

was 

. observed in the thermal desorption spectrum, however. This is not sur-

prising since oxygeri will diffuse into the bulk of the crystal rather 

quickly at ~hese temperatures. Once the near surface region becomes 

oxygen rich, co
2 

will form in measurable quantities. 31 

These results are in qualitative agreement with earlier infrared 

d . 13,16,30 stu :tes: shifts in the. carbon-oxygen stretching vibration to 

higher frequency have been seen and the population of the linearly bonded 

species relative to the bridge bonded species has been reported to in-

crease as well. Similar site changes and energy loss peak shifts have 

been observed in ~0/02 co-adsorption studies on both Ni(l00)
52 

and 

Ru(001). 53 The post-adsorption of oxygen on a CO saturated surface showed 

no effects, This is consistent with the low pressure CO oxidation 

studies carried out over rhodium wires by Campbell and White. 
31 

: Adsorbed 

carbon monoxide strongly inhibited oxygen adsorption and therefore de-

creased the reaction rate. 

The Rh(lll) surface was covered with carbon by decomposing 5 x 10-
7 

Torr of either acetylene or ethylene at 1100 K for 10 minutes and sub

sequent flashing to 1200 K. 26 Pre-adsorbed carbon has a very strong 

inhibiting effect on carbon monoxide chemisorption as shown in Figure 8. 

10 
This is the same effect it had on the methanation rate. The low in-

elastic scattering intensity indicates relatively small CO coverages 

while the broad elastic peak and high background level are indicative 

of poor ordering. Consistent with this is a high background intensity 

in the LEED pattern and a decrease in the CO thermal desorption peak 
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Figure 8. The effects of preadsorbed carbon from the thermal decomposition 
of ethylene on the CO on Rh(lll) vibrational spectrum. 
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area (Fig. 6d). The carbon overlayer is covering most of the crystal 

face so that there are only a few sites open for CO chemisorption. The 

slightly more intense 1890 cm-l peak indicates that chemisorption of 

the linearly bound species is inhibited more than chemisorption of the 

bridge bonded species. 

There is also an electronic interaction between the carbon overlayer 

and the adsorbed carbon monoxide molecules, since the vibrational peaks 

h~ve shifted slightly and the thermal desorption temperature has dropped 

·about 10 K (Fig. 6d). This altering of the metal-CO bond has also been 

observed in CO/hydrocarbon co-adsorption studies on other group VIII 

t 1 54,55 me a s. 

D. Vibrational Analysis of the CO/Rh System 

Infrared spectroscopic studies on supported metal catalysts have an 

inherently high resolutiop., but are limited by support adsorption below 

-1 1000 em . Therefore metal-carbon stretching and bending vibrations are 

obscured. IR studies on either well characterized single crystal sur,... 

faces or evaporated.films are limited, at present, to transitions with 

large,dipole derivatives and_therefore these same vibrations are not 

visible. Also, observation of modes parallel to the. surface is prohibi-

ted by the normal dipole selection rule. High resolution ELS allows one 

to scan the entire infrared region of the spectrum with high sensitivity, 

but is hindered by relatively low resolution and again by the normal di-

pole selection rule~ · Inelastic electr6n ·tunneling spectroscopy has 

neither of these drawbacks. However, peaks in the vibrational spectrum 

1 ., ' 

are sh~fted due to the geometry of the tunnel junction. Here the presence 

of the upper lead electrode inthe Al-Al 2o3-Pb junction broadens and 
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56 
shifts the vibrational frequencies due to an image dipole effect. By 

combining the present ELS results at high CO coverage with earlier IR
17 

and IETs
23 

studies we can now calculate a consistent set of force con-

stants for the Rh/CO system. For the species that gives rise to the 

losses at 420 and 2070 cm-l we assume a linear triatomic molecule of the 
·' 

' 57 
form Rh-C=o and take relevant bond lengths from Rh

6
(C0)

16
• Using a 

valence force model (see Chapter I) one can easily obtain the force 

constants for the Rh-Cand c::o stretching vibrations as well as that for 

the Rh-c=o bending modes. 58 The results of these calculations are shown· 

in Table II. A comparison of the observed and calculated values for the 

13c labeled species is indicative of the accuracy of these calculations. 

We have only determined "effective" force constants here which depend 

, not only on bond strengths, 59 but on image-dipole (electrodynamic
41

) 

forces as well. 

Similar results can be obtained for bridge bonded carbon monoxide. 
0 

Here we assume c2V symmetry for a species· of the form (\ and to a 
Rh/ Rh 

first approximation neglect all bending modes. The results of these 

calculations are displayed in the second half of Table IL The agree,ment 

between the observed and calculated values for the isotopically labeled 

CO is not as good here due to the neglect of all intera~tion force 

constants (see Chapter I). Because of these assumptions, however, we 

can solve for the Rh-C-Rh bond angle and thus determine the rhodium-carbon 

bond length. This angle is calculated to be 88° and if we assume a Rh-Rh 
0 60 nearest neighbor distance of 2.69 A, we find a Rh-C bond length of 

0 

1.93 A. This is in good agreement with both LEED studies for CO bridge 

bonded to Pd(l00) 61 and with the X-ray structure of several organometal

lic rhodium clusters. 62 The agreement here is surprising in light of the 

simplicity of the calculations. 
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Species 

linear 

0 
Ill 
c 
I 

Rh 

bridged 

0 
II 
c 

/\ 
Rh Rh 

a by 

b by 

c by 

d not 

. . ' . 
-

Table II. CO on Rhodium, Vibrational Analysis 

Mode 12co 
(observed) Force Constants 

a 420 KRh-C 2.40 rnd/A vRh-CO 

' b 0 2 0 . 469 - Ks 0.607 rnd A/rad Rh-c:::o 

c 0 

vc:::o 2070 Kc:o 16.5 rnd/A 

a· (symmetric) 420 ~h2>C 
2.38 rnd/A v Rh2 >0 

vRh
2
b>CO(asyrnrnetric) 605 

c 0 

VC=O 1870 K 13.3 rnd/ A C=O 

ELS, this study 

IETS23 

IR17 

a resolvable shift by ELS 

" ' ' . 

13co· .. 
(observed) 

d 

454 

2024 

d 

589 

1832 

13co . 
(calculated) 

415 

455 

2021 

414 

584 

1826 

/ 



E. Correlation Between Surface Structure and c:o Vibrational Frequency 

The accepted picture of carbon monoxide bonding to metals is by elec-

tron transfer from the Sa orbital of CO to the metallic d orbitals and by 

backbonding of the metallic electrons into the empty 21r* orbital of the 

12 
adsorbate. This scheme has been used by both surface scientists and 

inorganic chemists to explain the infrared spectra of chemisorbed carbon 

monoxide and of metal carbonyls. Since the electron density in the CO 

antibonding orbital is increased, the ca~bon-oxygen stretching frequency 

-1 should decrease below the gas phase value of 2143 em • Furthermore, as 

the CO is bound to an increasing number of metal atoms this frequency 

should drop even further as shown in the IR spectra of model organometal-

12 
lie compounds of known molecular structure. 

It is generally assumed that species with c:o stretching frequencies 

-1 
above 2000 em correspond to linearly bonded CO, frequencies between 

-1 . 
about 1850 and 2000 em belong to bridge bonded species and those below 

approximately 1850 cm-l are for face bridging or three-fold coordination. 12 

Although, the validity of this rule has not been well tested on single 

crystal surfaces,. some preliminary data to support these divisions has 

been obtained (see Table III). This correlation of the structure of 

carbon monoxide (determined by low-energy electron diffraction) with the 

c:o stretching frequency (from both IR and high resolution ELS studies) 

is very limited at present. Clearly more work needs to be done before 

any simple interpretation of carbon-oxygen vibrational frequencies can 

be used to infer the structure of chemisorbed CO. One must also recall 

that the presence of other either electron donating or withdrawing sub-

stituenis on the surface can alter the CO electron density and will 

. 54 55 
certainly shift the observed stretching frequenc1es. ' 
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Table III. Correlation of Structure and.Vibrational Frequency 
for CO Chemisorbed on Transition Metal Surfaces 

' 

Over layer Position Vibrational_1 Surface Structure from LEED Freguenc~ (em ) 

Ni(lOO) c(2x2) atop 63,64 206965 

Cu(lOO) c(2x2) 
64 

2079
43

•
66 

2089
67 

atop 
' ' 

Rh(lll) (/3x/3)R30° atop 
46,69 20201 

Pd(lOO) c (4x2)R45° bridge 61 194970 , 190361 
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Finally, LEED, TDS and UPS studies on the interaction of carbon 

monoxi~e with the-hexagonally closest packed faces of the group VIII 

metals show numerous similarities. This is not true of the vibrational' 

spectroscopic data. These results are summarized in Table IV. CO almost 

~ ~ 26 27 71-79 always forms a (v3xv3)R30° surface structure at low coverages. ' ' 

This LEED pattern compresses through a number of intermediate steps into 

a hexagonal closest packed overlayer of carbon monoxide molecules. This 

' is the case despite varying electronic configurations and different metal-

! d
. 60 meta 1.stances. The metal-adsorbate bond energies derived from TDS 

measurements vary by only ±3 kcal/mole on the surfaces where no CO de

composition is detected~6-28 ' 7l, 73 , 74 , 76 , 78- 8° Furthermore, the 

binding energy difference between the 4cr and Sa carbon monoxide molecular 

orbitals, ll(4cr-5cr), varies by only ±0.3 ev. 48 ' 77 , 81- 85 The vibrational 

spectra show tremendous differences, however. Both nicke1
88 

and palla

dium70 form multiply coordinatep carbonyl species at low CO exposures 

and the atop species are only seen at high coverage. The CO chemisorption 

behavior on Rh(lll) 1 and Pt(lll) 89- 91 are the opposite: here the atop 

sites populate first and predominate .at low CO exposures. Bridge bonded 

species begin to form at intermediate coverages. ·Ruthenium is totally 

different: only a single carbon-oxyg~n stretching vibration is present 

53 86 87 at all coverages. ' ' The reasons for these differences in the nature 

of CO bonding to the various transition metal surfaces will have to be 

explored further in the future. 

F. Summary 

By combining the present ELS and TDS studies with previous LEED 

. 26 27 exper1ments ' we can now present a fairly complete picture of CO 
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Nearest 60 

Surface neighbor 
distance 

eX> 

Fe(lll) · 2.48 

Ru(OOOl) 2.65 

Co(OOOl) 2.50 

Rh(lll) 2.69 

Ir(lll) 2. 71 

Ni(lll) 2.49 

Pd(lll) 2.75 

Pt(lll) 2. 77 

,, 
' . 

Table IV. Chemisorption of CO on the Group VIII Metals 

Vibrational Spectra -1 (ern ) 

LEED Ed(kcal/rnole) t.(4a-5a) vM=C vc=o 

(lxl) (Z!) 71 
24 71 3.281 

decomposed 

( fixfi)R30° 72 ' 73 
2873 3.182 445 198453,86,87 

( 2v'3x2/3) R30 o 

(5/3x5/3)R30° 2080,2061 

( fixi3).R30° 74 
2574 

hexagonal 

(/3x/3)R30 0 26,27 
3126-28 3.248 

480 1990 
18701 split (2x2) 

(2x2) 420 2070 

(/3xfi)R30° 75 

29.5
80 2.783 ( 2fix213) R30 ° 

split (2/3x2fi) 

(/3xfi)R30° 76 ' 77 
2676 2.877 400 1810 

c(4x2) 
205088 (/fxfi)Rl9.2~ .· '1910 

(/3xfi)R30° 78 1823 
c(4x2) 30.178 3.384 
split (2x2) 

2092 70 (2x2) 1946 

(/3x/3)R30° 79 
2879 3.085 

476 2089 
185689-91 c(4x2) 380 

hexagonal .1872 
1-' 
1-' 
V1 



chemisorption on Rh(lll). At very low exposures a single speci~s is 

-1. present on the surface located in an atop site (vRh-CO = 480 em , 

-1 
vc=o = 1990 em ). As the coverage increases, the bonding to the surface 

becomes weaker (vRh-C decreases, vc=o increases, TDS peak maximum shifts 

. . . 26-28 
to lower temperatures). This process .continues until an approxi-

mately 0.5 L exposure where a (/:3x/:3)R30° LEED pattern is seen and all 

of the adsorbed CO molecules are linearly bounded to individual rhodium 

atoms (Fig. Sa). Above this coverage a second c=o stretching vibration 

correspondins to a bridge bonded species is observed (vRh-CO"' 400 em -l, 

-1 
vC=O = 1870 em ). A "split" (2x2) LEED pattern is seen indicating a 

loosely packed hexagonal overlayer of adsorbate molecules. This over-

layer structure compresses upon further CO exposure. Throughout this 

intermediate coverage regime there is a mixed layer of atop and bridge 

bonded CO species and we see a continuous growth of all ELS peaks and a 

shift in the loss above 2000 cm-l Two peaks are also visible in the TDS 

spectra with the br-idge bonded carbon monoxide having an approximately 

4 kcal/mole lower binding energy to the surface than the species located 

in the atop site. Finally, by a background pressure of approximately 

1 x 10-
6 

Torr CO at 300 K, a (2x2) LEED pattern forms whose unit cell 

consists of three carbon monoxide molecules--two atop and one bridged 

(Fig. 5b), in reasonable agreement with the two-to-one peak intensity 

ratio found in the ELS spectra (Fig. 3). The high coverage values of the 

c=o stretching frequencies for the two types of chemisorbed carbon mon-

oxide (vb 'd = 1870 r1 ge 
-1 

em v = 2070 ,cm-1 ) also agree with previous 
atop 

infrared studies (see Table I). 
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The pre-adsorption of hydrogen had no effect on CO chemisorption 

on Rh(lll) as evidenced by both TDS and high resolution ELS. Oxygen 

and carbon blocked many sites for CO chemisorption and weakened the 

metal-adsorbate interaction (vRh-C decreases, vC:::O increases, TDS peak 

maximum shifts to lower temperatu~e). 
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CHAPTER V. The Dissociative Chemisorption of 

Carbon Dioxide on Rhodium Surfaces1 

A. Background· 

There is much uncertainty in the literature concerning the nature 

of carbon dioxide chemisorption on rhodium surfaces. Rec~~t results from 

our laboratory which show the dissociation of 
•t 

co2 (g) to GOads and Oads on 
2 3 several single crystal ' and polycrystalline 4 samples do not agree with 

those of others indicating the absence of chemisorption for carbon 

d . "d 5-8 
l.OXl. e. In order to obtain additibnal proof of co2 dissociation on 

rhodium surfaces we have applied high resolution electron. energy loss 

spectroscopy and thermal desorption mass spectrometry to a study of 12co . 2 
. 13 and- co2 chemisorption on the Rh(lll) single crystal surface. The com-

bination of these two techniques al~ows one to determine the nature of 

the adsorbed species while on the metal surface and after desorption into 

the gas phase. We present convincing evidence for the dissociative chemi-

sorption of carbon dioxide to COd and.O d at 300 K. The difficulty in 
a s . a s 

detecting co2 dissociation upon adsorption is due to the iow sticking 

. . 2-8. 
probability of the molecule on rhodium and t·o the rapid back reaction 

GOads + Oads ~ co2 (g) at elevated temperatures in the presence of excess 

2 3 7 8 chemisorbed oxygen. ' ' ' 

Early infrared studies employing alumina supported rhodium.samples 

showed no evidence for co2 chemisorption--either molecular or dissoci

ative.5 Similarly, volumetric uptake measurements on evaporated rhodium 
. 6 

films indicate that very little co2 chemisorption is taking place. 

t ads denotes an adsorbed species. 
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Simple calculations of heats of adsorption for dissociatively chemisorbed 

co2 yield values between 10 and 29 kcal/mole, implying only weak chemi-· 

6 9 
sorption, if any. ' Kinetic studies on polycrystalline rhodium wires 

by Campbell and White also show no co2 adsorption at 330 K. 7 A small CO 

peak was observed in the thermal desorp~ion spectrum, but it was ~ttrib-

uted to chemisorption from the ambient. More recently, Primet found no 

evidence for carbon dioxide chemisorption on zeolite supported rliodium 

catalysts at 300 K using infrared spectroscopy. 8 Samples on an alumina 

support under identical conditions, however, showed bands at 1860 and 

-1 
2025 em This was interpreted in terms of a very low coverage of 

carbon monoxide derived from dissociatively chemisorbed co
2

. Finally, 

he found .that preadsorbed oxygen inhibited the-dissociation of carbon 

dioxide at 300 K. . 

