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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 Berke]ey 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.eleétroh spectroscopy (AES) are used to study 1) the chemi-
sorption of CO, CO2 and 02 on the Rh(111) single crystal surface; 2) the

bondlng and chem1ca1 transformations of C2 9 and C2H4 on Rh(111); 3) the

chemisorption and subsequent reactions of NO, 0, and CO on Rh(331) and

2
4).the chemisorption of CO on model alumina supported rhodium catalysts.
The vibrational spectra qf carbon monoxide on Rh(111) indicate two |
distinct binding sites (atop and'bridgéd)'whose relative populations and
vibrational frequencies are determined by both the substrate‘temperéture
and the backgroﬁnd pressure. TDS'meaéurements show the bridge bondedFCO
to -have an approximately 4 kcai/ﬁole lower binding energyuto.the surface
tﬁan the species located in the atop site. The adsorptioﬁ7of carbon di-

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

sorbed CO, indicating dissociative adsorption. This is confirmed by
13 .

étudying the adsorption of isotopically labelled ~~CO,. 0. adsorption

2 2
on Rh(111l) is dissociative at all temperatures studied (>250 K) and only

a single metal—oxygen vibrational frequency is observgd at allvéoverages.

Evidence for "surface oxide"‘formation on Rh(11l1) is also presented.
‘Below 270 K ELS measurements indicafé that acetylene chemisorbs on

Rh(111) with its C=C bond oriented parallel to the:sufface forming an

approximately spz'hybridized species. LEED investigations show that both



C2H2 and C2H4 form metasfable (2x2) surface structures on Rh(111) below
270 Kl An irreversible order-order transformation occurs between 270
aﬁd 300 K to a stable ¢(4x2) hydrocarbon overlayer. The stable species
formed from both moleéﬁles'are identical. Hydrogen addition to chemi-
sorbed acetylene‘is:necessary to complete this conversion. vThe geometry
of the adsorbed ethylene species does not change during this transformation
although the oveflayer structure does. This stabie hydrocarbon fragment
is identical to the hydrocarbon species formed from the chemisorption of
either Czljl4 or C2H2‘and hydrogen on Pt(111) above 300 K. This species
has now been identified as ethylidyne (>C-CH3); Decompogition‘of these
molecules to CH fragmeﬁts.occurs_on the Rh(111) surface above ~420 K.
Evidence for an oxygen intermediate in the reaction of NO and CQ to
form.N2 and CO2 over rhodium sﬁrfages is presented. High resolution ELS
measurements indicate that béth NO and CO molecules associatively adsorb
on the Rh(331) single crystal surface at 300 K. Chemisorbed NO readily
dissociates on this surface upoﬁ hgating to 450 K. At 700 K high resoiu—
tion ELS and Auger electron spectroscopy both indicate that only oxygen
is present on the catalyst surface. N2 desorption below this temperature
is easily défected by mass spectroécopy. The addition of CO to this sur-
face oxygen at 700 K results in the formation of gaseous CO2 and the re-
mqval of the sufface oxygen species. Similar results are obtained when

O2 waS»spbstituﬁed for NO as a control indicating that surféce oxygen‘is
indeed a reaction intermediate under our experimental conditions.

" Model supported metal catal?sts are_fabricated‘by evaporating a small
quantity of rhodium onto an oxidized aluminum substrate. High resolution

electron energy loss spectroscopy can be successfuliy used to- obtain the

vibrational spectra of carbon monoxide chemisorbed on these model catalysts.



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

red spectfpscbpy.and-inelastic electron tunneiing spectfoscopy for Cco

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, These studies have yielded

suffaces has been explored for many years.
a wealth of informatioﬁ on the>sfoCture, bonding and electronic proper-
ties of the outermost layérs of atams. The electrons' easé of generation
and detection and high surface sensitivity.(low penetration depﬁh)‘make
"it an ideal probé for surface scienfists. ? An ihcidenf electron can
interéct with thevsufface in basically two ways; it ﬁill either
elastically reflect (or diffract) from the surface without losing énergy
or lose a portion of its incident energy and_inelastically scatter. In‘
tﬂis thesis we will be concerned with only one of many péssible inelastic
scattering processes: the loss of the electron's energy to_thé vibr;;
tional modes of atoms and molecules chemisorbed on the surface;

If one considéré the scattering of an'electroh by a rigid crystal.
1étticé, then the incident electron can_eitherispecularly reflect or:
Bragg diffract. 'Conventiopal 1ow-energyvelectron diffraction (LEED).
measurements combinedlﬁith sophiétiéatéd scattéring theories yield
detailed information about .the gépmefry‘of the surface region.3"4 Due
to the comple#ity of these calculations, however, 6nly‘a few surface:;
adsorbed molecules have been'stﬁdied to‘the point of yielding bond
iengths and bond angles. To daté-these.are.carboq monoxide (CO) adéorbea

5,6

“on Ni(100), Cu(lOO),5 Pd(lOO)7 and Rh(lll),8 and’acetylene (CZHZ) and

ethylene (CZH4) adsorbed on Pt(lll);g’lo Extension of these studies to-

more complex molecules is quite diffiéult at present.



If the consequences of fhé small lattice vibrations are consideréd,
two important changes to this simple diffraction model occur. Most
significantly, the intensity of the elastically scatteréd eléctroﬁs is
reduced by a Debye-Waller fact:or3"4 (a measure of the mean square dis-
placement of the surface atoms). In addition, when.the électrons are
near the surface they may either emit or absorb one or more phonons.

If the surfgée is covered by an adsorbed layer of gas, thgn vibrational
'excitatioﬁs-of the adsorbate are possibie.z Hehce a study'of inelastic
electron scattering can yield detailed information on both surfacé and
adsorbate vibrations. Analysis of the vibrational spectra can in furn :
give us structural information on the adsorbed molecules. Unlike LEED,
we have the possibility of studyiﬁg-very complex'éurfacebséecies;"
Studying this scattering phenomenon has pfoved to be an.extremely dif-
vficult experimental problem, however. ~Since both phonon and adsorbate
vibrational energies are in the range of 40—400 meV (320-3200 cm-l;

1 meV=8.065 cm_l), the incidentrglectron beam (1-10 eV) must be mono-
chromatic tb within 10 meV (SOvcmil),:

The design of electréq optics hésrimprovgd to the point where in;
eléstic electron.écattéring by‘smgll moleculgs in the gas_phase'is ;
roptine method for obﬁaining vibrafional'spéctra.ll The first appli-
.cation of this teéﬁﬁiqﬁé, nokanown as high resolution electron energy
losé sﬁectroscopy (ELS), tq'the stuay of moléculesjadsorbed on metal
surfaces caﬁ 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 gfaduate studéntsz’;3 who played a key role
invboth thebadvéncemen; of spectrometer désign and in the perfofﬁéﬁéé.of
outstanding experimenté. At present there are almost:a dozen wgrking

;systemé throughout the world and more are being built every ﬁbnth.'
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Both Evans and Mills14 and Ibach15 showed that the photon—surfaée

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,

14,15 and to the

due both to the long range nature of thié intéraction
large dielectric conétant.of the substrate, the same selection rules’
should apply. Specifically, only vibraﬁional modes~whichlcontain aﬁ
oééillating dipole moment with a‘coﬁponent perpendicular to the surface

can be excited.l[*’15

- A detailed discussion of the theory of the inelas-
tic scattering of low-energy electrons by surface vibrational -modes will
be presented in the next chaptef}-".. |

During the past fifty years infrared~(IR)'speCtroséopy'has been a-
very powerfui technique for studying the moleculér’struéture of matter in
the solid,.liquid,and gaseous phaSes; The pioneering work of Eischéns,

Pliskin and Francis in 1954 was the first application of vibrational

spectroscopy to the study of mblecules adsorbed on metal sUrfacesfl

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

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

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

18,19

samples. Unfortunately, these sémplés lack a well-defined surfage

structure and composition. Furthermore, due to light adsorption by the
support material below ~1200 cm_lvlow.frequency vibrational modes, which
it | S | | 20-22
are essential in structural determination, are completely masked.
. o 2 ) o
More recently, Raman spectroscopy 3 and inelastic electron tunneling

24-26 have been used to obtain the vibrational spectra

spéctroscopy (IETS)
of molecules adsorbed on oxide supported transition metal surfaces.
: h

These spectroscopic techniques can extend the spectral range over which



a sample can be studied, but both present problems of their own including
substrate fluo;escence.and samﬁle heating in the case of Raman spectros-
Copy?B and uncertaintyvdue to the top metal electrode in the case of
tunneling spectroscopy.