Low energy electron diffraction studies on rhodium single crystal 

surfaces provided the first evidence for co
2 

chemisorption. Grant and 

Haas observed a "rather complex" diffraction pattern after exposing an 

initially clean Rh(lll) surface to 60 L of co
2

• 
10 

Castner, Sexton and 

Somorjai showed that CO and co
2 gave an identical series of LEED patterns 

and thermal desorption spectra on both the (111) and (100) rhodium 

2 
surfaces. The only difference noted between the two adsorbates was that 

co2 required an approximately five-fold higher exposure to achieve the 

same surface structures. They interpreted these findings in terms of 

carbon dioxide dissociation into adsorbed CO and oxygen. Further studies 

124 

on stepped rhodium surfaces are in full agreement with this interpretation. 3 

Recent catalytic experiments on rhodium foils indicate that co2 does 

4 
indeed dissociatively chemisorb and is extremely reactive toward hydrogen. 
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B; Experimental Results 

To clarify the nature of carbon dioxide adsorption on rhodium we 
I 

12 have studied the chemisorption of both · co
2 

13 
and co2 (Merck Isotopes, 

90.5% purity) on the (111) single crystal surface of rhodiUm by high 

resolution electron energy loss spectroscopy and thermal desorption mass 

spectrometry. Figure 1 shows a series of high resolution ELS spectra of 

12co2 chemisorbed on Rh(lll) at 300 K as a function of gas exposure and 

background pressure. The vibrational spectra are almost identical to 

those shown in Chapter IV, Figures 1 and 3. The only major difference 

(in agreement with previous studies2 •3) is that an approximately ten-fold 

higher exposure of carbon dioxide is required to form the same surface 

species. This clearly indicates the dissociative chemisorption of carbon 

dioxide. For the case of molecular co
2 

adsorption one would expect 

-1 
several extra peaks in the 800-1600 em region. Such stretching vibra-

tions hav~ been seen for two distinct types of carbon dioxide bonding in 

11 rhodium - co
2 

coordination complexes, but are clearly not visible here, 

even at high scale expansions. One can assign all of the observed losses 

12 13 by comparison with several rhodium· carbonyls, ' with matrix isolation 

experiments, 14 and with previous infrared studies on supported rhodium 

5 8 15 -1 catalysts; ' ' 430 em 
-1 

vRh-C' 1870 em VC=O (multiply coordinated 

' -1 
site) and 2060 em : vc=o (atop site). The details of these assignments 

are presented in Chapter IV and Reference 16. 

The lower portion of Figure 2 shows a comparison between· the high 

resolution ELS spectra of 12co and 12co chemisorbed on Rh(lll) at 5 x 
2 

-7 10 Torr background pressure and 300 K. The position of the carbon~ 

oxygen stretch at 2060 cm-l is a strong function of coverage (see Chapter 

IV) and is therefore not well suited for isotopic studies. The peak at 
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Figure 1. 12 High resolution ELS spectra of co2 chemisorbed on Rh(lll) 

at 300 K as a function of gas exposure and background pres

sure. Note the similarity between these spectra and those 

shown in Figures 1 and 3 of Chapter IV. 
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Figure 2. 
. . 12 12 

High re$olution ELS spectra of chem1sorbed CO, co2 and 
13co on Rh(lll) at 300 K under approximately 5 x 10-7 Torr 

2 
background pressure. Note the absence of extra peaks for. 

carbon dioxide chemisorption. The frequency shifts are 

summarized in Table I. 
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-1 
1870 em grows in at constant frequency, however, and is ideal for 

labeling experiments. Relatively high pressures of 12co, 12co and 13co 
2 2 

were applied in order to insure adequate population of this site. It is 

13 
clear from the co

2 
chemisorption spectrum in 

13co2 9issociatively che~isorbs on Rh(lll) and 

the top of Figure 2 that 

13 
forms CO d . This 

a s 

result eliminates the possibility that CO d is produced by the chemi-. a s 

sorption of background CO in the vacuum system. Gas chromatographic 

analysis of 
12co2 and 

13co2 showed CO impurities below 12 parts per 

million in both cases. The calculated shifts of the vibrational fre-

. quen.cies presented in Table I agree quite w_ell with the predicted values, 

despite the limited resolution of ELS. They are also in excellent agree-

ment with the shifts observed in the recent infrared results of Yates, 

et al., for 
12co and 13co chemisorbed on alumina supported rhodium 

. 1 15 partl.c es. Several researchers have shown that adsorbed oxygen has 
l 

1 11 ff h. c-o h' 'b . 5,8,16,17 , d .h on y a sma e ect on t e = stretc J.ng Vl. ratJ.on an t ere-

fore one would not expect large shifts here. Further studies have shown 

. -1 
that the weak Rh-O stretch from adsorbed oxygen at 520 em · is probably 

hidden beneath the vRh-C p~ak (see Chapter IV and Reference 16). Oxygen 

is soluble in bulk rhodium at elevated temperatures and therefore may be 

'd' b h h f 2,3,18,19 resl. 1ng eneat t e sur ace.: Evidence for the mobility of 

oxygen in rhodium at temperatures below 300 K has also been reported 

18 
recently. 

The. ;rns spectra of cheniisorb~d CO and co
2 

are also quite similar 

( F . 3) · · h · d' 2 ' 3 13co · · ld 1 see 1g. l.n agreement Wl.t prevJ.ous stu J.es. 2 y1e s on y 

13co, as expected. Again, an approximately five- to ten-fold higher. 

exposure is required for the adsorption of carbon dioxide. No molecular 

co2 (either m/e = 44 or 45) was observed desorbing from the surface and 
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Table I. Isotopic Frequency Shifts for co2 Chemisorption on Rhodium a 

Mode .Observed on Rh(lll)b Calculatedc Observed .on Supported Rhodium 

12co 
2 

13co 2 
13co 12co 13co 

vRh-C . 430 420 423 

vC=O(multiply 
coordinated) 1870 1820 1828. . 1870 1832 

vc::o(atop) 2060 2010 2014 2070 . 2024 

a All frequencies in cm-l 

b Ob d 1 d ibl to +7 cm-l serve va ues are repro uc e 

c ~ ~ v* = (-;) v, where ~ is the reduced mass for the vibrational mode of interest and 
~ 

* refers to the labeled species. 

15 



f. r 

·Figure 3. Thermal desorption spectra for 12 co, 12co2 and 13co2 chemi

sorbed on Rh(lll). The heating rate was approximately 

20 K/sec. CO (m/e = 28 or 29) was the only species detected 

desorbing from the surface. 

· .. 

132 



Tads 'V 31 OK 
":. 

-(/) -c: 
::::J 

>. 
'-
c 
'--..c 
'-
.9 
Q) 

'-
•:J 
(/) 
(/) 
Q) 
'-a.. 

-c -'-c 
a.. 
0 
u 

300 400 
--- -

500 
Temperature (K) 

I L=I0-6 Torr.sec 

2 L 
13co 2 

(m/e =29) 

2 L 12co2 
(m/e = 28) 

----0.2L 
12co 

(m/e = 28} 

600 700 

XBL 793-5972 

133. 



this is consistent with the solubility of oxygen in bulk rhodium samples. 

2,3,18,19 These labeling studies provide clear evidence that background 

adsorption is not causing the observed LEED, ELS or TDS features. 

C. Discussion 

The question still remains: Why was it difficult to detect the 

dissociative chemisorption of carbon dioxide on rhodium in other experi-

ments? It appears that relatively high gas exposures are necessary to 

detect any chemisorption due to the low sticking probability of co2 • 

Also, CO readily reacts with, and is easily removed by, exce~s chemi

. 2 3 7 8 
sorbed oxygen, even at 320 K. ' '·' Thus, if the rhodium surface is 

partially oxygen covered, the low sticking probability and the high rate 

of the association _~eaction, COads + Oads ~~o2 (g)' will yield the 

apparent result that co2 does not adsorb. 

Finally, the dissociation of carbon dioxide (C02 (~) ~ COads + Oads) 

can only occur if the heat of adsorption of oxygen (~H d (02)) on , a s 

rhodium is quite large. Consider the following scheme: 

co2 (g) 
. 20 

~ c + 0 ~H = 94.05 kcal/mole (s) · 2(g) 

C (s) + !202 (g) ~ co(g) -26.42
20 

co (g) ~ co d 
-312,3,7,16,21 

a s 

k<O 
2 2 (g) ~ 0 ads 

~~H .· (0 ) . 
ads 2 

co
2 

(g) ~ co d + 0 d ~H = 36.6 - ~~H d (02) kcal/mole 
a s a s · a s 

Thus, thermodynamics requires the oxygen heat of adsorption to be ~73 

kcal/mole in order for carbon dioxide to dissociatively chemisorb . 

. ~Hads (02) is a strong function of the surface oxygen cov·erage, 
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h 2,3,7,18,19 owever. This is clearly shown in Figure 4. According to 

the work of Thiel et al., 40% of a monolayer of oxygen must be present 

on the Rh(lll) surface before any o2 desorption (m/e = 32) is measured 

18 with a mass spectrometer. Using this as the zero of oxygen coverage 

yields a value for ~Hads(02 ) of only 57 kcal/mole. Extrapolation to the 

true zero oxygen coverage yields a value of 117 kcal/mole (see Fig. 4). 

We expect the heat of adsorption of oxygen in our experiments to lie 

somewhere in between these two limiting values. Experiments on evapor

ated rhodium films yield values as high as J-20 kcal/mole, 22 however. As 

the near surface region of the sample becomes saturated with oxygen, 

~Hads(02 ) will decrease and carbon dioxide will no longer dissociate into 

COads and Oads· It is clear that. C02 chemisorption will only occur when 

the surface oxygen concentration is quite low. Thus, the ability of 

oxygen to penetrate the rhodium lattice may be partly responsible for 

the observed dissociative chemisorption of carbon dioxide on rhodium sur-

faces. 

D. "Surface Oxide" Formation on Rh(lll) 

Castner and Somorjai were able to identify four distinct states in 

the interaction of oxygen with rhodium surfaces: chemisorbed oxygen 

atoms, dissolution of oxygen into the rhodium lattice, formation of an 

unreactive surface oxide ("strongly bound oxygen") and epitaxial growth 

19 of Rh2o
3

. The non-reactive surface oxide and dissolved oxygen probably 

h h 1 
. . 19 aye t e most cata yt1c 1mportance. However, all of these different 

forms can inhibit carbon dioxide chemisorption by lowering ~Hads(b2 ). 

Figure 5 shows a comparison between the high resolution ELS spectra of 

oxygen chemisorbed on Rh(lll) at 300 K (lower trace) and after heating 
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Figure 4. ·The heat of adsorption of oxygen on Rh(lll) is a strong function 

of the surface oxygen concentration (as determined by Auger 

electron spectroscopy). 18 Extrapolation to zero coverage yields 

values between 57 and 117 kcal/mole, depending on the method 

used. The experimental data is from Reference 18. 
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-7 . 
the sample in 5 x 10 Torr of o

2 
at liOO K for 10 minutes (upper trace). 

-1 The 520 em peak visible in both spectra is due to the dissociative 

chemisorption of oxygen16 and similar bands have now been seen on other 

faces of rhodium. 23 LEED structural analyses of o2 chemisorption on 

Ni(lll) indicate that oxygen always resides in a three-fold hollow site 

24 and is dissuciatively adsorbed. This should be the case on the (111) 

25 faces of other group VIII metals and is consistent with the relatively 

low value of the rhodium-oxygen stretching frequency meas.ured here. 

-1 26 
Comparable bands have been seen on both Ni(lll) (vNi-O = 580 em ) 

. . -1 27 
and Ru(OOl). (vRu-O = 516-596 em ). . o2 TDS spectra from Rh(lll) dis-

play second order desorption kinetics, in agreement with the dissociative 

3 18 adsorption of oxygen. ' The ELS spectre\ indicate that this peak grows 

in at constant frequency with increasing gas exposure. Furthermore, 

both its position and width are independent of surface order (as deter-

mined by observation or the LEED pattern). 

The conditions to'observe the 1410 cm-l peak (Fig. 5, upper.trace) 

are similar to those used by Castner and Somorjai to form the unreactive 

f . d 19 h h h f h. d . 11 k sur ace ox1. e, owever, t e c aracter o t 1.s mo e 1.s not we - nown. 
. -1 . 

This peak is 400 em above typical M-0 stretching frequencies .iri 'dia-

. 28 1. . 29-31 d b lk31 1 "d tom1.c, po yatom1.c an u meta ox1. es. This band is quite 

close to the gas phase stretching frequency of dioxygen (1555 cm-
1
), 31 

but is significantly higher than the characteristic 0-0 stretching vibra-

31 . 
tions in o

2
-transition metal coordination complexes. Furthermore, one 

would not expect such a species to be stable on the rhodium surface at 

these temperatures. ·Associatively adsorbed o2 has been seen on Pt(lll), 

32 but only at temperatures below 150 K. The activation energy for dis-

sociation of the 0=0 bond is only 7 kcal/mole on this surface. Backx has 
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Figure 5. The lower trace shows the high resolution ELS spectra of 

oxygen chemisorbed on Rh(lll) at 300 K and the. upper trace 

shows the same surface after heating the sample to 1100 K 
-7 in 5 x 10 Torr of o2 for 10 min. The broad band centered 

-1 . 
near 800 em may be caused by stray electron reflection 

from the outer half of the analyzer (see Chapter III and 

Reference 39). 
'· 
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-1 seen a similar broad, intense peak near 1500 em on platinum after a 

33 comparable oxygen treatment. Platinum is also known to form an unreac-

tive surface oxide and this phase is important in catalysis as we11. 34 •35 

Recent low energy helium ion scattering experiments from pretreated 

Pt(lll) have shown this oxygen to be residing below the top layer of 

36 metal atoms. This may be the case on Rh(lll) as well. Metal cluster 

analogs for this type of bonding (polyoxo anions) have been known for 

37 many years now. Octahedrally coordinated oxygen·atoms have been 

particularly well studied, although this structure is generally associ-

d . h h 1 . . 1 37 ate w1t t e ear y trans1t1on meta s. However, both infrared and 

Raman spectra show no bands above approximately 1000 cm-l for this type 

. 29 30 of spec1es. ' There is one report of a metal-oxygen stretching vibra-

-1 38 tion at 1337 c~ in several vanadyl porphine complexes, but more recent 

publications have brought this assignment into question. 29 The character 

of this mode still remains in doubt. 
-1 

The small peak near 800 em may be 

caused by stray electron scattering from the outer half of the analyzer 

sector (see Chapter III and Ref. 39)~ 

-1 A similar peak near 1430 em has also been seen during several co 2 

. chemisorption and/or pretreatment experiments although this feature 

could not be reproduced at will. In all cases this peak was quite broad 

and its intensity varied tremendously depending on the oxidation condi-

tions. Once formed, however, this mode was quite stable and required 

high temperature annealing (>1100 K) in vacuum to remove. Further 

exploration of the nature of this unreactive surface oxide and particu-

larly its effect on chemisorption and catalysis over the group VIII 

metals should prove to be very interesting. 
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CHAPTER VI. Evidence for an Oxygen Intermediate in the Catalytic 
Reduction of NO by CO on Rhodium Surfacesl 

A. Introduction 

The desire for clean air has stimulated both legislation and re-

search on the reduction of nitrogen oxides (NO ) in fossil fuel combus
x 

tion exhaust. Recent interest has focused on the catalytic reduction 

·of NO to N
2 

by carbon monoxide in automobile exhaust. A promising 

1 f h . . . h d. . 2,3 cata yst or t 1s react1on 1s r o 1um. The mechanism of nitric oxide 

reduction over Rh has been illuminated in several recent publications. 

Campbell and White used thermal desorption mass spectrometry (TDS}, 

-surface titration and steady-state reaction kinetics to study the .chemi-

sorption and reactivity of nitric oxide on a polycrystalline rhodium 

wire at temperatures between 330 and 950 K and at pressures below 2 x 

10-
8 Torr. 4 They concluded that the mechanism must involve NO dis-

sociation and a subsequent reaction of CO with the atomic oxygen inter-

mediates remaining on the surface. No direct evidence for this surface 

oxygen species was presented, however. 

U 1 d 5 A . d T . 6 d 1 S 1 . d S' k' 7 
· n an , ra1 an om1naga an more recent y o ymos1 an ar any 

applied infrared spectroscopy to a study of NO and CO chemisorption on 

alumina supported rhodium particles. In addition to observing stretching 

vibrations for numerous molecular NO and CO species between 300 and 670 K 

arid at pressures up to 150 Torr, they found an absorption band which they 

associated with a surface isocyanate (NCO) complex. There now is evi-

dence for a migration of this isocyanate species from the rhodium parti,-

144 

. . 7,8 
cles to the support. Finally, Iizuka and Lunsford studied the reduction 

of nitric oxide by carbon monoxide to form N
2

0 and C0
2 

over rhodium~Y 

1 . 9 Th d zeo 1tes. . ey propose I + a [Rh (C0)-
2

NO] complex as a reaction inter-

mediate based on infrared spectroscopic evidence. The spectral range of 

-. 



-1 all of these studies did not extend to the region below 1000 em where 

vibrations from surface N and 0 atoms from dissociated nitric oxide would 

be expected. Thus these studies neither supported nor contradicted the 

previous evidence for the presence of a surface oxygen intermediate. 

An adsorbed oxygen species from NO dissociation has been observed 

on the surface of other transition metals. Thomas and Weinberg and 

Lehwald et al. reported such a species on both the Ru(001) 10 and Ni(111) 11 

single crystal surfaces using high resolution electron energy loss 

spectroscopy (ELS). Zhdan et al. observed a similar species on the 

Ir(lll) surface with both X-ray and ultraviolet photoelectron spectros-

12,13 Th h f f . copy. ese aut ors argue convincingly or a sur ace oxygen 1nter-

mediate in the reduction of NO by CO over iridium catalysts. 