TheAextension of these EQperiments to well Chafacterized_single
crystal métal_surfaces has met with limited success. Most experiments

28,29 Although

to.date have dealt with the adsorption of carbon monoxide.
the C=0 stretching vibration (180042100 cm-l) can be obser?ed with very
'high_resolution (<2 cm-l) and good signal—tq—nbise (due.to the lérge
dipéle derivative of this mode), no metal-carbon stretching ér bending

28,29 Neither Raman

- vibrations (400-600 émfl) have been reported.
spectroscopy nor IETS 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 eléctron energy loss spectroscopy
for studying the Vibrationalnspééffa'bf molecules adsorbed on metal sur-
faces are numerous. 'Firstly, the entire infrared region of the spectrum
(from 300 to 4000 cm_l) can be scanned in less than twenty minutes. |
.These studies can also be easil& éxtended.tovthe visible‘portion bf the
electromagnetic'spectrum.30 Unlike optical measurements, all of these
experiments can be accomplished Qithout»changing windows, prisms
(gratings) ér lenses. Sécondly, for strong scatterers ELS is sensitive
to lessvthan 0.1% of a monolayerlB'(approximately 1011 molecules), far
more sensitive than most other techniques._ Because of both thi51SUrface
sengit%vity and the nature of the inelastic scattering process (see

Chapter-II), single crystal metal surfaces make ideal targets. Thus,
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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 Specf:oscoby (XPS and UPS)) can be applied to
the study’of a given chemisorption system.” Through this combination of
techniques located in a single UHV chaﬁbér, a complete ﬁicture of the
sfructure, bonding and‘?eactivity of‘adSorbed ﬁonolayers can be bbtéined.
Also, because of this surface sensitivity ELS Can.befusedftovdetect
hydrogen both through its vibratidn agéiﬂst the suBstrate31 and against
other heavier ad.sorbed'atoms..13 Thirdly, unlike many other techniques,

both disordered32’33

and'optically roﬁgh33 surfaces can be readily
studiedf Finall&, due to the idw incident beam.energies and beam cur-
_rents (see Chapter iIi), high resolution electron energy 1ossv5pectfos-'
copyfis a non-destructive technique which can be used fo probe tﬁe
structure of wgakly'adsprbed ﬁolecﬁles.

While discﬁssinglthe 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

much more accurately (5 cm—l), 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-
ments can be carried out is approximately 5 x 10 - Torr due to electron-
gas collisions inside the spectrometer. High pressure catalytic reéctions

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



. 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 vibrafional 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 nofmal co-ordinate analysis to the
stretching andvbending modes bf ﬁodel metal cluster carbonyls. 1In this
section wé will use a simple yaience force model and néglect all stretch-
étretch, stretch-bend And bend-bend intefactioﬁs. force constants_derivéd
from infrared and_Raman studies pf organometgllic compounds will be
appiied to the study of 1inear triatomic,klinéar tetfaatomic and bridged
tetraatomic rhodium carbonyls. BOnd'lehgths will be taken from appro¥'
priéte orgénorhodium compqunds. ‘LEED.Sﬁructural studies on the chemi-

2»6 £4(100)> and Pd(100)” show this to be a

sorption ofib0>on Ni(lOO),
reasonable approximation (good to t 0.1VZ). Although tHe degree of
sophistication in the present calculations isvrather crude, the agféement
with éxperiment is quite good (see Chapter iV).

At the simplest levél we consider a linear triatomic species, Rh-C=0,
as a‘model for carbon monoxide boﬁded in an atop site on a rhodium surface.
A lihéar\triatomic molecule should have 3x(3)-5 or 4 vibrational degrees
of‘freedom,‘ In our case these will be essentially the carbon-oxygen

stretch (vl), the rhodium-carbon stretch (v3) and the doubly degenerate

Rh-C=0 bend (vz). See Figure la. . We use the stretching fbrce constants



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

s 35 ' Ca e °

Ni(100) (FCEO==16.8 mdyne/A, th_CO==2.6 mdyne/A) andlbqnding force
. C o

constants from molybdenum hexacarbonyl (th_C:O=:O.45'mdyne A/radz).36

This should be a reasonable approximation to the bending force constants

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

approximately model the steric hindrance'found in bending a ‘'surface

‘ : _ o
Rh~C=0 bond. Bond lengths were taken from Rh6(CO)16 ( 1.155 A,

o . : .
=1.864 A).-37 "Unfortunately no normal co-ordinate calculations on

rC§0=
TRh-C

related rhodium carbonyls have been reported. Model compounds were

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

and éiﬁilar metal'mass. The predicted vibrational frequencies can be
computed using the equations p;esented by Herzberg.38 These frequencies
are listed in Table ia. |

A more ;easdnable approximation to the vibrational spectra may be
obtained by assuming the mass of the rhodium atom is infinite (i.e.;
the carbon monoxide molecule isbvibrating against a rigid crystal
lattice). Table Ia indicates that this only seriously affectsvtpevr
metal—qarbon_strétching vibration (v3) apd leaves thekother two modgs
relatively unchanged. The true sifuation éhould‘bé somewhere betweén
these two limits and with this choice of force épnstants wé'expect v3
to occur slightly above 400 cm_l. All of thésevmodés afe within thé
accessible scanning range of the spectrometér (400-4000 cm-l). Howéver,

Y

2 is parallel to the surface 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)-CEO. In this case

we have added a new doubly dggeneratevbending mode (v5=:VRh—Rh6CO) and a
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Table I. Calculated-Frequencies‘(in cmfl) for On-top CO on Rhodium
a) linear Rh-C=0
'mR.h vy Vs vv3; . . o . | s

102.9 2093 404 436

© 2092 401 387
, b); ;inear Rh(a) - Rh(b> - C=0 |
. v v v, v, v
3 5
?&u1(a) | “ﬁu1(b) 1 2 300w
1102.9 102.9 2092 . 443 418 153 76
© . 102.9 2092 441 417 102 71
o o 2092 387 413 . .0 51

. X o . o = : °
koog ='16.8 mdyl’.l-/"A ., Tezo 1.155 A
LS. = 2.6 mdyn/A TRh-C " 1.864 A.
o ,. 2 -
kph-czo0 = 0745 mdyn A/rad”
»’k" 0‘3 m& K/rad2
' = . yn
Rh, \-Rh . ,-C
(a) (b) v
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bending modes can be iikengd}to a frustratéd surface translation and to

metal-metal stretchlng vibration (V4==th~Rh and v3§}the RthEO

e . 34 s : .
a frustrated surface rotation, respectively. This is shown in Figure