In this chapter we report on studies of the molecular chemisorption 

and subsequent dissociation of nitric oxide on a Rh(331) single crystal 

surface. Here we combine high resolution ELS and Auger electron spec~ 

troscopy (AES) to determine the structure and chemical composition of the 

adsorbed species with TDS and kinetic studies to monitor the reaction 

products after desorption into the gas phase. These new high resolution 

ELS and AES measurements on a single crystal rhodium surface complement 

2-7 9 the previous studies ' to present a complete picture of a mechanism 

involving a surface oxygen intermediate under our reaction conditions. 

B. The Molecular Chemisorption of NO. on Rh(331) 

The lowest trace of Figure 1 shows the high resolution ELS spectrum 

from the adsorption of 1 L of NO on the initially clean Rh(331) single 

crystal surface at 300 K. Using the stepped surface notation of Lang, 

14 . 
et al. this crystal plane can be viewed as a Rh(S)-[3(111) x (111)] 

,. 
surface. The three atom wide (111) terraces are uniformly spaced by 
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Figure 1. Nitric oxide molecularly adsorbs on the Rh(331) single 

crystal surface at 300 K as shown by the presence of N=O 

stretching vibrations "(1704, 1815 cm-1) in the bottom high 

resolution ELS spectrum. This species dissociates by 450 K 

as indicated by the absence of the N=O stretching vibrat.ions 
-1 . in the middle spectrum. The 520 em peak in this spectrum 

is similar to that obtained from the adsorption of o2 gas 

at 300 K (top spectrum). 
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monatomic height steps also of (111) orientation. A real space drawing 

of this surface is presented in Reference 15. The strong band above 

1700 cm-l is typical of a N=O stretching vibration for molecularly 

d b d . . 'd 16 a sor e n1tr1c ox1 e. By comparison with the infrared spectra of 

model nitrosyl compounds of known molecular structure, we can ·assign the 

1704 cin-l loss to a terminally bonded NO species. 20- 22 The Rh-N=O bond 

is most likely bent,
18

'
20

- 22 but the exact angle cannot be determined 

here. Using a similar analysis, the small shoulder at 1815 cm-l can be 

assigned to a linear nitrosyl species. 

' 

-1 
The weak band at 403 em is 

characteristic of a metal-nitrogen bending mode for an associatively 

. 17 18 adsorbed spec1es. ' This is in agreement with the observation of a 

bent nitropyl. The normal dipole selection rule (see Chapter II) would 

not allow the observation of such a mode if the adsorbate was bonded 

perpendicular to the surface. The metal-nitrogen stretching vibration 

148 

-1 18 23 
from such a species is expected to be 100-20~ em lower in frequency. ' 

--
The results of detailed infrared studies on numerous nitrosyl compounds 

have been reviewed recently by Pirug, et a1.
18 

They conclude that the 

experimental data on both the halogen nitrosyls and transition metal 

nitrosyls provide evidence for well separated M-N=O bending and stretch-

ing frequencies with the latter always lower than the former. 

Based on the coordination chemistry of metal nitrosyls, one can 

postulate a large num~er of nitric oxide bonding geometries on rhodium 

surfaces. These.include linear, bent and bridge bonded NO, as well as 

formation of NO+ and NO species. 20 , 23 • 24 Infrared studies have identi-

5-7 
fied a variety of these species on alumina supported rhodium catalysts. . 

Characteristic N=O stretching frequencies have been tabulated by Arai and 

Tominaga. 6 We have now observed the formation of at least five different 
I 
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NO species on the Rh(lll) su:rface using high resolution .ELs. 19 · Each 

species is stable on the surface over a small temperature and coverage 

range. Because of the "relative simplicity" of the NO vibrational 

spectrum on the (331) plane of rhodium we have decided to pursue our 

catalytic studies on this surface. The reasons for the differences in 

the nature of NO bonding to the various crystal faces of rhodium is a 

promising area for future research. 

The conclusions of this chapter do not, however, hinge on a detailed 

assignment of the observed energy loss peaks. The point we wish to make 

here is that nitric oxide molecularly chemisorbs on the Rh(331) surface 

at 300 K. 

Both the relative intensities and the positions of the energy loss 

peaks in the lower trace of Figure 1 were found to be essentially inde-

pendent of gas exposure (from 0.1 to 10 L). The integrated intensity of 

the ELS peaks does increase with increasing gas dosage, however. 

Absolute nitric oxide coverages were not determined. 

C. The Dissociation of NO on Rh(331) 

As the rhodium substrate is heated above 450 K' the molecular NO 

vibrational bands in the lower trace of Figure 1 disappear and .a single 

-1 peak near 520 em ~ppears (Fig. 1, middle trace). The disappearance of 

-1 
the high frequency mode and the simultaneous appearance of the 520 em 

band clearly indicates the dissociation of nitric oxide. Furthermore, 

at least one of the dissociation products must remain on the surface. 

The upper trace in Figure 1 shows the vibrational spectrum from the ad-

sorption of 1 L of o2 on the Rh(331) surface at room temperature. A 

. 1 b d 520 -l d . . di . . 1 h . b ·d 15 . s1ng e an at em ue to ssoc1at1ve y c em1so.r e oxygen 1s 
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visible. 
. ~1 

This .suggests that the 520 Gm band produced from NO disso-

ciation is due to surface oxygen. The absence of a second peak is not 

necessarily evidence for nitrogen desorption since it is thought that 

the M-N stretch from dissociated NO should be weak. 10 •11 This peak 

could be hidden beneath the relatively intense rhodium-oxygen stretch~ 11 

We could not detect either the molecular or the dis$ociative chemi-

sorption of dinitrogen on the Rh(331) single crys·tal surface at 300 K 

. 4 
at N2 exposures up to 10 L. Mimeault and Hansen found that dinitrogen 

' could adsorb on a polycrystalline rhodium wire upon activation with a 

h f .1 25 ot tungsten 1 ament. This has also been reported recently by 

Campbell and White. 4 Due to the long distance (-15 em) and the relative-

ly low temperature of our thoriated-iridium mass spectrometer and ion 

gauge filaments, we were unable to detect any activated nitrogen adsorp~ 

4 
tion, even at N2 exposures greater than 10 L. Thus we could not measure 

the atomic nitrogen:vibrational spectrum. However, the absence of sur-

face nitrogen in the middle vibrational spectrum of Figure 1 can be 

confirmed by thermal desorption mass spectrometry and by Auger electron 

spectroscopy. 

Figure 2 displays TDS spectra for N2 and o2 desorption· from the 

Rh(331) single crystal after exposing the surfaceto 1 L of NO. Note 

that if NO is adsorbed at ro.om temperature the nitrogen desorbs as 

N
2 

(m/ e = 28) below 500 K (Fig. 2b) while the oxygen desorbs as 02 (m/ e = 32) 

(Fig. 2a) only at much higher temperatures. Figure 2a also shows that 

o
2

. desorption is sim'ilar whether the rhodium surface is· exposed to 

gaseous nitric oxide or to oxygen .. The NO (m/e= 30) TDS spectrum showed 

only one peak near 460 K. N
2

0 (m/e = 44) desorption from this surface 

15 has also been reported. Similar thermal desorption results have been 

obtained previously both by Campbell and White on polycrystalline rhodium 
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Figure 2. a) o2 desorption . (m/ e = 32) from the adsorption of 1 L of 

either o2 (lower trace) or NO (upper trace) on the Rh(331) 

single cryst.al surface at 300 K. (b) N2 desorption (m/e = 
28) from the adsorption of 1 L of NO at either 300 K (lower 

trace) or 700 K (upper trace). The small peak at 325 K is 

presumably due to nitrogen desorption from the crystal sup

port wires. The heating rate was 40 K/sec. 
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wire
4 

and by Castner and Somorjai on stepped rhodium single crystal 

f 
15 d . NO h i . d sur aces ur1ng . c em sorpt1on stu ies. Finally, note that if NO 

is adsorbed on the rhodium surface at 700 K (a typical reaction tempera-

ture for an automobile catalytic converter) and th,e crystal cooled to 

300 K; subsequent flashing yields negligible nitrogen desorption from 

the surface (Fig. 2b). This i~ consistent with the relatively low 

temperature found for N2 desorption from adsorbed NO. 

The absente of surface nitrogen is also confirmed by Auger electron 

spectroscopy (see Fig. 3). The chemisorption of 1 L of NO on the Rh(331) 

single crystal surface at 300 K (lower trace) results in both nitrogen 

. 26 
and oxygen present on the surface. · This is consistent with the 

molecular chemisorption of nitric oxide indicated by the vibrational 

spectra in Figure 1. Chemisorption of 1 L of NO at 700 K results in only 

oxygen present on the surface (upper trace). Both the TDS and AES re

-1 
sults lead us to conclude that the peak at 520 em in the middle trace 

of Figure 1 is due solely to adsorbed oxygen. 

Thus at a typical operating temperature for a catalytic converter 

(700 K) the adsorption of NO results in the liberati~n ~f N2 gas and in 

the formation of a stable surface oxygen species. Vibrational spectra 

recorded after flashing the crystal to successively higher temperatures 

indicate that the metal-oxygen stretch is visible until above 850 K. 

D. The Chemisorption of CO on Rh(J31) 

Much effort has gone into understanding the vibrational spectrum of 

carbon monoxide chemisorbed on rhodium. A review of previous work is 

presented in Chapter IV and will not be repeated here. The lowest trace 

of Figure 4 shows the high resolution ELS spectrum from the adsorption of 
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Figure 3. The Auger spectrum of NO chemisorbed on the initially clean 

Rh(331) single crystal surface shows both nitrogen and oxygen 

peaks when adsorbed at 300 K, but only oxygen transitions 

when adsorbed at 700 K. The fine structure between the 

primary peaks is irreproducible and presumably due to noise. 
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0.1 L of CO on the initially clean Rh(331) single crystal surface at 

300 K. Only two losses at 430 and 2060 cm-l are visible. The broad 

peak (dashed line) centered near 800 cm-l is most likely due to electron 

reflection from the outer half of the analyzer. The causes of this peak 

d . d . d "1 b F . h . 1 27 
are ascusse an etaa y roatz earn, et ~· By comparison with the 

infrared spectra of model organometallic compounds of known molecular 

-1 structure we can assign the 2060 em loss to the carbon-oxygen stretching 

. 28 29 . -1 
vibration of a linearly bonded CO specaes. ' The 430 em loss is 

156 

. 30 31 the rhodium-carbon stretc.hirig and/or bending· vibration for this specaes. ' 

ELS spectra of CO chemisorbed on the (111) plane of rhodium also show the 

presence of linearly bonded carbonyl species.
28 

Molecular CO desorbs 

from both of these surfaces with first order kinetics and with an acti-

. . 15 28 32 
vataon energy of 31 kcal/mole. ' ' This activation energy decreases 

. h . . b h f 11. 15,28,32 wat ancreasang coverage on . ot sur aces as we . Therefore, 

we conclude that at low CO exposures carbon monoxide is molecularly ad-

sorbed on the Rh(331) single crystal surface and is linearly bonded to 

a single rhodium atom on the (111) terraces. 

The middle trace of Figure 4 shows that by a 0.2 L CO exposure a 

. -1 
third energy loss peak at 1930 em is observed. A detaiied assignment 

of this mode is difficult at present. Linearly bonded rhodium carbonyls 

(Rh-CO) have c=o stretching frequencies near 2060 cm-l while bridge 

bonded species (Rh2>CO) have C=O stretching frequencies at 1870 cm-
1

.
28

,
29 

. 29 33 
However, both Pearce . and Yang and Garland observed a similar mode 

~ 

-1 ·-
(1925 ern ) in,the infrared spectra of CO chernisorbed on either silica or 

alumina supported rhodium particles. These authors found that the inten-

sity of the mode decreased as the sample reduction temperature increased 

29 33 and the particle sizes became larger. ' Both groups assigned this 

peak. to a bridge bonded species. Pearce suggested that sintering removes 

) 



Figure 4. Carbon monoxide molecularly ad,sorbs on the Rh(331) single 

crystal surface at 300 K. At a 0.1 L exposure (lower trace) 

CO is linearly bonded to single rhodium atoms on the (111) 

terraces ~vc:O = 2060 crn-1). The 430 crn-:-l loss is the ·Rh-CO 

stretching and/or bending vibration for this species. The 
-1 . . 

broad band centered near. 800 ern (dashed line) may be caused 

by electron reflection from the outer half of the analyzer 
27 (see text). Above a 0.2 L CO exposure (middle trace) 

carbon monoxide molecules bonded to rhodium step atoms are 
-1 

formed (vc:o = 1930 ern ). The room temperature spectra do 

not change up to a 20 L CO exposure (upper trace). 
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29 the high-index planes on which this bridged species adsorbs. In agree-

-1 ment with this, we have only observed the 1930 em mode on the stepped 

28 Rh(331) surface and not on the flat Rh(lll) surface. This species may 

be located alohg the step edges or at least be associated with the step 

atoms. The results of recent low-energy electron diffraction (LEED), 

thermal desorption mass spectrometry and Auger electron spectroscopy 

d . 1 1 d h' 1 . 15 
stu 1es a so ea us to t 1s cone us1on. 

Castner and Somorjai showed that the chemisorption of carbon monoxide 

on the Rh(331) surface formed a series of well-ordered LEED patterns at 

300 K. 15 A hexagonal overlayer of carbon monoxide molecules is seen at 

159 

all coverages. A proposed mechanism for the transformation between ordered 

structures is by compression of the hexagonal layer parallel to the step 

15 edge. This would require that the ratio of occupied terrace sites to 

occupied step sites remain approximately constant over the entire coverage 

range. This is precisely what we see in the vibrational spectra: the 

' . -1 -1 
intensity ratio of the 2060 em loss to the 1930 em loss does not 

significantly change with increasing CO exposure (up to at least 20 L of 

CO (Fig. 4, top)). Furthermore, this intensity ratio (~2.5:1) is in 

reasonable agreement with the ratio of the number of exposed rhodium 

terrace atoms to step atoms (~2.3:1). 

Recent TDS and AES studies indicate that carbon monoxide can dis-

15 34 
sociate on both stepped single crystal ((331), (755)) ' . and poly-

35 28 32 36 
crystalline rhodium samples, but not on the Rh(lll) surface ' ' ·. 

at elevated temperatures under ultrahigh vacuum conditions. Recall that 

we only see the 1930 cm-l mode on the stepped Rh(331) surface and not on 

the flat Rh(lll) surface. This peak completely disappears upon flashing 

a CO saturated surface to 450 K in vacuum. This is well below the tempera-

ture for carbon monoxide desorption from the low index terraces of the 



1 15,28,32 crysta . (The TDS peak maximum occurs at ~sso K, depending on 

initial surface coverage and heating rate.) Erley, et al. have shown that 

low frequency c=o stretching vibrations on nickel surfaces can be asso

ciated w~th the chemisorption of carbon monoxide at step sites. 37 These 

species also can be dissociated by heating the sample to 430 K in cacuum. 

-1 
All of these studies are consistent with the assignment of the 1930 em 

mode to the c=o stretching vibration of a carbon monoxide molecule 

chemisorbed along or near the step edge. 

Again, the conclusions of this chapter do not hinge on a detailed 

1assignment of the obser-Ved energy loss peaks sirice high resolution ELS 

.and TDS studies indicate that neither the linear nor the 'step' CO species 

· is present on the. surf ace at 700 K under ultrahigh vacuum conditions. 

The important point here is that carbon monoxide molecularly chemisorbs 

on the Rh(331) single crystal surface at 300 K. Step sites may play an 

important role in the catalytic chemistry of rhodium surfaces at elevated 

h 
. 34 temperatures owever. 

E. The Interaction of CO with Molecular NO 

The coadsorption of NO and CO on the Rh(331) surface at 300 K yield 

vibrational spectra that are essentially the sum of Figures 1 and 4. 

The frequencies of the N=O and c=o stretching vibrations are shifted 

downward slightly when compared to the values measured in Figures 1 and 4. 

Small peak shifts have also been seen in the ELS spectra of NO and CO 

. . . . 38 
coadsorbed on the (001) face of ruthenium. No energy loss peaks cor-

responding to new surface species are observed. Specifically, the 

characteristic stretching vibrations of surface NCO and Rh(CO)(NO) are 

5-7 not seen. Such species are reported to form on supported rhodium 
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catalysts, but only at elevated temperatures and pressures. 5- 7 High re-

solution ELS studies indicate that the sequential adsorption of NO and 
. . . 

CO (either NO followed by CO or the reverse) at 300 K did not yield any 

new surface species either. It is interesting to note that the NO 

saturated Rh(331) surface inhibited all CO adsorption while the bent 

nitrosyl species could still find a few open sites on the CO saturated 

surface. This bent NO species could also form on an oxygen pretreated 

rhodium surface. Reference 4 contains an extensive discussion of TDS and 

low pressure kinetiC: studies on the NO+ CO system. 

F. The Reaction of CO with Di~sociated NO 

Carbon monoxide readily reacts with the oxygen remaining on the sur-

face after NO dissociation. Figure 5 shows-what happens to the Rh-O 

stretching vibration as CO is added to either dissociatively chemisorbed 

o2 (a) or NO (b) at 700 K. Note that in both cases the intensity of the 

520 cm-l loss is measurably decreased by a 1 L CO exposure and has dis-

appeared into the noise by a 5 L CO exposure. Surface oxygen produced 

during o2 chemisorption is more easily removed than surface oxygen form,ed 

as a result of the dissociation of NO. This is a reproducible effect 

that will be discussed in more detail below. 

We carried out a kinetic study to determine which gases are produced 

when CO reacts with surface oxygen. In Figure 6 the rhodium substrate 

was first heated to 700 K and then dosed with either 1 L of o2 (lower 

trace) or NO (upper trace) to produce a surface oxygen species. The 

reaction products were monitored with a mass spectrometer located approxi

mately 15 em from the crystal as 4 x 10-B Torr of CO was admitted to the 

vacuum chamber at t=O. As one might expect, carbon dioxide (m/e = 44) was 

the primary product. co
2 

was produced until the CO exposure was of order 
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Figure 5. The·520 cm-l peak in the high resolution ELS spectra of 

either o
2 

.(a) or NO (b) adsorbed on the Rh(331) single 

crystal surface at 700.K decreases rapidly upon exposure 

. to· gas phase carbon monoxide .. 
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5 L (2 min. -8 at 4 x 10 Torr). This observation correlates with the high 

resolution electron energy loss results of Figure 5 which showed that 

the surface oxygen disappeared by a 5 L CO exposure. 

There is evidence that CO reacts with adsorbed oxygen directly from 

the gas phase (an Eley-Rideal mechanism) as well as after being adsorbed 

on the surface (a Langmuir-Hinshelwood mechanism) • Campbell, et al. 

studied the reaction between adsorbed oxygen and carbon monoxide over 

1 11 . . h d" . 39,40 po ycrysta 1ne r b 1um w1res. They concluded that the formation 

of carbon dioxide proceeded by both Langmuir-Hinshelwood and Eley-Rideal 

kinetics, depending on substrate temperature and gas pressure. They also 

found both mechanisms to be operative in their recent investigation of 
-< 

the catalytic reduction of NO by CO over polycryst~lline rhodium w.ires.
4 

The dashe.d lines in Figure 6 represent the background reactivit'y of 

both the rho~ium single crystal surface and the mass spectrometer fila-:-· 

ments without preclosing the sample with either o2 or NO. The initial· 

spike in all of these traces is caused by reactions taking place on 

either the edges of the rhodium crystal or on the sample support wires. 

Due to our resistive heating methods both of these areas are warmer 

than the front surface of the crystal. 

G. The Reaction Mechanism 

From the above we conclude that under our experimental conditions 

the reaction of NO and CO to form N2 and co2 proceeds by the following 

two consecutive steps: 

(1) 2NO(g) + NZ(g) + 20(ads) 

(2) 20(ads) + 2CO + 2COZ(g). 
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Figure 6. Gaseous co2 production on the Rh(331) surface at 700 K after 

predosing the crystal with 1 L of either o2 (lower trace) or 

NO (uppe~ trace). 4 x 10-8 Torr of CO is admitted to the 

.. vacuum chamber at t = 0 and co
2 

production is. monitored by 

mass spectroscopy (m/e = 44). The dotted curves show the 

background co2 liberation if the surface was not pre-exposed 

to either NO or o2 before CO admission . 
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In the present study we have sequentially reacted nitric oxide and carbon 

monoxide over the Rh(331) surface to form gaseous dinitrogen and carbon 

dioxide. This reaction can he run continuously by heating our rhodium 

crystal to 700 K in 5 x 10-7 Torr of a 1:1 NO:CO mixture. Unfortunately, 

due to the rapid reaction of these gases on the mass spectrometer fila-

ments, we could not perform meaningful kinetic studies with the present 

apparatus. 

An interesting feature of the data is that surface oxygen from NO 

167 

desorbs at a slightly higher temperature (Fig. 2a, Refs. 4 and 15) than the 

surface oxygen from dissociated NO. The 60 K shift in the o
2 

peak 

temperature cannot be accounted for by different surface oxygen concen-

trations since the integrated areas of the two desorption peaks in 

Figure 2a agree to within 5%. Surface oxygen from NO als'o reacts some- . 

what less readily with CO (Figs. 5 and 6) than the surface oxygen from 

. dissociated o
2

• Though we do not understand these effects, they are con

sistent with recent kinetic studies on supported rhodium catalysts under 

simulated reaction conditions.
2 

Specifically, the rate of conversion of 

NO to N2 and co2 by the reaction with CO is less than the rate of con-

. f b CO d d i 1 ' 1 d' . 2 I vers1on o o2 to co2 y un er i ent ca · exper1menta con 1t1ons. n 

contrast, on iridium, the rate of reaction of NO with CO is higher than 

that of o2 •2 Further research into the mechanism of this reaction selec

tivity might be both scientifically interesting and technologically 

important . 

· H. Suminary 

The following evidence for a surface oxygen intermediate in the 

reaction 2NO(g) + 2CO(g) ~ N2 (g) + co2 (g) was presented: 



a) NO dissociates on the Rh(331) single crystal surface below 

450 K, well below typical catalytic converter reaction 

temperatures of 600-800 K (Fig. 1). 

b) The nitrogen from dissociated NO desorbs as N2 bedow 500 K 

(Fig. 2). 

c) The oxygen from dissociated NO is stable on the surface at 

typical reaction temperatures in vacuum (Figs. 2, 3 and 5). 

d) The oxygen from dissociated NO is readily removed by CO under 

-
our experimental conditions (Fig. 5). 

e) The reaction of CO with the surface oxygen produces gaseous co
2 

(Fig. 6) •. 

The reaction mechanism may now be expressed as 2NO(g) + NZ(g) + 

20(ads) and· 20(~ds) + 2CO + 2COZ(g)· Key to this mechanism is the iden

tification of the 520.cm-l peak as surface oxygen in the high resolution 

electron energy loss spectrum resulting from the dissociation of adsorbed 

NO "{Fig. 1, middle trace; Figs.5 and 6). This identification is supported 

by: 

a) The presence of a similar 520 cm-l peak from the adsorption of 

Oz (Fig. 1). 

· b) Thermal desorption traces indicating that nitrogen from dissoci-

ated NO desorbs at a temperature below temperatures at which 

this peak is stable (Fig. 2). 

c) AES results showing only oxygen and the clean rhodium surface 

-1 features when the 520 em peak is present (Fig. 3) and 

d) 
-1 

Kinetic studies indicating that the 520 em peak from dissociated 

NO was removed with similar (but'not identical) kinetics to that 

from adsorbed o2 (Figs~ 5 and 6). 
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Although there can be little doubt that this reaction mechanism 

operates in high vacuum,·it is not clear that it is the predominant 

mechanism on rhodium catalysts under automobile exhaust operating 

conditions. Furthermore, we cannot rule out a number of the possible 

mechanisms proposed .by other authors. However, recent studies on 

Pt/Si0
2 

catalysts under hi~h pressure reducing conditions found kinetics 

and produce -selectivities in good agreement with a mechanism based' 

upon the dissociation of NO a~ the rate limiting step.
8 
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CHAPTER VII. The Application of High Resolution Electron Energy Loss 
Spectroscopy to the Study of Model Supported Metal Catalysts! 

A. Introduction 

·The characterization of molecules adsorbed on supported metal 

catalysts is of key importance for gaining a fundamental understanding 

of the mechanisms- of catalysis. Vibrational spectroscopy has been, and 

will continue to be, one of the most important tools for this character

ization.2 To date, infrared spectroscopy has been the most widely used 

3 4 
technique. ' Its key advantage is that it can be applied to real 

catalysts under conditions similar to those used in the chemical tech-

- - -1 
nology with very high resolution (<1 em ). _However, due to light ad-

- -1 sorption by the oxide.support below ~1200 em low frequency vibrational 

modes, which are essential in structural determination, are completely 

5-7 8 -
masked. More recently, Raman spectroscopy and inelastic electron 

tunneling spectroscopy have been used to obtain the vibrational spectra 

9-11 of molecules.adsor.bed-on model supported catalysts. These spectre-

scopic techniques can extend the spectral range over which a catalyst can 

' 
be studied, but both present problems of their own including fluorescence 

~ • ' 8 
and sample heating in the case of Ramanspectroscopy and uncertainty due 

to the top metal electrode in the case of tunneling spectroscopy. 12 

Nevertheless, the problem of characterizing adsorbed molecules on sur-

faces is sufficiently complex that any vibrational spectroscopy that can 

yield new information or information fi:·om a different perspective will 

be useful. In this sense these spectroscopies complement one another. 

In this chapter we report the first application of high resolution 

electron energy loss spectroscopy to the study of molecules adsorbed on 

model supported metal catalysts. Most ELS experiments to date have 
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employed well-characterized single crystal substrates under ultrahigh 

d . . 13 vacuum con 1t1ons. High resolution ELS has been successful in these 

-1 studies due to its broad spectral range (400-4000 em ) and high surface 

13 sensitivity (0.001 monolayer for strong scatterers ). 

We have now extended our previous ELS experiments on single crystal 

rhodium surfaces14 , 15 to include studies of the chemisorption of carbon 

mono~ide on model rhodium on alumina catalysts. Good quality vibrational 

spectra were obtained from CO adsorbed on small rhodium particles vapor 

deposited on an oxidized aluminum substrate. We employed the same 

catalyst preparation procedure that proved successful in inelastic elec-

. 1" i . i 10 tron tunne 1ng nvest1gat ons. The ELS results can be favorably 

compared with the vibrational spectra of adsorbed carbon monoxide 

. 16-18 10 obtained by 1nfrared and inelastic electron tunneling spectroscopy 

on similar rhodium on alumina model catalysts. 

B. Sample Preparation 

Figure 1 shows a cross sectional view of our model supported metal 

catalysts. They were formed by: 

0 

1. evaporating from 200 to.2000 A average thickness of Al from an 

aluminum wire on a stranded tungsten filament onto a clean·metal substrate 

in the upper level of the vacuum chamber (see Chapter III, Fig. 4). The 
0 

metal deposition rate was approximately 10 A/sec. In ou.r studies a Pt (111) 

single crystal was used as the metal substrate, although the results should 

be independent of the substrate material. The evaporated aluminum layer 

is polycrystalline with grain sizes on the order of microns.
9 

Metal de-

position was monitored using an oscillating quartz crystal microbalance. 



Figure 1. Cross-sectional view of the model supported meta~ catalyst. 

If a small quantity of rhodium is evaporated onto oxidized 

aluminum it agglomerates into small particles. For an average 
0 0 

thickness of 4 A the rhodium particles are 20 to 30 A in 

diameter. 10 The oxidized aluminum substrate is 10 to 15 A 
. 19 20 thick and is s~imilar to. y-alum1na. ' 
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2. oxidizingthis aluminum in oxygen or air at exposures ranging 

6 
from 1000 L to greater than 10 L at temperatures between 300 and 480 K. 

Aluminum oxidized in this manner has been shown to resemble y-alumina in 

. 19 20 
both its physical and catalytic propert1es. ' The oxide layer is 

typically 10 A thick;
21 •22 and its morphology is not known. 

0 

3. evaporating from 1 to 20 A average thickness of Rh from a rhodium 

-5 . 
wire wrapped around a stranded tungsten filament in 1 x 10 Torr of CO. 

0 

The metal deposition rate was approximately 0.25 A/sec. Rhodium evapor-

l 
ated in this manner has been shown to agglomerate into small, highly 

10 
dispersed particles on the alumina support. Kroeker, et_al. using the 

same type of rhodium sources, source to substrate distances and oxidized . ' . 

aluminum substrates found with transmission electron microscopy that 

0 0 h' k 10 typical Rh'-··particle diameters were 20-30 A for a 4 A average t 1c ness. 

These particles are similar in both size and distribution to those formed 

from the reduction of transition metal salts on alumina to prepare com-

mercial catalysts. 

After fabrication, the\sample was lowered ;into the high resolution 

electron energy loss spectrometer. The incident energy was fixed at 

approximately 5 eV. The elastic scattering peak had a full width at half 

-1 4 maximum (FWHM) between 80 and 100 em and a maximum intensity of 1 x 10 

counts per second. Preparing samples by first evaporating rhodium in 

vacuum and then exposing the dispersed metal particles to carbon monoxide 

caused a decline in both the scattering intensity and in the resolution 

of the vibrational spectra. Similar observations have been reported 

. . 1 . 1 1. . 23 h th us1ng 1ne as.t1c e ec tron tunne 1ng spectroscopy; owever, e reasons 

for these findings are not understood at present. 
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C. Experimental Results 

Figure 2 shows Auger spectra of the oxidized aluminum used as a 

substrate for our model supported metal catalysts (upper trace), the 
r 

substrate plus evaporated rhodium particles (middle trace), and a single 

crystal surface of rhodium (lower trace). Note in the Auger spectrum of 

the oxidized aluminum substrate that there are only peaks corresponding 

24 to the aluminum in an oxidized state and to oxygen. This Auger spec-

trum is independent of oxidation conditions over the range studied. After 

the evaporation of the rhodium particles in 1 x 10-5 Torr of carbon mon-

25 oxide the characteristic rhodium Auger peaks can be clearly seen. All-

peaks in the spectrtim can be accounted for as due to oxidized.aluminum, 

to rhodium metal or to carbon monoxide adsorbed on.the metal surface. 

In particular, there are no observable peaks due to the possible evapora

tion of tungsten from the filament sources (100-200 eV).
26 

We also 

studied the evaporation of iron and platinum from tungsten filaments and 

find no trace of tungsten in the deposited particles. 

The lower trace in Figure 3 is the high resolution electron energy 

loss spectrum of the oxidized aluminum substrates. ·The most prominent 

feature in this spectrum can be assigned to the aluminum oxide phonons. 

-1 
It is a broad band centered just below 900 em and asynnnetric to lower 

energies~ This relatively intense alumina phonon band is similar in both 

position and shape to the peak found by inelastic electron tunneling 

6 20 spectroscopy. ' It is independent of the oxidation conditions over" 

the range studied. A relatively broad, weak band between 3500 and 3600 

-1 -
em corresponding to the 0-H stretching mode of surface hydroxyl groups 

is generally seen in both the infrared3 and inelastic electron tunneling 

19 20 spectra ' of y-alumina. Due to the rather low intensity of this band 
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Figure 2. The top trace shows the Auger electron spectrum of the 

-oxidized aluminum support material. Only aluminum in an 
24 

oxidized state and oxygen peaks are present. The middle 
0 

trace shows the spectrum after 4 A average thickness of 
-5 

rhodium has been evaporated in the presence of 1 x 10 Torr 

of carbon monoxide. Both the oxygen and aluminum peaks from 

the support material ·are attenuated and there are new peaks 

178 

due to rhodium and carbon. The bottom trace shows the .Auger 

electron spectrum from a clean single crystal surface of rhodium. 
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• 
Figure 3. The high resolution ELS spectrum for the aluminum oxide 

support is shown in the lowest trace. The broad band, asym
-1 . metric to lower wavenumbers and centered around 860 em 1s 

10 20 
the aluminum oxide phonon band. ' The upper two traces 

show the ELS spectra for two different amounts of rhodium 
-5 evaporated onto the alumina support in 1 x 10 Torr of CO 

0 0 

(4 A and 20 A average Rh thicknesses). The assignment of 

the observed. losses is discussed in the next section. 
J 
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and to the decreased sensitivi~y of our spectrometer at these relatively 

high energies, this mode is not resolved here. The broad, weak feature 

centered above 3000 cm-l is not reproducible and may possibly be due to 

hydrocarbon impurities. 

The middle and upper traces of Figure 3 show the vibrational spectra 

of CO chemisorbed on the highly dispersed rhodium particles supported on 

0 

the·oxidized aluminum. We car,ried out experiments on 1, 2, 4, 5 and 20 A 

average thicknesses of evaporated rhodium. Representative spectra for 

. 0 

carbon monoxide chemisorbed on 4 and 20 A average rhodium thicknesses are 

shown here. These spectra have'a smaller expansion scale than the alumina 
' ., 

spectrum (xlO as compared to x50) and this represents a relatively large 

ratio of inelastic electron scattering to elastic· electron scattering. 

Furthermore, the rhodium is covering a significant po~tion of the exposed 

0 . 

alumina surface'. By a 4 A average thickn~ss of evaporated rhodium (middle 
":.· 

trace) the intensity of the aluminum 'oxide phonon band has decreased.by 

a factor of approximately 2 (note scale change). 
0 

By a 20 A average thick-
. ' 

ness of rhodium (upper trace) this mode has completely disappeared. The 

-1 
prominent low frequency band centered above 400 em is typical of Rh-CO 

t t h' db d' d lO,l4 ,l5 , 27 , 28 while the two losses s re c 1ng an en 1ng mo es . , near 

-1 . . . 10 14.:..18 27 28 
2000 em are characteristic of C~O stretch1ng v1brat1ons. ' ' ' 

In the next section we will discuss the interpretation of these spectra 

. . 16-18 10 
by comparison with 1nfrared and inelastic .electron tunneling 

', 

results on similar model systems. 
. ' 

As can be seen from Figure 3, the results are not particularly sensi

tive to rhodium <;:overage over the range studies. (1-20 A average thickness), 

neither are they sensitive to additional CO exposure. Spectra run with 

-5 CO partial pressures as high as 1 x 10 Torr show no substantial differ-

ences. However, the relative intensities of the two high frequency C~O 
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stretching modes can be significantly altered by heating the sample above 

530 K in vacuum. After exposing this surface to >1000 L of CO only a 

single carbon-oxygen stretching vibration is observed at 2010 cm-1 • The 

-1 . 
1870 em mode is now only a shoulder and not well resolved here. This 

is clearly shown in the middle trace of Figure 4. Spectra run with 1 x 

-5 10 Torr of CO in the background also show no significant intensity in 

-1 
the 1870 em mode (Fig. 4, upper trace). The shift in the c::o 

stretching vibration is within the reproducibility of our measurements 

-1 
(±10 em ). 