. o o .
1b. The new force constants kp, .. ., (0.3 mdyne»A/radZ) and kp, o

39 The rhodium-rhodium bond

. [+]
length is assumed to have the bulk value (2.69 A).40

(0.82 mdyne/Z) were taken»from'Ru3(CO)iz.
‘ - The reSults‘of
these calculations using the equations of Kohlrausch41 are shown in 
Table Ib. As we expect, the computed frequencies are not significantly
different than those calculated abové,sincé'the geometry and the force
constants have remained essentially unchanged. If we assume that the

massvof Rh(a) is infinite (i.e., the Rh(b)-CO unitlis vibrating against
a‘rigid lattice), then most. of tﬁe calculated vibrational frequencies
shiftvonly slightly.- We expectf\)4 (the rhodium-rhodium strétch) to be
significantly affected. Assuming that both :hodium atoms have infinite
masses éhifts N to 6_and decfeases Ve to 51 cm_1 (see Table Ib).
Unfortunately observation of the low frequency modes (specifically-\)4 o
and vs) are but of the faﬁge of our spectrometer. Again, observation
’of vibrations parallel to the surface will be difficult.v

A bridge bonded carbon ﬁoﬁoxide molecule.can be moheled by the

Rh2> C=0 species shown in Figure lc. Here we have six possible normal

modes of vibration: a C=0 stretch (vl), a symmetric (v2) and an asym-

: metric (v4) Rh2>.CO stretch, a metal-metal stretch (v3) and an in-plane
(vs) and an out-of-plane (v6) Rh2> C=0 bend. The stretching force con-

stants for these calculations were takeﬁ from the work of'Richardﬁon and

Rh2>CO

(in¥piéné bend) and use thé force con-

Le]
Bradshaw (kC=O= 14.9 mdyne/A, k

of-plane bend) equal to th2>C=0
o

stant from Mo(CO), (0.45 mdyne A/radz).36 Kroekér'gg!gl. hévé“shown‘

° 34 oy »
=1.1 mdyne/A).”  We take kA (out-

- 11
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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

o]
metal-carbon bond length (k k = 3,31 mdyne A/radz).

Rh-C-Rh ~ ¥Rh—-Rh *Rh-c0’

Bond lengths for the bridge bonded species were taken from (CSHS)ZRhZ(CO)3

P : o
=1.155 A, r =2.01 A)._43 The .Rh~C-~Rh bond angle can be easily

(reoo Rh-C

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

. : - )
carbon bond length (<Rh~C-Rh=sin 1( /2 ) =84 ).

TRh~Rh/ “TRh-C

The calculated values of the vibrational frequencies fbr the tetra-
atomic bridged species are shown in Table II. Even though Figure lc
indicates that each mode is of a distinctive charactér, for realistic 
force constants there.is a strong mixing of the'low frequency stretching
and bending vibraﬁions of the same syﬁmetry. However, most.of-the low
frequenéy modes can become uncoupléd whennthe mass of the two rhodiuﬁ
atoms goes to infinity. As expecfed; y3, the ﬁetal-metal stretching
vibration is zero in this case:(see.Table ID). v3 and 95 are out of the
range of our spectrometer, but'are'aiso essentially parallel to the sur-
-face and will therefore not be observed. Again; in these calcuIétionsv
we haVé neglected all intéractionvforée constants. Inclusion of these
force constants would certainly gdd_compiexity to the‘pregent éélcUla;
tions,.but add little new physical insight. Furthermore, values of these
force constants‘aré not well-known.

'~ Low frequency vibrational modes do have an effect on”the geometry
of the adsorbed.species and this can be showﬁ by calculating . the méan
square displacement of the'adsorbed species. If we assume that the sys-
tem can be treated in thg harmonic oécillapor appfbximation and thét'a

Boltzmann distribution governs the population of the vibrational levels,



Table II. Calculated Frequencies (in Cm—15 for Bridged CO on

. Rhodium (Rh2> C=0)
Ten V1 v, 2 v, V$ Ve

102.9 1981 © 429 ~ 150 627 . 179 433

o 1981 398 0 621 139 431
Tk - 14.9 mdy g | 5
c=o T T ERE e=
th—C = l?l mdyn/A R .  Tphec
k., = kA = 0-45'§ayn'i/rad2' <
*Rh-cz0 45 me , Rh-C-Rh
k ;'3.3l_mdyhe K/rad2

o
1.155 &
2.01 &

849

13
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then34»44

<q,%> = 1888 corno.719 1 o /m).

1 .
1

He;e <Qiz> is the mean square amplitude of the vibrational normal co-
ordinate i in Zz,h Qi is the frequency of the mode involved (in cm_l)
and T is the temperature in °K. We can approximate the mean inclination
0> By knowing the geometry of the adsorbed species (<0> = tan_lf<Q12>/

cos(<Rh-C-Rh/2))]). For the v, mode at 160 cﬁ_l (its

5
average value in Table II), <0> is approximately 6° at 300 K. Thus the

TRh-c* Tc=0

ﬁolecule is no longer completely perpendiculer-to the sufface. Unfor-
tunately such small changes in beed angle cannot be observedvby 1ow—energy
' eleetroﬁ diffracfibn.B’4 However, the effeets of>these low frequency
| bending vibrations have been observed in'reeent electron stimulated
desorption, ion angular disfribdtion'(ESDIAD) exper:iments.45

The amplitude (angglar excursion) of these low ffeduency,modes~can
‘become significant at elevated-temperatures‘and Qay even_be impdrtant in
surface chemical reactioﬁs. we;cenvcalculatevthe population of a_gieen

vibrational level n using a simple Boltzmann distribution

N /N = e—nhQ/kT.
n o T
At a surface temperature of 570 K the population of high vibrational
levels of Vg (160 cm_l) can be significant (see Table III). We can cal- N

'_ culate the angular excursion of this mode (On) in the harmonic approxi-

mation by assuming

2

= 1/ h o~ l/ ~
En (n+ z). Q szh2>C=0 On . _



Table III. Relative Populations and Angles as a
: Function of Vibrational Level for the
v, mode of Rh, > CO ‘

5 2
n . NJ/N B
o 1 4.8°
1 0,668 8.3
2 o.446  10.8
3 0.298  12.7
4 0.199  14.5
10 o.018 22.1
15 0.002  26.8

20 3.1x10°%  30.8
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Using the value of k from Table II, we find that en'is 22° for

Rh2>C=O

n=10 (see Table III).  These high amplitude vibrational modes can cause
a significant interaction between the moleéulaf orbitals of the oxygen
atom and of the meﬁal surface. This will become especially important for
cé;bén monoxide molecules adsorbed at step and/or defectbsites sinée the
CO bond is no longer perpendicular to the surface, even at low tempera-
tures.. Extensive orbital oyerlép méy aiso lead to carbon-oxygen bpnd '
‘scission. | |

The applicatidn of these relatively simple calculations té more
COmplex surface species is rather difficult at present due to the lack
of accurate force constant inférmation. Currently the best way to analyze
high resolution electron eﬁergy loss spectra is by‘analogy with the infra-
red and Raman spectré of model.organometaliic comﬁounds of known molecular
structure.llO Thrbughout the remainder of tﬁis thesis this approach will
Befused to discuss the structure of carbon monoxide cheﬁiéorbed on Rh(111)