D. Discussion 

Figures 3 and 4 clearly show that we are now able to obtain high 

resolution electron energy loss spectra from carbon monox.ide adsorbed on 

model rhodium on alumina catalysts. One might anticipate charging of 

the aluminum oxide and diffuse scattering due to the rough surface. We 

find that charging does not present a problem because the oxidized 

·0 

aluminum layer is thin enough (10-15 A) to allow relatively low impedance 

electron tunneling. In particular, under similar oxidation conditions 

we expect an ~l-Al2o3-Pb tunnel junction to have a barrier impedance of 

much less than 100 ohms for a 1 cm2 sample. 10 The incident beam current 

-9 . 
in our spectrometer is less than 10 amps (see Chapter III); thus the 

-7 
potential across the oxide is expected to be less than 10 volts. 

We could not calculate in advance the effect of the diffuse surface 

scattering, although the aluminum grains are in the micron size range 

0 

and the rhodium particles are 20-30 A in diameter. Experimentally we 

find that though both the elastic and inelastic peaks are broader in 

their angular distribution when compared to scattering from a clean 
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Figure 4. Vibrational spectra of CO chemisorbed on a 4 A average 

thickness of rhodium as a functionof temperature. The 

lower trace was -run after formation of the model catalyst. 

The middle trace was taken after flashing the sample to 530 K 

in vacuum and then adding > 1000 L of CO at 300 K. The 

upper trac~ was run in 1 x 10-5 Tor~ of CO als6 at 300 K. 
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14 
Rh(lll) surface, the intensity loss is not severe enough to prevent 

the measurements. We find that the elastic peak intensity (I ) is down 
0 

by roughly an order of magnitude; the inelastic peak intensity (I
1

) is 

down by less than an order of magnitude. The reasons for the relatively 

large ratio of inelastic electron scattering to elastic electron scatter-

ing (I1 /I
0

) are not understood at present. Approximate values for the 

dynamic effective charge (dipole derivative) of the c:::o stretching vibra-

tions can be obtained from both inelastic electron tunneling and infrared 

spectroscopy. Measurements on similar rhodium on alumina model catalysts 

range from 11 to 18 
0 10 

Debye/A. These are 3 to 6 times higher than the 

value for gas phase 
o29 

CO (3.1 Debye/A ) and imply that a relatively large 

ratio of inelastic to elastic electron scattering should be observed in 

our experiments. They are also far higher than the va~ue that can be 

derived from the chemisorption of carbon monoxide on a flat Rh(lll) 

. 0 14 30 30 
single crystal surface (~7 Debye/A). ' · Furthermore, Ibach has shown 

that due to the non-zero collection angle of the spectrometer this inten-

sity ratio (I
1
/r;) can be a function o~ surface disorder. In particular, 

I
1
/I

0 
increases with increasing surface disorder and therefore care must 

be taken in the analysis of peak intensities. 

Finally, we see no evidence for significant peak broadening and 

loss of resolution due to local charging. However, with this sample 

configuration both the elastic and inelastic scattering. peaks .are approxi

-1 mately 10 em broader (FWHM) when compared to scattering from either a 

14 15 . CO covered Rh(lll) or Rh(331) s1ngle crystal surface. 

Figure 5 compares the electron energy loss spectra of the current 

k . 1 b . d 1 . 1. 1" 10 d . f d wor to prev1ous y o ta1ne ine ast1c e ectron tunne 1ng an 1n rare 

17 . 
spectra of CO on rhodium supported on alumina. Some ofthe advantages 

and disadvantages of the various techniques are clear in this figure. 
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Figure 5. Vibrational spectra taken by-three different techniques for 

carbon monoxide adsorbed on rhodium particles supported on 

alumina. The infrared spectra (upper traces) are from the 

work of Yates,£! a1. 17 · The high resolution of IR spectros~ 
copy is evident. The inelastic electron tunneling spectrum 

' 10 
(lower trace), taken from the work of Kroeker, et al., 

shows the downshift in the CO stretching vibrations that are 

characteristic of tunneling spectroscopy and the relatively 

strong low frequency modes. The electron energy loss spectrum 

of the present work (middle trace) approximates the low fre-
-1 quency (400- 1000 em ) tunneling spectrum and the high 

' ' -1 
frequency (1000- 2500 em ) infrared spectra. 
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Infrared spectroscopy has the best resolution but the spectrum does not 

extend to the'low frequency region. Tunneling spectroscopy has reasonable 

resolution in the low frequency region, but there are questions about the 

effects of the top metal electrode that are not fully answered in the 

existing literature. In particular, how much should the low frequency 

modes be perturbed by the presence of the top metal electrode? Although 

' 12 there are estimates based on the observed mode shifts in other systems, 

there have been no direct measurements on this type of system. 

Previous researchers have identified three different types of carbon 

monoxide molecules adsorbed on alumina supported rhodium catalysts (see 

5) •
. 16..:.18 

Fig. These include a bridge bonded species, Rh2 > CO (vC=O "' 

-1 -1 
1870 em ), a terminally bonded species, Rh-CO (vc::o"' 2020 to 2070 em , 

depending on coverage and catalyst preparation) and a gem dicarbonyl 

189 

-1 -1 
species, Rh-(C0) 2 (vc-o t . "'2031 em , vc=-O . . "'2101 em ). . = symme rJ.c asymmetrJ.c · 

-1 ,. 
Similarly, we can assign the 1870 em loss in the ELS spectrum of Figure 

5 to a bridge bonded carbonyl. The 2020 cm-l mode most likely belongs to 

a linearly bonded CO species. The infrared spectrum t~ken at. low CO 

exposures near the top of Figure 5 is similar to the high resolution ELS 

spectra that we observe. Linearly bonded carbon monoxide molecules 

dominate the c::o stretching region, but some gem dicarbonyl species are 

also present. The presence of Rh-(CO) 2 species cannot be ruled out on 

-1 
our model supported catalysts since the observed loss at -2020 em is 

-1 -1 quite broad (-100 em full width at half maximum and >200 em wide at 

the base of the peak). Furthermore, such species are seen with inelastic 

electron tunneling10 on model rhodium on alumina catalysts prepared in 

similar manner (Fig. 5, middle). Although the. symmetric and asymmetric 

c::o stretching vibrations of this species cannot be resolved here, 



analysis of the low frequency modes indicates the presence of two distinct 

forms of linearly bonded carb~n monoxide.
10 

The inf_rared spectrum 

. 17 
labeled "saturation coverage" was taken under 50 Torr of CO and at 

these pressures one would expect the gem dicarbonyl surface species to 

be abundant. 

A comparison between the inelastic electron tunneling and electron 

energy loss spectra in Figure 5 indicate that the ELS results are similar 

-1 to the tunneling results in the low frequency region (400-1000 em ). 

The low frequency modes observed with h.igli resolution electron energy 

loss spectroscopy for the chemisorption of carbon monoxide on single 

ciystal metal surfaces have been traditionally assigned as metal-CO 

stretching vibrations on the basis of the normal dipole s:election rule 

(see Chapter IIF). This ·selection rule, which has been proposed for 

infrared spectroscopy as well as forhigh resolution ELS, suggests that 

only vibrations with a component of the oscillating dipole moment normal 

to the surface can be excited. Thus if the carbon monoxide is oriented 

perpendicular to a plan~ metal surface, the incident electrons will only 

couple to the metal-CO and carbon-oxygen stretching modes. Isotopic 

substitution studies, 10 however, have shown that the two most intense 

low frequency modes in the tunneling spectrum of model rhodium on alumina 

-1 catalysts (413 and 465 em.· ) are bending modes. Thus one wonders if the 

low frequency vibrations observed in this spectrum with high resolution 

ELS are bending or stretching modes. More studies are ctearly needed to 

resolve this question. 

Analysis of the low frequency vibraticina:I modes by comparison with 

the infrared and Raman spectra of model rhodium cluster carbonyls of 

190 

known molecular structure is rather difficult at present. To our knowledge,. 



no normal coordinate calculations have been carried out on these compounds. 

Although numerous vibrational modes between 393 and 513 cm-l have been 

31 observed in Rh4 (CO) 12 and ;Rh6 (C0\6 , : no simple comparison with our 

results can be made. Recent studies· have shown that care must be taken 

in making the direct analogy'between metal cluster carbonyls and 

adsorbed co. 32 

The only way we found to significantly alter the intensity ratio of 

the two c:o stretching modes was to heat the rhodium sample above 530 K 

in vacuum and thento re-expose the surface to carbon monoxide (Fig. 4). 

The vibrational spectra indicate that there is negligible CO remaining 

on the surface above 500 K. Carbon monoxide may decompose on both stepped 

. 33 34 35 
single crystal ' and polycrystalline rhodium samples at this temper-

ature. Residual carbon and/or oxygen from this dissociated CO may be 

blocking some of the surface sites and inhibiting further CO adsorption. 

This is not the case for CO adsorbed on the (111) face of rhodium. Here .. 
the chemisorption of carbon-monoxide is completely reversible and no co 

. 13 36 bond break~ng is observed. ' The decrease in the intensity of the 

-1 1870 em mode could also be due to a redistribution (sintering) of the 

rhodium sample upon heating. Consistent with this is a dec_rease in the 

total integrated intensity of all of the observed ELS ~eaks. Even with 

1 x 10-5 Torr of CO above the catalyst sample, no significant intensity 

is seen in the 1870 cm-l mode (Fig. 4, upper trace). 

E. Summary 

1. High resolution electron energy loss ~pectroscopy can be used 

to study the vibrational spectra of molecules adsorbed on model supported 

metal catalysts. This technique works well in spite of the surface 
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disorder and roughness. The elastic intensity is lowered by about one 

order of magnitude from its intensity on single crystal substrates; the 

inelastic peak intensity is decreased by less than an order of magnitude. 

The angular distribution of all peaks is broader. 

2. ELS spectra of oxidized alumirtum (a'model system for y-alumina) 

are similar to those found by inelastic electron tunneling. They show a 

relatively intense al~ina phonon band that is broad, -asymmetric to 

-1 
lower energies and centered around'860 em 

3. High resolution electron energy loss spettroscopy, inelastic 

electron tunneling spectroscopy and infrared spectroscopy are comple7' 

mentary techniques for studying the vibrational spectra of molecules 

adsorbed on model supported metal catalysts. The low frequency ELS 

-1 spectrum (400-1000 em ) is similar to the tunnelingspectrum; the high· 

. -1 
frequency electron energy loss spectrum (1000-2500 em ) is similar to 

the infrared spectrum. .. 
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CHAPTER VIII. The Chemisorption of Acetylene and Ethylene on Rh(lll) 1 

A. Introduction 

The chemisorption of simple hydrocarbons and subsequent surface 

reactions on well-characterized transition metal surfaces has become a 

topic of considerable interest in surface science. The aim of such 

studies is to provide fundamental information on the initial stages of 

hydrocarbon catalysis and to establish a framework for the interpreta

tion of results on more complex catalysts. Determination of.the molec

ular structure of adsorbed monolayers on metal surfaces is now possible 

by a variety of complementary techniques. Recently a combination of 

low-energy electron diffraction intensity analysis and high resolution 

electron energy loss spectroscopy has been used to determine the struc

ture of ethylene (C2H4) chemisorbed on Pt(lll) at 300 K. 2 High resolu

tion ELS is a particularly valuable technique for probing hydrocarbon 

interactions with metal surfaces because of both its sensitivity to 

hydrogen and its broad spectral range (which includes M-C stretching 

vibrations, ·c-c stretching vibrations and C-H stretching and bending 

vibrations). Furthermore, ordered adsorbate overlayers are not needed 

to obtain intense ELS spectra (see Chapter I and VII). A dynamical LEED 

structure analysis provides bond lengths, bond angles and the position 

of the adsorbate on the surface if the overlayer is ordered. It is not 

very effective, however, in determining the location of hydrogen atoms -

an important question in hydrocarbon surface chemistry. Changes in 

bonding wit]1_ coverage and temperature can only be studied by LEED if 

the adsorbate layer remains well ordered. 
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We report here the results of a detailed investigation of the chemi-

sorption and reactivity of c2H2 and c2H
4 

on the Rh(lll) single crystal 

surface. In the present study we have extended previous LEED and thermal 

desorption mass spectrometry
3 

investigations to lower temperatures 

(T~210 K) and have complemented these results with data obtained by 

high resolution ELS and Auger electron spectroscopy. This combination 

of techniques allows us to determine the structure of these hydrocarbons 

on the surface and follow their molecular rearrangements as a function 

of temperature between 210 and 470 K. We have also studied the vibra-

tional spectra of chemisorbed c2n2 and c
2
n

4 
and the reactions of these 

molecules with hydrogen. Finally, the bonding of acetylene and ethylene. 

on Rh(lll) is compared to data previously obtained on the_ (111) single 

crystal faces of both platinum and nickel. 

B. LEED Studies of Acetylene and Ethylene Adsorption on Rh(lll) 

Exposing the clean Rh(lll) surface (Fig. la) between 230 and 250 K 

to c2H4 results in the appearance of sharp half order diffraction spots 

in the LEED pattern (Fig. lb) from a (2x2) surface structure. If the 

crystal temperature is below -230 K, ethylene adsorption is disordered 

and the only change observed in the LEED pattern is an increased back-

ground intensity. This disordered hydrocarbon layer can be transformed 

into an ordered (2x2) surface structure by heating the crystal to between 

230 and 250 K. Acetylene adsorption on the Rh(lll) surface between 210 

and 250 K also produces a (2x2) surface structure. The new diffraction 

spots from the ordered (2x2) hydrocarbon structures are sensitive to 

surface coverage. Although the sp.ots are visible after a 1 L gas expo-

sure, they do not become sharp and intense until 1. 5 L and then immedi

ately begin disordering above 1.5 L. 
-7 

A 15 sec exposure of 1 x 10 Torr 
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Figure 1. LEED patterns from surface structures produced by either c2H2 
or c2H4 adsorption on Rh(lll). (a) clean Rh(lll) at 92.5 eV, 

(b) Rh(lll)-(2x2) from c2H4 chemisorption at 74 eV and (c) 

Rh(lll)-c(4x2)-C2H2 + H at 67 .• 5 eV. 
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-8 c2H4 or a 150 sec exposure of 1 x 10 Torr c2H2 produce optimum (2x2) 

surface structures. 
' ., 

· A' diffraction pattern corresponding to a c (4x2) surface strueture 

(Fig. lc) can be generated from the (2x2) surface structure without 

additional hydrocarbon exposure. For adsorbed c2H4 the transformation 

occurs in vacuum by slowly warming the crystal to 300 K over the course 

of several hours. Rapid heating results in the formation of a disordered 

c(4x2) structure {broad, diffuse diffraction features and some streaking). 

For adsorbed c2H2 even this slow warm-up results in a disordered over

layer. To form a well ordered c(4x2) structure from adsorbed acetylene 

the crystal must be annealed for -4 minutes at 273 K in 1 x 10-8 Torr of 

H2 with the mass spectrometer filaments on. These filaments are located 

approximately 5 .em from the crystal and provide the surface with a good· 

4 2 . 
source of atomic hydrogen. Castner et al.. , previously observed the 

c(4x2) surface structures from the chemisorpt:ion of either acetylene or 

ethylene on Rh(lll) near room temperature. The reported diffraction 

patterns were neither as sharp nor as intense as that shown in Fig. lc, 

however. The (2x2) hydrocarbon surface structures have not been seen 

previously. 

In the transformation from the (2x2) to the c(4x2) structures the 

5 orientation and shape of the unit cell change, but the areas of the 

02 
primitive unit cells of these two structures are the same (25 A on 

Rh(lll)). Thus, no variation in the surface coverage occurs. Further-

more, AES shows that the carbon coverage from the (2x2) structures pro-

duced during c2H2 and c2H
4 

chemisorption are the same and remain constant 

during the conversion to the c(4x2) structures. Thus, changes in binding 

site and adsorbate geometry are probably taking place without any change 
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in the adsorbate coverage. Determination of the overlayer structure by' 

LEED requires the analysis of the intensity vs incident energy (I-V) 

beam profiles. We have not undertaken such·calculations in the present 

study. The transformation from the (2x2) to the c(4x2) surface structures. 

is irreversible;once the c(4x2) structure forms, the crystal can be cooled 

to 210 K with no visible chang~s in the diffraction pattern. The c(4x2). 

structures can only be altered by heating the crystal above 420 K which 

causes the surface to irreversibly diso'rder. 

C. High Resolution ELS Studies of Acetylene Adsorption on Rh(lll) 

The vibrational spectrum of the (2x2) hydrocarbon surface structure 

formed from the chemisorption of c2H2 on Rh(lll) between 210 and 270 :k 

is shown in the lower trace of Figure 2. The peak positions and their 

relative intensities
6 

are listed in Table I. Although some of the peaks 

are not readily visible in this figure, their positions and intensities 

are obtained from the analysis of at least six spect,ra. A complete 

analysis of the low frequency region in this spectrum is hampered by a 

-1 spurious background peak near 800 em . This apparent loss, first ob-

served by Froitzheim et a1, 8 may be caused by electron reflection from 

the outer half of the analyzer (see Chapter III). The dashed lines in 

Figures 2, 3, 4, and 9 indicate the approximate location and magnitude of 

this peak. As a result of this experimental artifact, both the position 

and intensity of all loss features between 650. and 900 cm-l are rather 

uncertain. Isotopic substitution is of some help in assigning the ob-

served vibrational frequencies to normal modes of the adsorbed species. 

The ELS spectrum of the (2x2) c
2
n2 surface structure is shown in the 

middle trace of Figure 2. 

/ 
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Figure 2. High resolution ELS spectra of chemisorbed acetylen~ on Rh(lll). 

(2x2)-C
2

H
2 

(lower trace), (2x2)-c
2
n

2 
(middle trac~.) arid c(4x2)

c2H2 + H (upper trace). The vibrational freq·uencies are 
. ~: . t . 

listed in Table I (lower and middle trac~s) and. 'li' (upper 

trace). The br~ad peak (dashed line) centere~ n~a~ 800 em -l· 

may be caused by stray electron reflection inside the spectro

meter (see text). 
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Table I. Vibrational Modes for the Metastable (2x2)-c2H
2 

(C
2
D2) Species Observed on Rh(lll) at T< 270 K 

-1 (all frequencies in ern ) 

C2H2 (C2D2) on Rh(lll) c2H2Co(C0) 6 
(C2D2Co(C0)6)10,11 Assignment 

Observed vC-H/vC-D 
Frequencies 

Observed vC-H/vC-D 
Frequencies 

3116 (2359) rn 1.32 

3086 (2297) rn 1.34 

3085 -(~2320) w 1.33 

2984. (22.3.0) rn 1.34 
f C-H (C-D) stretch 

a 1403 (1346) s 1.04 c-c stretch 

894 (751) s 1.19 

768 (602) s 1.28 

887 (686) rn 1.29 

706 (565) rn 1.25 
~ C-H (C-D) bend 

1.08 
605 (561) w 1.08 

551 (520) rn 1.06 
323 (~300) w ~ M-C stretch 

a -1 Small, broad peak in the 1300-1400 ern region is observed in several spectra. 

Intensity: s = strong; rn = medium; w = weak 

N 
0 
w 



The vibrational spectra of the (2x2) acetylene overlayer in Figure 

2 does not change up to 270 K in vacuum. Furthermore, the positions and 

relative intensities of the observed energy loss peaks are independent of 

the acetylene exposure (from >0.2 L to <50 L) and, more importantly, are 

independent of surface order (as determined by observation of the LEED 

pattern). Thus, using high resolution ELS we conclude that the bonding 

of the adsorbed molecules do not change upon disordering~ 

The frequencies of the carbon-hydrogen (carbon-deuterium) stretching 

vibrations can be used to characterize the state of hyb~idization of the 

adsorbed species. Acetylene, c2H2 (C2D2), 9 is sp hybridized in the gas 

phase and has C-H (C-D) stretching vibrations between 3289 and 3374 

-1 9 2 
(2439 and 2701) em ; ethylene, c2H

4 
(C

2
D

4
), is sp hybridized and has 

C-H (C-D) stretching vibrations between 2989 and 3106 (2200 and 2345) 

_;1 9 3 
em ; while ethane, c

2
H

6 
(C

2
D

6
), is sp hybridized and has C-H (C-D) 

stretching vibrations between 2896 arid 2985 (2083 and 2235) cm-l Thus, 

the losse.s at 2980 (2230) and 3085 (~2320) ·em -l in Figure 2 and Table I 

correspond to 

hybridization. 

2 
the C-H (C-D) stretching vibrations o'f a molecule near sp 

, I 
This indicates that the C:::C-H (C:::C-D) bond in adsorbed 

acetylene is no longer linear. 

Assignment of the remaining energy loss peaks by comparison to the 

infrared spectra of model organometallic compounds of known molecular 

structure is quite difficult at present. Most metal-acetylene complexes 

are synthesized from substituted acetylenes (usually methyL- or phenyl-

acetylenes) and their vibrational spectra bear little resemblance to 

what one would expect from chemisorbed acetvlene. Furthermore, we know 

of only one acetylene-transition metal compound, c2H2co2 (C0) 6 , which has 

been extensively studied by both infrared spectroscopy and X-ray 
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10 11 
crystallography. ' The IR absorption bands for this molecule pre 

listed in Table I. These vibrational frequencies are considerably dif-

ferent from those observed for chemisorbed c2H2 due to the differences in 

both bonding and geometry. Nevertheless, a comparison of the ratios of 

vC-H/vC-D will help us to accurately assign the vibrational modes of 

acetylene chemisorbed on Rh(lll) (see Table I). A similar analysis has 

t 12,13 been succes~fully used in the pas • Our vibrational mode assign-

ments are summarized in Table I. -1 
The low frequency mode at 323 em does 

-1 not shift significantly upon deuteration (~20 em ) and most likely 

corresponds to ~he entire molecule vibrating against the surface. The 

two largest peaks in the spectrum at. 706 and 887 em -l shift by almost 

-1 
200 c~ (vC-H/vc~n = 1.29 and 1.25, respectively) when c2n2 is chemi-

sorbed and can be assigned to C-H (C-D) bending modes (see Table I). We 

assume the adsorbate is oriented with its carbon-carbon axis approximately 

-1 
parallel to the surface since only small, broad peaks (1300- 1400 em. ) 

are seen in the C-C stretching region. Observation of such a mode in 

the specular direction is prohibited by the normal dipole selection rule 

if the c=c bond is parallel to the surface (see Chapter II). 

Bond lengths, bond angles and the position of adsorbed c2H2 on the 

' surface cannot be accurately determined without a complete dynamical LEED 

intensity analysis. Nevertheless, the high resolution ELS results indi-

cate that acetylene chemisorbs on Rh(lll) below 270 K with its c=c axis 

oriented approximately parallel to the surface. 
2 The molecule is near sp 

hybridization and therefore the c=c-H bond angle is no longer linear. A 
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simila~ c2H2 geometry is seen in numerous organometallic cluster compounds. ' 

Both LEED and ELS indicate that the (2x2) acetylene overlayer is 

stable on the surface in vacuum between 210 and 270 -K. The addition of 



Hz to adsorbed CZHZ -below -Z60 K causes no changes in the observed ELS 

spectra, although this surface species i~ still quite reactive. The 

addition of Hz to chemisorbed CzDz below Z60 K results in a complex 

vibrational spectrum with peaks in both the C-H and C-D stretching and 

bending regions. Although the deuterium and hydrogen readily exchange, 

no change in the adsorbate geometry is detected by high resolution ELS. 

The vibrational spectra of adsorbed acetylene only begin to change when 

the cryst~l is heated above Z70 K in vacuum. The (ZxZ) CzHz surface 

structure also disorders at this temperature; 

The vibrational spectrum from the c(4xZ) acetylene overlayer is 

shown in the upper trace of Figure Z. This spectrum can either be 

obtained by warming the (ZxZ) acetylene overlayer to -Z70 K in the 

. -8 
presence of 1 x 10 Torr of hydrogen or by chemisorbing CzHz on Rh(lll) 

above 300 K. Hydrogen addition to the surface species above Z70 K is 

necessary to obtain good quality, intense ELS spe<;:tra, however. 

Hydrogen addition was also required to complete this conversion in the 

LEED studies. This species is stable on the surface up to -4ZO K. The 

structure of this hydrocarbon overlayer will be discussed in the next 

section. 

D. High Resolution E4S Studies of Ethylene Adsorption on Rh(lll) 

The vibrational spectra from the (Zx2) and c(4x2) ethylene surface 

structures are shown in Figure 3. _ The ELS spectrum in the lower trace of 

Figure 3 is. obtained by chemisorbing c2H
4 

on the crys~al below Z70 K. 

The middle trace in .-Figure 3 can either be observed by slowly -warming 

the (Zx2) overlayer structure (lower trace) to room temperature or by 

simply adsorbing ethylene on the Rh(111) surface above Z90 K. The 
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Figure 3. High resolution ELS spectra of chemisorbed ethylene on Rh(ill). 

(2x2) from c2H4 chemisorption (lower trace), c(4x2} from. 

c2H4 chemisorption (middle trace) .and (2x2) from c2n4 chemi

sorption (tipper-trace). The vibrational freqhencies. ate 

listed in Table II. 
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measured peak positions are listed in Table II. Smal.l peaks in the 1800 

to 2100 cm-l region are d~e to background CO adsorption. 16 The assign-

ment of the peak positions and their relative intensities are obtained 

from the analysis of at least six spectra. Once again, the observed 

vibrational frequencies are independent of surface order and hydrocarbon 

exposure ( >0. 2 to <50 L) • Note that these ELS spectra are almost iden-

tical to the vibrational spectrum from the stable c(4x2) acetylerte over-

layer shown in the upper trace of Figure 2. The hydrocarbon species 

derived from ethylene chemisorption is-also stable on the surface up to 

~420 K. Degradation of both the c(4x2) LEED pattern and of the vibra-

tiona! spectrum occur at this temperature. 

The ELS spectrum resulting from the chemisorption of either c2H4 or 

c
2H2 and H2 on Pt(lll) 4 ' 12 above room temperature are quite similar (see 

Fig. 4) and their stretching frequencies are listed in Table II. The 

vibrational spectrum from the chemisorption of c2n4 on either Rh(lll) 

- . 4 
(Fig. 3c upper trace and Table II) or Pt(lll) (Table II) are also quite 

similar. Although the chemisorption of ethylene on Pt(lll) has been 

. 2 4 12 17 studied by numerous techn1ques, ' ' ' there is still debate over the 

precise geometry of the stable surface species. We simply point out that 

the stable hydrocarbon overlayer formed from the chemisorption of either 

ethylene or acetylene and hydrogen on both Pt (111) and Rh (ill) yield 

identical vibrational spectra. A more complete discussion of the similar-

ities between the chemisorption of ethylene on Rh(lll) and Pt(lll) will 

be presented in Section F. 

It is interesting to note that the geometry of the adsorbed ethylene 

species on Rh(lll) remains the same (as indicated by the ELS spectra) 

while the overlayer structure changes from a (2x2) to a c(4x2). This 

chemisorbed hydrocarbon should. be an excellent candidate for a LEED 
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Table IL Vibrational Modes for the Stable Species Observed on 
Rh(lll) and Pt(lll) Upon Adsorption of Either c

2
H

4 
or 

C2H2 and H above 300 K 

Rh(lll) 

~3000 w 

~2900 w 

shoulder 

1350 s 

1130 s 

880 m 

450 w 

-1 (all frequencies in em ) 

Chemisorption of c
2
n

4 

Pt(lll) 4 , 12 . Rh(lll) .Pt(lll) 4 , 12 

3025 - 3105 w 2180 w broad 
unresolved 

2900 - 2940 m 2080 m band 

1420 m 1150 s 1150 s 

1350 - 1360 s 990 1010 w 

1130 s 860 m 850 w 

900 m 403 'w 430 m 

435 m 

Intensity: s = strong 

m = medium 

w = weak 

210 



Figure 4. Comparison of the vibrational spectra for ethylene chemisorbed 
4 on a Pt(lll) (lower trace) and Rh(lll) {upper trace). A 

discussion of the similarities between~acetylene and ethylene 

chemisorption on Rh(111) arid Pt(lll) is presented in Section F. 
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structural analysis since the I-V beam profiles should change while the 

molecular geometry does not. The order-order transformation observed by 

LEED is irreversible at the low pressures employed in our experiments, 

and again no intermediate species are observed. Although this conversion 

is not affected by the presence of hydrogen, H-D exchange will occur in 

I 

the hydrocarbon overlayer when H2 is added to chemisorbed c2n4 . No 

change in the adsorbate geometry is detected by high resolution ELS. 

E. TDS Studies of Acetylene and Ethylene Adsorption on Rh(lll) 

C 1 3,l8 h . ' 1 h h b h C H d. C H astner et ~· ave prev~ous y s own t at ot 2 2 an 2 4 

decompose on the Rh(lll) single crystal surface upon heating to yield 

gas phase molecular hydrogen and surface carbon. The H2 thermal de-

sorption traces from the room temperature adsorption of these hydro-

carbons have one major peak near 500 K followed by continuous hydrogen 

evolution up to approximately 750 K •. The position of this desorption 

maximum was found to be independent of gas exposure. 18 

Hydrogen desorption spectra from theordered hydrocarbon overlayers 

chemisorbed on Rh (111) are shown in Figure 5. Traces Sa and Sd are from 

the (2x2) structures formed at 240 K from the adsorption of 1.5 L of 

acetylene and ethylene, respectively. Spectra Sb and Sc are from the 

c (4x2) surface structures formed from the metastabl,e (2x2) c2H2 and C2H4 

structures, respectively. After forming the c(4x2) .structures, the 

crystal is cooled to 240 K before initiating the desorption experiments. 

18 
Molecular c2H2 and c2H4 desorption near 375. K is also observed. . The 

amount of hydrocarbon that is detected desorbing is less than 1% of the 

amount of hydrogen desorbed indicating that most of the adsorbed hydro-

carbons decompose on the surface upon heating. The hydrogen desorption 
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Figure 5. Hydrogen desorption from (a) (2x2) and (b) c(4x2) overlayer 

structures formed during c2H2 adsorption on Rh(lll) and from 

(c) c(4x2) and (d) (2x2) structures from c2H4 adsorptio~ on 

Rh(lll). After forming the c(4x2). s~rface structures, the 

crystal was cooled to 240 K before initiating the desorption 

experiments• The heating rate is 40 K/sec. 
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spectrum from the c(4x2) ethylene species (Fig. 5c) has a single de-

sorption peak at 440 K followed by continuous hydrogen evolution until 

750 K.· This suggests that-the desorption peak at 440 Kin Figure 5d is 

from the stable hydrocarbon species which can be formed as the crystal 

is heated during the TDS experiments. The desorption peak at 350 K in 

Figure Sd is due to chemisorbed hydrogen on the Rh(lll) surface. This 

desorption peak .has been observed from hydrogen adsorption on clean 

Rh(lll)
2

•
18

•
19 

and after annealing the Rh(lll)-(2x2)-C
2

H2 structure in 

hydrogen (Fig. 5b). A similar peak is seen in H 2 TDS spectra from 

ethylene chemisorbed on Pt(lll) at 320 K. 17 The origin of the desorption 

peak at 395 K in Figure 5d remains in question. Possible assignments 

include an unstable low temperature ethylene species or a transien-t 

intermediate hydrocarbon fragment present during the conversion of the 

metastable adsorbate to the stable surface phase. 

Desorption traces b and c in Fi_gure 5 from the c (4x2) hydrocarbon 

surface structures are identical above -400 K. The low temperature peak 

in Sb is from the hydrogen added in order to form a well ordered c(4x2) 

overlayer structure. This is in agreement with 'b()th the LEED and ELS 

results. ELS spectra taken before and after heating the crystal to 350 K 

show no major differences. Finally, the amount ofH2 desorbed from the 

surface in Sc is significantly less than the amount desorbed in 5d, 

indicating that the stable ethylene phase on Rh(lll) is partially 

dehydrogenated. 

· If we increase the sensitivity of the mass spectrometer and study 

the high temperature H2 desorption tail ·(above 450 K), we find two peaks 

at 560 and 640 K. This is shown in the lower trace of Figure 6 .. The 

positions of the peak maxima are independent of gas exposure and can be 
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Figure 6. 

I 

The expanded.scale above 450 K (x5) in the H2 desorption. 

spectrum from 0.25 L of c2H4 on Rh(lll) at 220 K indicates 

the presence of a "tightly bonded" hydrogen species (lower 

trace). The relative intensity of this species can be 

increased by either dosing the surface at 225 K and fla:shing 

to 470 K (middle trace) or by dosing the surface at 470 K 

(upper trace). The heating rate is 40 K/sec. 
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seen from the chemisorption of either acetylene or ethylene on this 

surface. Although the majority of the hydrogen has desorbed below 450 K, 

it is clear from these desorption traces that hydrogen· strongly bonded 

to either the surface or to the adsorbate exists. The relative intensity 

of these two peaks can be enhanced by either adsorbing the ethylene at 

225 K and then flashing the surface to 470 K to remove most of the 

·hydrogen (middle trace) or by adsorbing the ethylene at 470 K, cooling 

and then flashing again to 470 K to remove any excess hydrogen adsorbed 

during the cooling process (upper trace). In Section H we will show 

that this hydrogen is from the decomposition of CH species formed on 

Rh(lll) during the heating process. Such species have been postulated 

as important surface intermediates under high pressure catalytic 

d
. . 20,21 con 1.t1.ons. 