46,47

(Chapter iv), the dissociative chemisorption of carbon dioxide on

Rh(111) (Chapter V),l‘8 the structure and reactions of nitric oxide and

-carbon monoxide adsorbed on Rh(33i) (Chapter Vf),49.thé structure of CO

chemisorbed on a rhodium on alumina model catai&st (Chapter VII)33

finally, the structure of acetylene, ethylene47’50 and their decomposition

and

fragments47 chemisorbed on>Rh(lll) (Chapter VIII). Although at present.
this is the best way of aﬁaly;ing the vibrational spectra of surfacé
species, recent studies by Kroeker giigl.,haye shown ghatvcare must be
taken in making the direct comparison between adsorbed molecules and

' 2
organometallic compounds.4
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CHAPTER II. Theory of Adsorbate Vibrational Excitation by Inelastlc
Electron Scattering from Metal Surfaces

A. Background

The theory of long—wavelengtﬁ surfaée opfiéal phonons iﬁ ionic
crystals was first discussed by Fuchs and Kliewer in 1965.1 Subseduently,
numerous groups have tackled the related proﬁlem of the'inelastic scat—~
tering of low-energy electrons by surface vibrational modes.vz_20 Lucas
and Sunjic solved for the differential scatteringlcross-seCtion usiﬁg a
élassical treatment.of the electron as a point particle traveling alﬁng
a single, specific trajectory (specular reflection).2 Théy 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

H
b

predicted only single phonon losses. However, their calculated inelastic
scattering cross—éectiéné égreed extrémely well with those measured in
early éxperiments;21 An extension of this theory allowed fér ﬁultiple
phonon excitation bands (overtone and combination frequencies) with the
intensities of the_loss peaks given by a Poisson Aistribution.3

"Evans and Mills5 pointed out several problems with the classical
treatment and emphasized that a fuily quantum mechanical description of
the electron-solid inferactibn must be used. The experimental conditidns.
on the energy disfribution require that AEO/Eo be no greater than 10~
where EO is the incident electron energy (2-7 eV) an@ AEO is the energy
width of the beam (8-12 meV). The uncertainty principle tells us that
ArAﬁ 2 27h where Ar iévthe spatial extent bf the wavepacket and Ap is
the spread in the electron momentum. Putting this in terms of the elec-

tron energy and rearranging we find that



4rh o

v2mE AE0

Ar >

where m is the rest mass of the electron. If we.subStituté typical -
- values for E_ and AE we‘find that a minimum uﬁcefta}£ty width wave-
~ packet is on the order_of 2000 K apd therefore the eleétfon can no
longer be treated as akpoint particle, However, in the limit of

" specular reflection from an ideal sﬁrface'the inelastic scatteriné.
cross—seétions calcplatéd from.either the classical of’thevquantum

mechanical treatment agree-exactly.5
B. The Scattering Process

The derivation of thé differential inelastic scattering‘érqss-
section presented in this chapter will mainly follow that of Referencésv
16, 122ﬁ13, 16 aﬁd 17. This ;heory will be a full quantum mechanical
t;eafment. We will oﬁly cohsider the long range electron-dipole inter-
action, howevef. The theory of short ranged "impact" scattering has
been presented recently by several aﬁthors.ls—zo

Consider an array.of molecules, M, chemisorﬁed on a semi-infinite
plane metal surface and aséume that the interaction between‘neighboring
adsorbed séecies can be neglected'(seé ?ig. la). An electron beam inci-
dent on tﬁevsurfacg from the vacﬁum (zz,O), will set-up an electric

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

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

4

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,



'

Figure l: "(a) An incident electron beam'interacté with an array of
molecules M chemisorbed on a plane metal surface. (b571f we
take the Fourier transform of the electric field, E(w), we
find that all possible vibrational ffequencies ¢an be:exciféd

1

simultanéously.

22.
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overall 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) = [ dw E(w) et (1)

Equation (1) is éhown.scheﬁafically-in Figure 1b. Thus, unlike infrared
spectroséopy; all péssible.su;face vibrational modes can be excitéd
simﬁltaneously.

| The interaction Hamiltonian between fhe iﬁcoming electrons and the
10,17

adsorbed molecules, H', can be written as

B = D@ D

¢

wﬁere ;(ﬁ) is the totai dipdle moment operator (permanent plus oscil-
lating) for one (arbitrary) molecule and E(;)Vis the eiectric fiéld of
the iqcident electrons at the position of thé molecule. The scattering
geometry is shown in Figure 2a. Expanding'ﬁ(ﬁ) about the gréﬁnd state

cdnfigufationvyields

> > :
We will neglect the first term, u(Ro), which is the permanent dipole
moment, since it only contributes to elastic electron scattering (seé P
below). . Furthermore, we will only assume a single vibrational mode of

frequency  can be excited. Thus



Figure 2."

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

- the incident and scattered electron beams, respectively. The

plane of incidence is defined as-¢o = 0. (b) The position of

; N ‘ _
the incident electron (r) above the metal surface and its

" image (?') 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 the_ory.'16

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

7

incident electron is simply

>

@) = =L @

The electron-adsorbed molecule interaction is more complicated einee the
incident electron will alsoeeffect the electrons in the hetai. This
induced charge density will try to screen the external electric field
and therefore add an‘edditional term to Equation (2). Reterning to
Eduation (1) we find that only'the ferm-ﬁ(ﬂ) e»iQt can excite a molecular
,vibretion of frequency Q (assuming the excited state has an infinite life-
time).17 Therefore only the response of the electrons in the metal to
‘this component of the-electrie field need be considered. Since‘Q is mueh‘
smaller than the plaemalf?equency,mp(ﬁn ﬁ.O;ZVeV, h@p = 10 eV), tbe
electrons in the metal can easily follow the slowiy (on the scale of l/wp)
varying external field. Simple electrostafics 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 regardless 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 wvacuum at r and its image charge at

oy 10

R (_é)¥ e(?—Z?z) : —Ze?Z
E(r) = -3 3 3 503 (3)
‘ TTRE T RE R

This simplification can be performed since ]¥|_= I?'I (see Fig. 2b).
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Equation (3) réquires the electric field to be normal to the surface
"at all times; Therefore only those molecular vibrations with a nonzero
oscillating dipole moment'pefpendicular to the surface can be excited.
Tﬁis normal dipole selection rule has been shown to be valid for infra-
red spectroscopyll’13 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.

N —2e¥ '
"‘(IJ'R) .( > ;
o £3

H'

(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).
> > S :
RER = @ x® :

' - ' > )
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 amplitude, T;'using'first—order time dependent perturbation
theory.
- >
T = <¢§ (r,§)| H' lwi (r,ﬁ)?,
s

.0

/

The subscripts o and s refer ' to the incident and inelastically écattered

electrén waves, ;gspectively. T can be readily calculated by substituting

34



> > . :
wz(r,R),and'H (Eq. (4)) and separating the integrals

il 2

zll Jor Broax, D[R] [xg®>. )
o}

T = 2eyp’ <’§+ )| |
k
s |

kg

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

. ) . ’ ' ' 22
harmonic oscillator in terms of the second’ quantized oscillator operators

where

a L .
_ M8 L. -3
a+ = (2h R + ip(2MQh) °,

M and Q are the reduced'mass and frequency of the mode, respectively; P

is the momentum of the oscillator.xo(ﬁf aﬁd xl(ﬁ) are the ground state

(|O>)‘and first excited state (|l> = a+|0>) wavefﬁﬁctions of a harmonic

oscillator. The vibrational transition matrix element is then

g ® R @ = <Al R 0> = G L . (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

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

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



,

> e ‘ > >
ik or [ -1k -r ik . r]
[e z 'z R(k) Zié(k) 'z

kp and Kz are the parallel and perpendicular components of the electron
. - > . -> > : - ' >
momentum (k), respectively. rp and r, are defined in Figure 2b. R(k)

‘is the reflection coeff1c1ent which specularly scatters the 1nc1dent wave

P 'nlk —ikz-rz S _ . S
e (=e p e ). The reflectivity of the surface is given by

) .+ 2 > . . . - . . - . . .
|R(k)| . 8(k) is the phase shift experienced by the reflected electron
wave., Insertihg this modified wavefunction into the first integral of
Equatioﬁ (5) and simplifying we find four contributions to the scattering

transition matrix element.

'

> | >, ik -k )T
: N ]r | o 3 |t | o s’ p
ss<q>E,(r)| +3|q>_-l:(r)>= [ 4 P P
' s . I o rz>ﬁ -Ir]
o . Zid(k ) —i(ic’o +i<’s )_-'{z
, [ —i(k -k ) r + R (k ) e e z z
x |e °, S
> '(k +K )-_>
R —Zié(ko) . o, s, T, % R
+ R(ko) e e : + R (kS)R(ko)

-zi(é(io)‘s(ﬁs)) 1k, kg .)'rz]
" e e

A7)

t

These four contributions are shown schematiéallyvin Figure 3. The first
term in Equation (7) (Fig; 3a) is equivalent te the scatfering of electrons
'by molecules in the gas phase. . The.incident electrpns are both in-
elastically scattered and. "reflected" by the adsorbea ﬁolecule. ihe

o

cross-section for this process is,extremely small except for certain
\

electron energles where short-range impact (or resonant) scatterlng occurs.,

This is discussed in 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 by small

30



~ Figure 3.

Four possible contributions to the inelastic electron scétter—
ing cross-section: (a) The adsorbed molecule both ineléstic;
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 reflec;ion from the sﬁrface
followed by large angle inelastic scattering and reflection

from the surface once again is low.

31
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-angle inelastic scattering from the molecule. . The probébility of re-
flection frpm_the surface followed‘by large'éngle inelastic scattering
and reflection from the surface (Fig. 3d) will be small.

Analytical éolutions to’Equation=(7) are difficuit to obtain since
both R(K)'and §(k) cannot be accuratély calculated. However,.by making
several assumptions a reasonable approximation to the solution can be-
obtained. Since these quantitiesAare only fun¢tions of E-aﬁd since the
momentum transfer to the surface dﬁring¥exqitation of a molecular vibra-
tion is small (see‘SectionvE),-wegwili,aésﬁme that R(K) and G(K) are

slowly varying functions of ¥ and therefore \

A.R(ko) =R(k)

R | o 1-' s(k ) = 8(k ) = 6.

This ﬁas been shown experimentélly by McRae -and Caldwe11_23 and Wattszav
for elastic low-energy electrbn scattering from nickel surfaces. Further-

more, we will define'Ag, AZ and‘A;.as fbliows:'

A=k -k : A=k -k - -k 4Kk
P (o} S . YA (o] S Z e} S
: P P . "z z z z

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

-> ' . -+ " - .4
g = f d3r lrz| eiA;-? [ -IAZ rz + R* eZiG 1ngrg +
r >0 HME v |
. Z
' . iZeer iA>-T )
-2i8 2 * z

+Re e “+RRe ° (8)

i

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

are represented schematically in Figure 3a-d.

Sokcevic Eﬁ.él'lz’la’ls have solved the integral in Equation (8).
| 2 . . -
(R°+1)A | | o 2
S =—3 2P + 2R 7 (A cos28 + I, sin28) + &S%;_}%_ 9)
A “+A A “+% P A SHA :
P z . P zZ b te,
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We can now combine\the'results of Equations (6) and (9) to calculate the

transition matrix element T.

2.\ o
T = 2ey’ ()| ——P + —py (& cos2s + I sin2) + 81| (O
A +A A "+ P A SHA -
: . /.
In converting the scattéring'amplitude (10) to a differential scattering -

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

. A e . 22,25
and the relative velocities of the -incoming and outgoing electron beams. °’

Electrons are detected in a cone d0d¢ and therefore

a?e | _u 1 v—s |1.~|2"5<E_(Emg)”) | : (11)
dod¢ - 4"2h4 cos® ‘vo : o s o o

vy and v, are the velocities of the~inelaspically scattered and incident
‘ v T oo v : .
electrons, respectively. The § function is to insure conservation of
energy. Eo and ES refer to the energies of the incident and scattered

electrons, respectively. Substituting (10) into (11) and rearranging in

' terms of known quantities, we find

do 'ez(ﬁ')z‘ m ‘Es > 2 - | “'
- b)) mis) g2 5 -E -he) . (12)
- dode SUZEOthosO M Eq . 9 8 SRS

f(=2koS) is a dimensionless scattering amplitude. This'qUantity (Equation

(9)) is determined from the characteristics of the incident (Eo, Oo) and

outgoing electrons (ES, Os) ahd'by thé details of the reflection process.

f can be more accurately calculated using the wavefunctions and scattering

potentials developed for 10Q-energy eleétron diffraction.26’27



D. Numerical Calculations

ﬁnfortunateiy, accurate differential_scattering cross—sections are
difficult to determine gxperimentally, éven when the scatgering ampiitqde
is'kﬁown well; Tﬁe meaéurements are fﬁffhef cémplicated>by‘disordered
overlayers and ‘the non-zero angular aéceptance'of the:spectrometerf These
pgtentiélvpfoblems_can be alleviated by taking the iptensity ratio of the
inelastic (IS) to the elastic (Io) scattering peaké. 'Seve;al autﬁors have

calculated approximate values for the case of specular electron reflection

from a well ordered surface.s’ll
IS m e2 (u')z . ‘ o
»T; = 4n(ﬁ)-—7r§§;— n cosO g(Eo, GO) | v (13)

S . . . =2y .
n is the concentration of surface oscillators (cm ~) and g(EO, Qo) is an

angular term

DRI AT L S o?
g(E , 0 )= (tan"0- 2) : + (tan 0+ 2) an|l + —}.
o o : 2, .2 . 2
. \o+B : - B
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 pafameter given by

hQ
B=32E -
s
For one third of a monolayer of carbon monoxide chemisorbed on a
clean Rh(111l) single crystal surface, Equation (13) gives a value of
IS/Io of approximately 0.007. The values used in the calculation, in-

cluding the operating characteristics of the spectrometer to be used in

the following experiments (see Chapter I1I), are listed in Table I.
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p' was taken from gas phase data,28 but this agrees quite well with the

value calculated from the chemisorption of CO on Pt(111) (u' =-0.90 x

-19 .. 15,29

10 C) Using a value of p' derived from the inelastic electron

tunneling results of Kroeker 53_31330 from the chemisorption of carbon

9

monoxide on alumina supported rhodium particles (3.6 x 10--1 C) increases

'Is/Io to approximately 0.09. We expect'fhe observed inelastic scattering
intensities in our experiments to be somewhere between these two.values.
Table I. The Chemisorption of CO on Rh(111)

19

o - .
u' = 3.1 A/A = 1.06 x 107 C E =5 ev

N hQ = 2100 cm_l = 0.26 eV . _ Go =760°
=5.3x 108 en? O a=1.5°

Y
]

E. 'Long Range Nature of the Scattering

Much has been said about the 16ngfrange nature of the inelastic
scattering process;.‘It is because of this'IOng—ranée electron sﬁrface‘
oséillatingrdipolevinteraction thét the momentum transfer to the surface
dﬁfing Vibrational.gxcitatiohvis émail.‘.Thérefore, the iﬁelésticaliy_
scattered elect:ohs sﬁould be scattered very cioée to either the specular
beam or to oné of the Bragg beéms. The ﬁormal dipole seléction»rule
(mentioned earlier and discussed in-mofé detail below) is also é conse-
quence of thié 1ong-raﬁge interaction.