F. Correlations with c2H2 and c2H4 Chemisorption on Pt(lll) 

One of the few transition metal-hydrocarbon chemisorption systems 

studied by several complimentary surface analysis techniques is the 

adsorption of acetylene and ethylene on the platinum (111) surface. 

These systems have been most recently studied by ultraviolet photo-

17 22 23 2 24 25 electron spectroscopy (UPS), ' , low-energy el~ctron diffraction, ' ' 

. 4 12 
high resolution electron energy loss spectroscopy ' and thermal 

. . 17 
desorpt1.on spectroscopy. The authors have all reported the presence 

of at least two binding states and conversion from one state to the 

other as a function of temperature. However, the bonding andthe nature 

of the adsorbed species is not completely characterized. Below room· 

temperature c2H2 and c2H
4 

associatively adsorb on Pt(lll) with their C-C 

4 12 25 
bond oriented approximately parallel to the surface. ' ' Both 



molecules form (2x2) surface structures
24 

and are significantly rehybrid

ized.4'12'25; These species are only metastable and can be transformed 

. . 1 bl. h b 1 h . h 1 4,12,24,25 1nto a s1ng e sta e. p ase y gent y eat1ng t e crysta . 

Addition of hydrogen and heating to -350 K are necessary for acetylene 

1 t h
. . 4 to camp e e t 1s convers1on. Although the stable species remains in a 

(2x2) surface structure, the LEED intensity vs incident energy beam pro-

f "l h. . "f" 1 24,25 1 es c ange s1gn1 1can t y. · This transformation has also been 

17 24 25 . 4 12 
detected by UPS ' ' and by high resolution ELS, ' but there is 

still disagreement as to the geometry of the stable 'surface state. 

Proposed structures· incl~de ethylidyne ~C-CH3 ) 2 , a vinyl species 

. . 4 12 
(>CH-CH

2
.-) and ethylidene (>CH-CH

3
). ' These are shown schematically 

in Figure. 7. Finally, the partial dehydrogenation of the surface 

ethylene species during the metastable to stable transition was observed 

by a combination of TDS and UPs.
17 

The chemisorption behavior of these two simple hydrocarbons on 

Rh(lll) and Pt(lll) are summarized in Table III. The similarities ar~ 

quite striking. The rhodium substrate appears to be more reactive, . . 

however, since the conversion to the stable state occurs at a lower 

temperature. This can be correlated with the relative positions of 

these two metals in the periodic table; in gener~l the bonding of small 

molecules to transition metal surfaces becomes stronger as one moves to 

26 
the left in the periodic table. Byahalogy with Pt(lll) one might 

expect a weakly parallel bonded ethylene phase to form on Rh(lll) at 

low temperat·ures. Such a species is not detected under our experimental 

conditions. 
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Table III. Summary of LEED, ELS and TDS Data for the Chemisorption of c2H2 and c2H
4 

on Rh (111) and Pt (111) 

Metastable Species: 

LEED 

ELS 

Conversion to b 
Stable Species: . 

Temperature 

Addition of 
hydrogen? 

Stable Species: 

LEED 

ELS 

Partial dehydro
genation (TDS) 

Decomposition 
temperature 

Rh(lll) 
C2HZ 

(2x2) 

parallel 
2 bonded (-sp ) 

-270 K 

yes 

c(4x2) 

C H a 
2 n 

no 

420 K 

C2H4 

(2x2) 

C H a 
2 n 

-270 K 

no 

c(4x2) 

C H a 
2 n 

yes 

420 K 

C2H2 

(2x2) 24 

. 11 14,12,25 para e 
2 . 

bonded (-sp ) 

_350 K4,12,24,25 

450 

4 yes 

(2x2) 24 

C H a 
2 n 

17 
no 

K24,25 

Pt(lll) 
C2H4 

. 4 12 
parallel ' 

3 bonded (-sp ) 

4 no 

(2x2) 25 

C H a 
2 n 

17 
yes 

450 K24,25 

a Vibrational spectrum previously assigned as ethylidyne \?>C-CH
3
), 2 ethylidene (>CH-CH

3
)
4

•12 

and a vinyl species (>CH-CH2~,17 see text. 

b Conditions for complete conversion. 
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G. The Chemisorption of Ethylene on Pt(lll): Evidence for 
Ethylidyne Formation 

LEED,
2 

high resolution ELS, 2 ' 4 UPs 27 and TDS17 studies indicate 

that the stable species formed from the chemisorption of either c
2
H

4 
or 

c2H2 + H on Pt(lll) is ethylidyne ~C-CH3). It is interesting that this 

species has only,recently been proposed to form on metal surfaces2 in 

spite of the large number of classical studies of ethylene and acetylene 

chemisorption on metal catalysts. Nevertheless, these species have 

28-32 been known to organometallic chemists for a number of years. We 

have found that both the LEED structure and the vibrational modes of 

the surface species compare very favorably with related organometallic 

compounds containing co-ordinated ethylidyne.
2 

This is clearly shown 

in the following summary of previous results: 

LEED: The structures shown in Figure 7 have been reported for 

organometallic compounds and served as the focal point of our LEED 

analysis. Distorted acetylene (Figure 7a), the ethylidyne group (Fig. 

7b), vinylidene (Fig. 7c) and a vinyl species (Fig. 7d) have been observed 

in the reaction of ethylene with certain tririuclear organometallic 

compounds. Acetylene cari be bonded in a variety of ways depending on 

the metal and the geometry of the cluster involved. 33 , 34 Ethylidyne is 

located in a triangular site with its c-c axis perpendicular to the 

surface. X-ray crystallographic studies of related clusters indicate 

thr~e equal met-al-carbon bond lengths of approximately 2 ~. 29 ' 32 

Vinylidene is also symmetrically placed in a threefold site with the 
0 

lower carbon atom located 1.2 A above the center of the metal triangle. 

The X-ray crystal structure shows the hydrocarbon fragment tilted approx

imately 45 ° to the surface normal. 
30 

The 'structures of the vinyl species
31 
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Figure 7. Models for the stable chemisorption state discussed in the 

text: (a) distorted acetylene, "(b) ethylidyne, (c) vinyliderie, 

(d) the vinyl species and (e) ethylidene. 
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and of ethylidene
35 

are ncft known and have only been postulated on the 

basis of 1H NMR results. Both steric and bond angle considerations 

require a considerable (~20°) tilt of the C-C axis from the surface 

normal for the latter species. Ibach has proposed a sim~lar tilt angle 

for ethylidene by analyzing the intensity of certain vibrational modes. 4 

Note that these are only model structures and we varied both their C-C 

and C-Pt distances as well as the bond angle and site geometry in our 

model calculations.
2 

An extensive LEED intensity analysis of the most stable surface 

structure favors a hydrocarbon species coordinated to a threefold Pt 

surface site with structural parameters characteristic of the ethyl-
0 0 

idyne group, i.e., a C-C bond length of 1.50 A± 0.05 A, three equi-
0 0 

valent Pt-C bond lengths of 2.00 A± 0.05 A with the C-C axis normal 

to the surface within an estimated uncertainty of ~15°. 2 The geometry 

of this species is shown in Figure 8. Further support for this model 

comes from comparison to X~ray structure determinations for the organa-

. 29 . 32 metall1c compounds CH
3

Cco
3

(co)
9 

and CH
3

CRu3(C0) 9H3 , as shown in 

Table IV. There is a remarkable agreement between the bond lengths 
0 

(±0.05 A after correcting for metal-metal bond lengths) and bond angles 

for the Pt(lll) surface ethylidyne complex and those found,in the tri-

nuclear metal cluster compounds. 

The question arises as to whether or not other model structures 

could provide better or equally good agreement with experiment. Since 

LEED is very insensitive to the additional hydrogen atom in ethylidene 

or to the loss of a hydrogen atom in vinylidene, probable differences 

in c-c axis orientation must be considered. If we tilt the C-C axis 

away from the surface normal while maintaining the C-Pt3 nature. of the 
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Figure 8. Optimum structure for the ethylidyne species observed on the 
. ' 

Pt (111) surface indicated by the tEED analysis. The· C-C and 
0 

Pt-C bond lengths have uncertainties of ±0.05 A. The 

hydrogen atoms were not located in the·LEED analy'sis. 
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_Table IV. Structural Comparison Between Pt(lll) Surface and 
Organometallic Clusters 

Compound 
( 

Pt(lll) - Ethylidyne 
Surface Complex2 1.5 

1.53 

1.51 

c~M (A). 

.2.0 2.77 

1.90 2.47 

. 2.08 2.84 
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molecule-surface bond, then such a class of species would include vinyl-
0 30 

idene (0tilt = 45°, C=C=l.34 A), the vinyl species (0 .
1 

= 55°, .. 
t1 t . . 

0 31 C=C=1.34-1.54 A) and 
0 35 

ethylidene (0tilt = 25°, C-C=l.54 A). Our 

results show that only the ethylidyne geometry with 0tilt = 0° and 

0 2~ 
C-C=1.50 A gives satisfactory agreement with experiment. 

We should emphasize here that the LEED analysis cannot distinguish 

between 3l>C-CH3 and >CH-CH
3 
if each species is oriented normal to the 

surface at a threefold hollow site, since the difference due to hydrogen 

scattering would be negligible. However, we suggest that such a con-

figuration is unlikely for ethylidene s.ince the lone H atom would have 

0 0 
Pt-H - 1.6 A - 1.8 A for the optimum geometry given by LEED. This would 

imply a strong Pt-H interaction (which.is inconsistent with the ELS 

analysis (see below)) and it is improbable that such an arrangement 

would be stable on the surface. 

ELS: During the past two years several groups have offered an 

interpretation of the high resolution electron energy loss spectra of the 

stable species formed when either c2H2 or c2H4 
is chemisorbed on Pt (111). 

4 12 . 
These data, originally published by Ibach ~ al., ' have led researchers 

to consider the following three models: ethylidene (>CH-CH3),
4 •

12 

ethylidyne (3l>C-CH
3

) 2 and a vinyl species (>CH-CH2-).
17 

At first glance 

it is not obvious that acetylene and ethylene should yield identical 

vibrational spectra when adsorbed on Pt(lll) since either c2H2 needs to 

gain hydrogen or c2H4 must lose hydrogen. However, Ibach conclusively 

showed that in order for acetylene to make a transition from the metas-

4 
table to the stable state, hydrogen atoms must be present. Ethylene 

rapidly undergoes this transition at room temperature.
4 
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Currently the best method for analyzing vibrational spectra of 

adsorbed species is by comparison with model compounds. The model pro

posed by Ibach for ethylidene is Cl2CH-CH
3

•4 We have recently compared 

the ELS spectra of the surface complex with the infrared spectra of both 

model for the vinyl 

2 
Br

3
C-CH

3
• 

. 17 spec1.es. 

Table V shows a comparison of the observed vibrational frequencies 

of the various suggested surface species with those of the model compounds. 

It is clear that the ethylidyne species shows the best agreement. Not 

only do the number of vibrational modes match, but their frequencies are 
1 

quite close as well. Problems occur with the other two models: for the 

case of ethylidene, at least one mode'(methyl rock) is missing. More 

importantly, for a species oriented at an angle of ~20° to the surface 

4 normal there should be a strong interaction between the lone hydrogen 

and the nearest platinum atom (see Fig. 7e). Such a weakening of the 

C-H bond has been clearly seen for c2H4 chemisorbed on Ni(l11),
39

.but is 

not visibl'e here. Finally, Kroeker et al. have studied the formation of 

ethylidene from the reaction of CO and H
2 

over alumina supported rhodium 

. . . 40 
particles using inelastic electron tunneling spectroscopy. Their 

vibrational assignments were based on the analysis of isotope shift data 

and they agree extremely well with those of the model compounds (CH3-CHC12 , 

CH
3

-CHBr
2
). They are in very poor agreement with the assignments of 

Ibach et al., 4 '
12 

however. 

Demuth's assignments for the vinyl species also contain numerous 

17 -1 problems. He assigns the 900 em· peak to a C=C double bond stretch, 

but this is far too low in energy for this type of vibration (typical 

. -1 9 
values are between 1500 and 1700 em ). Also, a C-H stretch at 2900-
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Table V. ·vibrational Assignments for "Stable Species" on the Pt (111) Surface 

4 12 Surface Species ' 

3025-3105 w 

2900-2940 m 

1420 m 

1350-1360 5 

1130 s 

900 m 

435 m 

CH CHCl 
36 

3 2 

3015 m 

3001 w 

2946 m 

1446 m 

1381 m 

1280 m 

1091 w 

982m 

650 m 

Intensity: vs very strong, s 

-1 (all vibrational frequencies are in em ) 

Ethylidene 4 CH
3

Cco
3

(co) 9 
28 

CH
3
-cBr

3 
37 Ethylidyne 

2 

CH stretch 2924 m 2993 m CH
3 

stretch (a) 

CH3 stretch (a) 

CH
3 

stretch (s) 2882 m 2938 m CH3 stretch (s) 

CH
3 

deform (a) 1420 m 1432 m CH
3 

deform (a) 

CH3 deform (s) 1359 m 1373 m CH3 deform (s) 

CH bend 1161 m 1064 s CH3 
rock 

CH
3 

rock 

c-c stretch 1006 s 1045 m c-c stretch 

C-Pt stretch 650-600 var 408 m C-Pt stretch 

Sn2 (CHCH2)6 
38 

3040 8 

2980,2940 vs 

1390 vs 

1245 vs 

998,945 vs 

1582 

520,480 vs 

strong, m medium, w weak, var variable (a) asymmetric, {s) symmetric 

Vinyl Species 17 

CH2 stretch (a) 

CH,CH2 stretch (s) 

CH
2 

scissors 

CH deform 

CH
2 

rock, wag 

c-c stretch 

C-Pt stretch 

N ..., .... 



-1 . 9 3000 em 1s not representative of an oiefinic species. · Furthermore, 

the CH deformation and the CH
2 

rock (and/or wag) are over 100 cm-l below 

the expected values, based on his choice of model compounds. Again, more 

modes should be observed in the vibrational spectrum of the vinyl species. 

By invoking the dipole selection rule Ibach recently stated that 
\ 

the ethylidyne surface species should have only one CH
3 

bending mode of 

A
1 

symmetry and therefore is not consistent with the vibrational 

41 -1 spectr.um. The methyl rocking (1130 em ), the antisymmetric methyl 

'-1 
deformation (1420 em ) and the antisymmetric methyl stretching (3025-

-1 ' 
3105 em ) modes are all of E symmetry. There have been several reports, 

however, indicating that the dipole selection rule.does not rigorously 

hold and vibrational modes parallel to the surface have been seen. 

These. are discussed in detail in Chapter II. These apparent breakdowns 

in the normal dipole selection rule also imply that more modes should be 

visible for both the ethylidene and the vinyl species. 

Further evidence for the ethylidyne group comes from a study of the 

deuterated species. This is shown in Table VI. Again, the agreement 

between the observed vibrational frequencies and those found 1in the model 

compounds is quite good. A question that should be answered is why the 

·ELS spectrum of the stable species shows two intense features while that 

for the deuterated species displays only one. The answer comes from 

vibrational mode mixing. The extent of this mode mixing can only be 

determined from a norrrial.coordinate ana1ysis. Such analyses have been 

. 36 37 
carried out for the model compounds, ' and they do show extensive mode 

mixing upon deuteration. Therefore this phenomenon should also be 

present on the surface. 

232 



\ . ' 

Table VI. Vibrational Assignments for the Denterated "Stable Species" on the Pt(l11) Surface 
\ -1 (all vibrational frequencies are in em ) 

Surface s . 4 '12 CD -CDCl 36 
Ethylidene (d. ) 4 CD3-csr

3 
37 

Ethylidyne (d ) 2 pec1es 
3 . 2 4 3 

broad 2165 w CD stretch 

unresolved 2248 m CD3 stretch (a) 2241 CD3 stretch. (a) 

band 2125 w CD3 stretch (s) 2116 CD3 stretch (s) 

not resolved 1047 m CD 
3 

deform (a) 953 w t-c stretch 

1010 w 1014 m CD3 
deform (s) 1038 w CD3 deform (a) 

850w 775 m CD bend 883 m CD
3 

rock 

932 CD
3 

rock 

1150 s 1151 s CC stretch 1110 w CD3 deform (s~ 

430 m 600 m C-Pt stretch 388 s C-Pt stretch 

* An assignment for the deuterated vinyl species was not presented in Ref. 17. 

Intensity: s = strong, m = medium, w = weak 

* 

N 
w 
w 



Definitive interpretation of high resolution ELS spectra is quite 

oifficult at this time since the theory is not well-established. 

Originally, long-range dipole interactions between the incident electrons 

and the vibrating adsorbate molecules were thought to account for all of 

the observed modes. Recent results have indicated that possible negative 

ion resonances and/or short-range interactions are present (see Chapter 

II). 