The question arises: Jusf how far abové the surface doés this inter-
action begin_to take place?i First we éonsider elastic electron scattering
from a semi-infinife rigid lattice of-metal atoms.3'l 'For.an incident
electron far from the crystal the pOténtial ¢(?)'= ¢(;p’ ¥z) must sétisfy

Laplace's equation
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For a periodic crystal, the surface charge density’§(¥é, ;z) may be
expanded in a power series of reciprocal lattice vectors Ep.
iG -7

P P

p) e .

>
.+
pg (r

>
p(rp, T
P

-1
8
P

This is similar to the‘serieé expansion in terms of Bloch functions in
three dimensions. The potential felt by the electron must reflect this -

two dimensional periodicity. Thus

5 16
g (c,) e PP as)

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

' > > v : T ‘ e .
recall that ¢(rp, rz) must go to zero as Irl goes to infinity,

0 - =0
> > >
¢ (r ) = il ||r_| .
° Z g (e P 7 e | #0
, 7p
% .
¢a (0) is found by the boﬁndary conditions at'lzél = 0 (on the metal
D v
surface).

The important point here is that for elastic electron scattering the

. If

potential (Equation (16)) goes to zero rapidly, even at small I?z
. , .

a is the lattice constant (~2-3 A), then the smallest non—iero'valué.of’*'i

_]Ebl is 2ﬂ/ao. Thus from (16)

¢Eb(a°) = o @ &7

= 0.002 ¢3 ).
. _

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)
electrops.26’27 |
If the effects of the small surface‘kof adsorbate) vibrations are
consideréd, then the incident electrons can lose energy by interacting
"with one of these ques. Using an analysis similar to the above, we can
show that the 'inelastic electron scattering occurs via a 1§ng-fange
Cbulomb‘potential. Let 6¢K (;p’ ?z) be the change in ¢(¥p, ;Z) caused‘by

the excitation of a surface vibrational mode of wave vector kp.

- > ->
6¢K (rp, rz) =,6¢§ (rz) e -
P - P
This is analogous to Equation (15) above. If we substitute (17) into (14)

we find that

s @) - R as)
P | 843 (0) e k] # 0.
. p
P - :
Again the potential musf,go to zero as I?zl approaches infinity.
8op (0) is found from the boundary conditions at |¥z+ = 0. Unlike the

P , L
case in Equation (16), there is no longer a minimum value of lkp]. Thus

Cat |7 =f1/1§p|,

sep (U/[E ) = 1/e soy ()
P ' P



we can easily find the value of 1/|§b| at which this happens.
Conservation of monentum parallel to the surface requires that
k| = 1k _-%_|
P op sp
BN : . Z :
Ikp]vcan 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 IKél = 106 em L and therefore 1/[kp| = 100 A.
The effect of this potential at 100 A above the surface is only decreased

from its value at ]?ZI = 0 by a factor of 1/e (~0.37).

Because of the long-range natu:é of the inelastic scattering process,

the momentum transferred to the surface by the incident electrons is quite
small for vibrational-excitafion'of-the adsorbed species. Theréfore, the'
inelastically scatteredIElectroné should be scattered very close to eithér
the specular beaﬁ or to one of the Bragg beams. This has been shown
experimentally by Ibaéh.32 Ve qén-use the expression derived in-Edﬁa;ion
(9) to calculate the angﬁlar distribution of the inelastically scattered

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

monoxide on rhodium. The two values of hQ, 2100 and 500 em ! refer to the

carbon-oxygen and metal-CO stretching vibrations, reépectivély»(see

Chépter_I), The rathgr arbitrarily cﬁgéenvvalues of R(0.2) and 6(n/2)
- do not -significantly affect the results. The intensities of these twb
. modes are normaliZed to 1'.ﬂfp and fz,refer to the sCatteriﬁg'amplitude
pa;allel_and’perpendicular to the surface, respectively. d is the ﬁeight
‘of tﬁe moiecule above the surface.

The fﬁil'width at hélf maximum iﬁithe‘angularvdistribution of |fZ|2

" for the 2-'100‘cm—1 mode is ~2° .. Thisbangié depends on both tﬁé incident

beam eﬁergy and the frequency of the vibrational mode involved and its

39



Figure 4.

40

(a) The angular distribution of inelasticaily scattered elec-
trons by modes at 2100 and 500 em™L. ‘The two curves are

normalized to 1. (b) If a vibrational mode of frequency

. o .
500 cm 1 is spaced above the surface 2.5 A, a weak parallel

_component to the scattering amplitude (prlz) is also

" observed.



1112 (arbi trary ‘qni-ts)

112 (orbitrary units)

2 Eq=5eV
f 0
el 8o = 60°
L | d =04
R =0.2
s =m/2
—s| | le— ~ 2° |
ho=2100 cm!—
500 cm! : 2
Il
/
1 k- 1 ]
40 S0 60 70 80
(a)
2
If,l | .
d=2.54
“$ha=500cml!
' 2
SOOxlfpl
1 - . ’ 1 J
40 50 60 70 80
. o
~(b)

 XBLB06-5313

.41



42

" value can be approximated by B, the beam width pérameter OiQ/ZEO). As
the vibrational frequency decreases, both B8 and the'angular diStributidn
of Ile? decfease and this is precisely what we see here. As mentioned
earlier, the normal dipole selectionvrulevrequireé prlz to be zero for
an oscillatbrrlocated 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 timés,
througﬁout this chapter, but will be repeated herevfor completeneés:
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 seleétion rule does not rigorously hold for inelaStié
electron scattering and vibrational modes parallel to the surface have
- been observéd. For the case of benzene and deuterated benzene parallelk
bondea ﬁo bbth Ni(111) and Ni(100), Bertolini et al. recorded several
modes of E1u symmet%y.3?’ In fhe}gas phase all of these modes are in the
plane of tﬁevmolecule. Studies on W(001) by Adnot and Carette showed the
presence of a W-H Bénding mode .at 632 cm—; for atomically adsorbed hydro-
gen'(B2 st;ate).34 Finally;‘Backx EETEL' observed a.C—C stretching vibra-
tion at 1120 cm"1 for acetylenevparailel'bonded to a W(110) surface.35’§6
They claimed that the coupling of this lateral Vibratioﬁ to the surface
(either Ey a charge redistribution in the metal or by coupling with low-.
energy phoﬁbns),could add a perpendicular component to an otherwise
completelyvparallelvmode. ‘There isinow evidence that’Observation of such

a mode in specuiar electron reflection may be caused by nonédipole

X 37
scattering.
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/

12,13

Sokcevic et al. have also shown that the '"perpendicular dipole

" which should rigofously hold for infrared spectroscopy,

selection rule,
does not necessarily apply to high resolqtion ELS. Iﬁ the IR the photbn
wavelengths (1) are such'fhat A >> d, wﬁere‘d is the height of the oscil—»
lating dipole above tﬁe surfacef Therefore both the ﬁolecule and its

"image' interact with the»tadiétion together,vgiying c;ncellatipn of ail
parallel_vibrations;_ However, this is not the case fqr ELS.sincé the
incident electroné havé wavelengths on the:ofdér,of angstroms. fheré are

at least four different causes for a breakdown in the norméi dipole éelecf 
tion rule: 1) non-dipole scattering, 2) scatteringvfrom iﬂsuléfor_surfaces,?
3) séattering from molecules located above the surface_and 4)‘scattering
frém'stepped'and/or polycrystalline surfaces; |

For the case of shoft—ranged "impact" scattering both thc—:oryls_20

and experiment38’39

-indicate that ali possible ﬁormal.modeVVibrétions
should be observéd. The angular distribution of these modes will be quite
broad and scattering wiil not necessarily be observed in the specular
direction. The readéf is referred to References 18, 20, 38 and 39 for

an extensive discussion of fhis”séatteringvmechanism.

All possible normal mode vibrations shohld.aléo be observed for.
molecules adsorbed on insulator surfaces. 'Due‘to the'relatively low
dielectrip constaﬁt of thése surfaces, the incident electrons.will not be
effectively screened by the image chafges and tﬁeréfore tﬁe simple modél
presepted earlier will not work. Thus we might expect the normal dipole
selection rule fo breakdown in this case as well.. To d#te no experiments

have been reported on well characterized insulator surfaces and this

.postulate remains untested.
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EGen for the case of a molecule chemisorbed on a perfectly clean,
fiat and refleétive metal surface, parallel vibraﬁions can -be observed.
This was hinted at in the last éection. A molecule located a distance
d above a metal surface will feel a parallel component to the electric
field. Wébcan;Shqw this ﬁathematically By modifying Equation (3).

slightly

(o) () | () (F4d)
EXTIAETT

E(T) = (19)

The scattering geometry is shown in the insert td Figure 5a. We can

easily resolve Equation (19) into paralleluand perpendicular components

of E(?).
Ep = er sinOo[(rzi-dz-Zrd'cos@o)-3/2 - (r24-d24-2rd cosoo)_3/%]
Ez = e[(rcos@o-d)(r2+d2f2rd cos@O)_3/2 + (2r cosOo+d)(r2+d2

+ 2rd cosOO)—3/2].

2,1/2

2 + EZ ) . Representative plots of

‘The total field is simply E = (E_
Ep,'Ez and E as a function of the incident electron's distance frbm the
éurface for d=0, 1 and 2 Z above the surface are shown .in Figure 5/

For a.molegule on the surface (d=0) the normal dipole selectién rule
requires that Ep be 0 and E==EZ. Tﬁis ié clearly shown invFigure S5a.
Howe§er, even when a molecule isvbnlyll Z abgve the surface, E# can be
significant when the incident electron is close to the molecule (see Fig.
5@). For d=2”z) (Fig.-Sc) Ep can be larger than Ez! Thisvis'gctually a. .

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

tions will be spaced above the surface at least the sum of the radii of



Figure 5.

The parallel (Ep),_perpendicular_(Ez) and total (E) electric
fields from a single incident electron felt by a molecule
spaced a distance of (a) 0, (b) 1 and (c) 2 A abo@é{avplane~
metal surface. | v
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the metal and the 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 Eb and decrease

@ u
[

.the‘magnitude of Ez.“'Howeverg a partially compensating efféct-Wili_bé

the fact ﬁhat the 'iﬁage"plane and the electfon feflection pléﬂé'will'L

not occur at z=0,.but at some small, ndn-zéro.value of z. _Thus the actual

value of d will be -smaller than fﬁat discussed'hefe.V Nevertheless, it is.

clear that.a molecule iocéted'above a metal surface willﬁfeel a pérallel

component to the electric field. | |
Since the.electric field:is now different; f; fhe dimensionless

scattering amplitude must also be modified. Revised expressions can be

‘derived from the work of Sokcevic 25-21}12?13,%5
JN | » B
k (R"+1) ~=A d 2k R -A-d
£ = —5—lA e P sind d] + s (6 e P cos2s -
A“+a“ P z , A “+3
P z P z
| ko(Rz-l) -
- EZ gln(sz—ZG)] + i ——Ef———i-cosAzd | (20a)
A T+A
P 'z
SO (R%-1) : - e2e1 —A. d
f = ——g—g———i——-sinA d+ ik A [ 57 (e P 4'cosAzd)_
P a %4 -2 A S+ :
P z Pz
E L4+ ="~ (cos28'e P - cos(r_ d-28))] (20b)
‘ A 2+A 2 : o2 v o .

P 2z

' Equationsv(ZOa) and (20b) include the effects of the image charges. At .
d=0 Equation (20a) simplifies to (9) and'(ZOb)vgoés to zero.
The effects'of-thebparallél cdmpénent.of the electric field become

especiélly important when we consider hydrocarbon vibrations since the
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ends of.long hydrocarbon chains can be located a significant diséance
above the surface. Figure 6 shows calculated values of prl2 and [le
as a function Of the distance of the vibrational mode above the surface
for hq = 3000 cm-1 (6a). Bofh the symmetric C-H stretching vibration
(normal to the surface) and the asymmetric C-H stretching vibration
v(parallel to the surface) of a perpendicularly bonded‘sp3 hybridized
speciesvocéur at approximately this frequency. Again we cﬁoose Eo==5 éV
and eo=§60°; The values bf R(Q.Z) and §(n/2) are somewhat arbitrafy.
Figure 6a clearly shows that even atvdistances of only 5 or 6’2 above
the surface lfpl? can be-significant.  |fp|2 goes to zero as d approaches
‘0 in keeping &ith the normal dipole selec;ion rule. . Unliké previous cal-
culations, ]lez is sensi;iﬁe to the choice of §. This is clearly shown
in Figure 6b for Gv=vn. !f;lz decreases much more rapidly with increasing
d in this case. , |

Consider the‘stretching and bending vibrations of a carbon monoxide

. ¢ . .

molecule oriented perpendicular to a plané metal surface, but with the
center of mass of the vibrational mode located 2.5‘2 above the surface.
'Ffom_the simple normal co-ordinate caiculations of Chapter I we see that
the metal-carbon stretching vibration. (normal to the surface) and the
M-C=Z0 bending vibration (parallel to the surface) occur‘at-approxiﬁately
500 cmal (depending on the choice of force constants). Tﬁe angular
distributions of these two modes are shown- in Figure 4b. As we expect,
the scatteriﬁg amplitude of a mode oriented parallel to the surface
(lfp[2> is much less than the'scattering amplitude of a mode oriented
pérpendicular to the surface (llez); Furthermore, the angular distribu-
tion of the parallel mode (~1.1°) is broader than the angular distribution
of the pérpendicula; modé. Theré_is also significant tailing ofvlfpl

to lower scattering angles.



"Figure 6.

Parallel (pr|2) and perpendicular (llez) components of the
inelastic scattering amplitudé as a function of distance -
. _ . S

above a metal surface for, a vibrational mode at 3000 cm

In (a) 6 = 7/2 and in (b) § = .

49



I£1% (arbitrary units)

'lflz_ (arbitrary units)

50

E°=58V (
8o = 60°
ha=3000cm™
R =0.2
8 =m/2
ol —
S ———_ ) I i i ] | L
0 2 4 o 6 8 10
d (A)

XBL806-53I5



Again one muét recall that all of the calculations pfesented here
afe highly idealized since only approximafe'eiectron—molecule interactions
and eléctron'wavefunctions were used. Neverthéless these Calculations
show signifigant trends and qualitative agreement with experimental
measurements should bé expected.