UPS: Demuth has tried to rule out the presence of a surface ~-cH3 , 

17 ' species on the basis of his UPS results. Unfortunately early calcu-

lations did not include any reasonable models for the ethylidyne species 

and more recent calculations on the energy levels of Li
3

C-CH
3 

did not 

17 converge. However, the self-consistent extended Hiickel calculations of 

Baetzhold27 fit the He! UPS data of Lo ~ a1. 23 for the chemisorption of 

acetylene on Pt(lll) quite well. Furthermore, the recent molecular 

orbital calculations of Gavezzotti and Simonetta indicate that the ~C-CH3 
species should have a platinum-carbon binding energy of over 80 kcal/ 

42 mole. Calculated bond lengths are also in agreement with the LEED 

2 results of Kesmodel et al. Finally, calculations of the metal~carbon 

stretching frequency (400-450 cm-1) for this species is in excellent 

agreement with experiment 43 (see Table V). This is not the case for 

either ethylidene or for the vinyl species. 43 

TDS: Demuth used a combination of TDS and UPS to clearly show that 

the stable species formed from the chemisorption of c
2

H4 on the Pt(lll) 

. 17 
surface must be partially dehydrogenated. He concluded that the 

stoichiometry of this species is c2H
3 

and therefore the presence of 

17· ethylidene (C2H4) can be effectively ruled out. 
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Analogies with Organometallic Chemistry: A natural extension of the 

discussion of two (a metastable (parallel bonded) and a stable) surface 

species is the development of a mechanism for their conversion. Here 

again a study of related organometallic compounds is of some use and is 

also in agreement with the formation of a surface ethylidyne group. 

Acetylene reacts with H2~s3 (co) 10 (I) 44 under very mild conditions to 

give HOs3(CHCH2) (CO) lO (II) 
31 and upon heating yields H2os3 (C=CH2) (CO) 

9 

(III) 31 • We have recently proposed vinylidene (>C=CH2) as an intermediate 

. 2 
in the formation of ethylidyne. This species has also been proposed by 

17 Demuth on the basis of some UPS and ELS resul~s. . Ethylene reacts with 

( ) . 30 
Os3 CO 12 to give the identical compound. Furthermore (II) has been 

proposed as a very short lived intermediate for this transformation as 

31 well. Finally, the more stable ethylidyne complex, H30s/C-CH3) (CO) 9 

(IV), can be formed by.bubbling H2 through a refluxing n-heptane solution 

of (III) for 24 hours. 30 This is analogous to the surface phase trans-

formation undergone by c2H2 upon heating.and the addition of.hydrogen. 

The surface mechanism can then be written as follows: 

CH::CH Pt(lll) (HC=CH) * -+ *C=CH L *C-CH 
2 or 3 

H* 

(H C=CH )* -+ *CH=CH +H*-+ *C=CH +2H*-+ *C-CH +H* 2 2 2 2 3 

* indicates an adsorbed species. This is only one possible reaction 

scheme and the lifetimes of the intermediates are not known, but it does 

seem likely that vinylidene is an intermediate in the formation of ethyl-

idyne on Pt(lll) since it must be present in the cluster analogs. 

Strongly bound olefinic species such as Os
3

(HC=CH)(C0) 10 cannot be 

45 
hydrogenated to (IV) nor can they be converted to (III) .. 
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The structural parameters of the surface ethylidyne species and 

29 32 several trinuclear organometallic compounds ' are also quite similar. 

This was clearly shown in Table IV. Furthermore, the infrared data of 

28 
Co3 (C-CH

3
)(C0)

9 
and the high resolution ELS spectra of the proposed 

ethylidyne surface species agree remarkably well. Finally, it has been 

shown that the metal triangle in Co
3

(C-CH
3

)(C0)
9 

is electron withdrawing 

with respect to the apical substituent
46 

and this is precisely what is 

seen on the surface: upon adsorption of either acetylene or ethylene, 

47 
the work function of Pt(lll) decreases by 1:5 eV. A delocalized 

carbyne type bonding between the lower carbon atom and the three cobalt 

b d f h . 1 46 atoms has een propose or t e cluster ana og. This is consistent 

with the short metal-carbon bond distance measured here. 

In summary, we have found consistent evidence from LEED, high resolu-

tion ELS and thermal desorption mass spectrometry to indicate the forma-

tiori of a stable ethylidyne species on the Pt(lll) surface. A structure 

with the C;_C axis approximately normal to the surface and a C-C bond 
0 . 0 

length of 1.50 A ± 0.05 A has been determined by the LEED intensity 

analysis.
2 

This is characteristic of a carbon-carbon single bond and 

-19 
is consistent with a C-C stretching vibration at 900 em found in the 

ELS spectrum of the stable species. The presence of methyl stretching 

1 1 -1 (2900-3100 em-), deformation (1360, 1420 em-) and rocking (1130 em ) 

modes co~firms the existence of a saturated carbon species. The TDS 

· f D hl? ' d' . f ' h' f C H exper1ments o emut 1n 1cat1ng a sur ace sto1c 1ometry o 2 3 

clearly rule out the presence of additional hydrogen. The LEED analysis 
0 0 

further shows a rather short Pt-C bond length of 2.00 A± 0.05 A, sug-

gestive of strong carbyne type bonding. Both the LEED structure and the 

vibrational spectra of the surface species compare very favorably with 

related organometallic compounds containing coordinated ethylidyne. 
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H. Correlations with c2H2 and c2H4 Chemisorption on Ni(lll): 

Evidence for Surface CH Species 

The chemisorption of acetylene and ethylene on Ni(lll) is quite 

different from that on either Rh(lll) or Pt(lll). Both molecules are 

7 13 39 48-50 . . 
associatively adsorbed at low temperatures, ' ' ·' but upon 

heating, the.C-C bond of chemisorbed c2H2 is broken. 48 The remaining 

CH fragments undergo either carbon~hydrogen bond cleavage to leave 

carbon atoms on the surface or self-hydrogenation to form CH2 species. 48 

Alternatively, at high gas exposures acetylene can cyclotrimerize on 

49 the Ni(lll) surface to form chemisorbed benzene. Upon heating, chemi~ 

7 49 50 sorbed ethylene first dehydrogenates to adsorbed acetylene ' ' and 

then can undergo a similar C-C and C-H bond breaking sequence. 

The stable ethylene or acetylene plus hydrogen overlayer on Rh(lll) 

can also be decomposed to surface CH (CD) species above -420 K. The 

LEED pattern disorders at this temperature as well. The high resolution 

ELS spectra of these two hydrocarbon fragments are shown in Figure 9. 

Based on the discussion in Section C, the band observed at 3025 (2260) 

-1 is clearly the C-H (C-D) stretching vibration (vCH (CD)). 
9 Further-em 

assign the mode observed at 770 (545) -1 to a C-H (C-D) more, we can em 

bending mode (oCR (CD)) on the basis of its isotope shift: observed, 

oCH/oCD = 1.41; predicted, oCH/oCD = 1.36. This raiio should be approx-

imately 1.04 for a rhodium-carbon stretching vibration of a surface CH 

(CD) species. No other modes are observed. We can easily rule out the 

possibility of surface CCH or CCH2 species on Rh(lll) as these would both 

show an intense C-C stretching .vibration between 1400 and 2100 cm-l 
9 

Similarly, surface CH2 fragments should display the characteristic CH2 

scissor mode near 1400 cm-l 9 Finally, surface CD species formed from 
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Figure 9. Surface CH (CD) species can be formed on Rh(lll) by heating 

chemisorbed c2H2 (lower trace) or c
2
n

4 
(upper trace) to 450 K 

in vacuum. The peak assignments are discussed in the text. 
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the chemisorption of either c2D2 or c2D4 on 

hydrogen under high vacuum conditions (<1 x 
I 

Rh(lll) readily exchange 

-7 10 Torr H2) at 300 K. 

The CH (CD) stretching and bending modes are observed at 2980 (2160) 

cm-l and 790 (550) cm-1 , respectively on Ni(ll1). 48 These assignments 

were based on isotope shift data (vCH/vCD = 1.38; oCH/oCD = 1.44) and 

correspond quite well to the.modes observed in CHC1
3 

(a reasonable model 

compound.). Demuth and Ibach use their high resolution ELS results to 

.conclude that the carbon atom bonds to three nickel atoms and the C-H 

. . . k d h . f 48 mo1ety 1s s ewe to t e sur ace. The exact angle is dependent on the 

state of hybridization of the observed species. A weak interaction be-

tween the hydrogen atom and the surface was postulated. The observation 

of the CH (CD) bending modes of a tilted species is in keeping with the 

normal dipole selection rule (see Chapter II). A similar geometry has 

been observed for a CH species bonded to a trtnuclear osmium cluster 

. 51 . . 
(H

3
os3 (C0) 9 (CH)). No complete vibrational spectra wer_e reported, 

however. Based on the similarity of the vibrational spectra we conclude 

that the geometry of the CH species·detected on Rh(ll1) should be quite 

similar to that observed on Ni(lll). 

Unfortunately high temperature studies on the chemisorption of 

either c2H2 or c2H4 on Pt (111) have not been reported. Extension of .. 

these studies to Pd (111) would also be quite ,interesting. 

I. Summary 

These investigations lead to the following conclusions: 

1. The chemisorption of acetylene and ethylene on Rh(lll) yields a 

series of ordered structures: 
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Rh(lll) + c2H2 

+ 
Rh(lll) - (2x2) - C2H

2 210-270 K 

Rh(lll) + c
2

H
4 

+ 
Rh(lll) - (2x2) - C2Hn 

230-270 K 

\ + H ' 
Rh(lll) - c(4x2) - c2Hn 

270-420 K 

+ 
Rh(lll) - disordered CH 

420-700 K 

where C2Hn stands for the stable. hydrocarbon species with undetermined 

hydrogen content. These order-order transformations are irreversible. 

2. Below 270 K acetylene chemisorbs on Rh(lll) with its c::c bond 

2 oriented parallel to the surface forming an approximately sp hybridized 

species •. 

. 3 .. Adsorption of c2H2 + H or c2H4 above 300 K on Rh(lll) produces 

the same stable species. TDS studies show this species to have a stoich-

iometry of c2Hn ,'where n is less than 4. Adsorption of c2H2 + H or c2H4 

on Pt(lll) above 350 K leads to a similar, and most likely identical, 

species. This species has now been identified as ethylidyne ~c-CH3 ). 

4. The geometry of the adsorbed ethylene species on Rh(lll), as 

determined by ELS, does not change during the conversion from the 

metastable to the stable species although the overlayer structure changes 

from a (2x2) to a c(4x2). 

5. The addition of H2 to chemisorbed c2n2 or c2n4 results in H-D 

exchange, but no change in the adsorbate geometry is detected by ELS. 

6. The stable ethylene or acetylene plus hydrogen overlayer on 

· Rh{lll) can be decomposed to surface CH (CD) species above -420 K . 

.. 

241 



242 

References 

1. L. H. Dubois, D. G. Castner, and G. A. Somorjai, J. Chem. Phys. 
~. 5234 (1980). 

2. L. L. Kesmodel, L. H. Dubois, and G. A. Somorjai, Chem. Phys. Lett. 
56, 267 (1978); J. Chem. Phys. 70, 2180 (1979). 

3. D. G. Castner, B. A. Sexton, and G. A. Somorjai, Surface Sci. 2!_, 
519 (1978). 

4. H. Ibach and S. Lehwald, J. Vac. Sci. Techno!. 15, 407 (1978). 

5. On the (111) crystal face of an fcc metal the (2x2) unit cell is a 
rhombohedron while the c(4x2) primit~ve unit cell is a rectangle. 

6. The loss intensities are a strong function of the incident electron 
energy and only average values are reported here. This could he 
due to resonance or short-range scattering as discussed by Lehwald 
and Ibach for the case of acetylene chemisorption on Ni(lll).7 · 

7. S. Lehwald and H. Ibach, to be published. 

8. H. Froitzheim, H. Ibach and S. Lehwald, Rev. Sci. Instrum. -4o', l,J25 
(1975). 

9. See for example, T. Shimanouchi, Tables of Molecular Vibrational 
Frequencies,' Consolidated Vol. 1, U. S. Dept. of Commerce publi
cation NSRDS-NBS 39. 

10. Y. Iwashita, F. Tamura, and A. Nakamura, Inorg. Chem. ~. 79 (1969). 

11. Y. Iwashita, Inorg. Chem. ~. 1178 (1970). 

12. H. Ibach, H. Hopster, and B. Sexton, Appl. Phys. 14, 21 (1977); 
Appl. Surface Sci. l• 1 (1977): 

13. J. E. Demuth and H. Ibach, Surface Sci. 85, 365 (1979). 

14. E. L. Muetterties, Bull. Soc. Chim. Belg. 85, 451 {1977). 

15. E. L. Muetterties, T. N. Rhodin, Elliot Band, c. F. Brucker, and 
W. R. Pretzer, Chem. Rev. J.!i, 91 (1979). 

16. L. H. Dubois and G. A. Somorjai, Surface Sci. 91, 514 (1980). 

17. J. E. Demuth, Surface Sci. 80, 367 (1979); 2}, 182 (1980). 

18. D. G. Castner, Ph.D. Thesis, University of California, Berkeley, 1979. 

19. J. T. Yates, Jr., P. A. Thiel, and W. H. Weinberg, Surface Sci. 
84, 427 (1979). 

•...;~ 

-<.,. 



.. 

' 
• 

20. T. Hattori and R. L. Burwell, J .. Phys. Chem. 83, 241 (1979) • 

21. S. M. Davis and G. A. Somorjai, to be published. 

22. J. E. Demuth, Chem. Phys. Lett. 45, 12 (1977); IBM J. Res. Develop. 
~' 265 (1978). 

23. W. J. Lo, Y. W. Chung, L. L. Kesmodel, P. C. Stair, and G. A. 
Somorjai, Solid State Commun. ~' 335 (1977). 

24. P. C. Stair and G. A. Somorjai, Chem. Phys. Lett. 41, 391 (1976); 
J. Chem. Phys. 66, 2036 (1976). 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

L. 1. Kesmodel, R. C. Baetzold, and G. A. Somorjai, Surf. Sci. .§..§_, 
·299 (1977). 

I. Toyoshima and G. A. Somorjai, Catal. Rev. Sci. Eng. 19, 105 
(1979). 

R. Baetzhold, Ch~m. Phys. 38, 313 (1979). '- .. 

W. T. Dent, L. A. Duncanson, R. G. Guy, H. W. B. Reed, and B. L. 
Shaw, Proc. Chern. Soc. 169 (1961). 

P. W. Sutton and L. F. Dahl, J. Am. Chem. Soc. 89, 261 (1967). 

A. J. Deeming and M. Underhill, J. C. S. Chem. Comm., 277 (1973); 
J. C. S. Dalton, 1415 (1974). 

A. J. Deeming, S. Hasso, and M. Underhill, J. C. S. Dalton, 1614 
(1975). 

G. M. Sheldrick andY. P. Yesinowski, J. C. S. Dalton, 813 (1975). 

R. Mason and K. M. Thomas, Annals N.Y. Acad. Sci. 239, 225 (1974). 

C. G. Pierpont, Inorg. Chem. 16, 636 (1977). 
I 

C. R. Eady, B. F. G. Johnson, and J. Lewis, J. C. S .. ~alton, 477 
(1977). 

J. R. Durig, A. E. Sloan, and J. D. Witt, J. Phys. Chem. ~' 3591 
(1972). 

37. T. R. Stengle and R. C. Taylor, J. Mol. Spectrosc. 34, 33 (1970). 

38. F. G. Glockling, M; A. Lyle,and s. R. Stobart, J. C. s. Dalton, 
2537 (1974). 

39. J. E. Demuth, H. Ibach, and S. Lehwald, Phys. Rev. Lett. 40, 1044 
(1978). ' 

243 



4o.· R. M. Kroeker, W. C. Kaska, and P. K. Hansma, J. Catal. 61, 87 
(1980). 

41. H •. Ibach, Proc. Conference on Vibrations in Adsorbed Layers (Julich, 
Germany, June, 1978) p. 64. 

42. A. Gavezzotti and M. Simonetta, to be published. 

43. M. Simonetta, private communication. 

44. Simple hydrocarbons are generally added to unsaturated hydride
carbonyl clusters (such as (I)) since these reactions can be 

· tun under milder conditions. 
I 

45. M. A. Andrews and H. D. Kaesz, J. Am. Chem. Soc. 99, 6763 (1977). 

46. D. C. Miller and T. B. Brill, Inorg. Chem. 17, 240 (1978). 

47. J. L. Gland and G. A~_.Somorjai, Adv. Coll. and Inter. Sci. .2_, 205 
(1976). 

48. J. E. Demuth and H. Ibach, Surface Sci. 78, 1238 (1978). 

49. J. C. Bertolini, J. Massardier, and G. Daimai-Imelik, J. C. s. 
Faraday I~' 1920 (1978). 

50. J. C. Bertolini and J. Rousseau, Surface Sci. 83~ 531 (1979). 

51. R. B. Calvert and J. R. Shapley, J. Am. Chem. Soc . .2..2_, 5225 (1977). 

244 



This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 



TECHNICAL INFORMATION DEPARTMENT 

LAWRENCE BERKELEY LAB ORA TORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

. .• 

\ . 