The normal dipole selection rule caﬁ also breakdown for molecuies
chemisorbed on either stepped or polychstalline metal surfaces. Alfhough
we will not deﬁonstrate this mathematically; thisiisvshéwn‘scheméfically
in Figure 7b. On a'steppéd surface the édsofﬁed aolecules are ofiented
with respect ﬁo thé microscopic surface normél (n) while’the elastic
(specular) beam is scattefed with respect to the macroscopic surface
normal (ﬁ). The molecules are no longer oriented'pefpendiéular to the
imagé plane'ahd therefore Qibrations parallel fo.the terracesvshould be
'_.ekcited by'tﬁej?nci&ent éle;trons.‘ This has %ot beén well tested to
"date. Howevgr, Baro and Ibach40 recently demonstrated that the asym-
metric stretéhing vibration of hydrogen (th—H = 1270vcﬁ—l) bridge boﬁded
 to_aVPt[6(11l) x (111)] surface gan be observéd in the specular’diréction.
.The relative iﬁfénsity of this mode increases for eleétron scattering out
of’the,épecular direction, in agreement with_the proposed assignment.

Such a vibration has not been observed én the flat Pt(111) éurface.; In
thié case N and # wili be parailel (see.Fig. 7a).r‘A potentially large

amount &f information on inelastic electron scattering can be gained by
studying the azimuthal angle dependence of the intensity of thé enefg}

léss peaks; |

Althéugh the normal dipolé selectionkrule is seen to hold in most
césés, care mﬁst be takén_in analyzing any vibrational spectra a; present.
More experimental and theoreticél wbrk 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

stepped surface.
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. CHAPTER I1I. Experimental
A, Spectrometer Design and Construction

The high resolution electfon energy loss spectrometer used in éhe/
present studies is similar in design to that of Froitzheim gi gl;
A schematic diagram of the complete system is shown in Figure 1. The
principles'ofvoperation are quite stfaightforward: Electrons are
emitted by a hot tunésten ﬁairpin_fiiament (JEOL #E-0014) and focﬁsed
~onto the slit of a monbchrométor by 'a three eleﬁenf asymmetrié electro~
| static lené_system‘(Al; A2,’A3).' The center of the filamenf.is iocateaA
at the focus of a parabola (fepeller)'causing an app;okimately pérallel,
" beam of’electrons to be emitted from the filament assembiy; The repeller -
is biased;neéatively with respect to the filament center (cathode).
Lenses Al to A3 were based on the design of Froitzheim2 and not optimized
furthef.‘ Théy were formed from 0.15 mm thick tantaium foil for mechan-
ical strength and ease of spot welding. - Construction of these 1ense§ is |
not critical since the electron béém is esseﬁtially’space gharge'limited
‘at'the monochromator eﬁtran;e slitl (~6 m froﬁ the filément center).
' WithVZ.; ampsvof éurrent flowing through thé filament, a maximum. 6f 25
Hamps ofréurfént isfﬁéasuréd at the monochroﬁator slit. In practice,
less thﬁnHZ uamps of current pass through the §1it and into the mono-
chrémator. The_use‘of é'loﬁ WOrk function thoriated fungsten filameqt
did not appreciably ehhancé‘phe perfofmancerof the spectrometer,
Furthermore, we found that the incident beém current measured at the
_sample position (see Fig. 1) was not vefy Sensitiﬁe to the potentials
placéd on the input lenses. Al, A2_aﬁd A3 were all spiit in a vertical

plane to allow deflection of the beam in a horizontal direction. Thus



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 mm OD Conflat flange.
Typical operating3voltages\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 monochromatdr conéiéts‘of a 127° cylindrical
sector although 180° hemispheriéal sectorsg;a’5 and cyiindricél mirror
analyzer86 havé.also been sucéessfull& used as energy dispersing elements.
For an excellent review of the varioﬁs types of elecffbstatic energy
analyzers and their advantages and disadvantages, see Reference 7. .Ihe
véhoice of a 127° cylindrical sector for:our’system was based oﬁvits éase-‘
of design, construction, alighment,7 oﬁtimazation and most importantly,
its proven performance_.8 Although this type of électrostatiq enérgy
analyzer only fogusses electronsbin a single plane, and ih‘theory is gotA;
ﬁell suited for eiectron monoéhromatization,9 in ﬁracﬁice, cylindriéél .

. v . v
‘'sectors have out-performed all other types of energy dispersing glemepts;s
The design of our séctors was based on'tﬁe published work of Frpitzhéim

7,10,11 An expanded drawing of one of the

gg_gl.l and Roy and Carette.
spectrometer sectors is shown in Figure 2.
The differential equation describing the motion of a charged particle
in a cylindrical electric field’is9
2 . E

d ; +y=—320 — . @
de uE. cos“a : o

wﬁere.uér/Rﬁéan. (r, é).and»E are the pbsition and enefgy‘bf ;hé eleé-f:

tron inside the sector, respectively. Rmean is the méan radius defined:v
in'Figure 2. Eo is the incidght energy and o is the anguia? aﬁerration.
“A first order solufioﬁ 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" ‘pvrofiling.l ‘ ‘
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R E ' | '
mean o _ _ tano
e 2 (1-cosV2 0) + cos/2 @ 75

E cos o

sin/2 0.

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

© = m/v/2 = 127° 17'. A solution correct to second order in (which also

holds .at 6 = 127° 17') can be calculated as well12
2Eo 4a2
r/r g G+ 30 - L

The design parameters used in the present study are shown in
Figure 2. . The mehn 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

AS

14

m|>'
=

+ 1/3 a2 + 1/4 Bz
[o} mean S
AE is the full width at haif maximum (FWHM) of the energy distribﬁtion
and AS is the slit width. o and B ;efer tp the éemianguiar aﬁertures in
the plane and perpendicular té the. plane 6f deflection, respecfively
.(~3°). Thus the resblving power of each 127° cylindrical séctor is
only 17 at best.

The seétors were‘optimiZed to cbrrect for fringiﬁg fieids using the
.calculations of Wollnik and Ewald.13 The éntrance and exit slits were
placed 2.6 mm from either end of the sector. To first order, then, the’
deflection field stays homogeneous until tﬁe edges of the sector and
then becoﬁes negligible. Howevgr, when the object and image distances
are zero (i.e., locatgd at the entrance and exit apertures), thén the

effective deflection angle of the spectrometef is’ the angle between the

apertures.

v
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The optimum deflectibn angle of an electrostatic cylindrical sector
“analyzer is in some question at present. According to tﬁevsimplé'theory
presented earlier, the optimum deflectionvangle should be 127° 17'.
However;sextensive Monte Caflo electron traje;tory calculations by ?éy
and Carettelo'indicate that an angle Qf approximately 135° is optimuﬁ.
The design of Froitzheim and Ibach is based on a totél.defleCtioﬁ angle
of‘120°.l;14 ‘The theoretical work of Roy and Carette also indicafes
that the design angle of the sector (¢) is a strong functién of the
electron's angle of incidencé:lq as the electrons are injected tbward
phe outer half of the sector (positive angle of incidence), the total
deflection angle must bé decreased.-’If the incident electroﬁ trajeé—

.tories are all outside of the mean radius (r< Rme ), then ¢ must be

an
reduced to 110°, Convérsely, if the electron trajectories are inside
the meén radiﬁs (r< Rmean); then ¢ must be increased tg apbroximétely
145°.,_In.practice neither of these situations can be realized and all
°traject6ries must be considered.' The calculationé of Roy and Cérétte
aiso indicaté that the spread in electron energies transmitted tﬁrough
the sector field can be minimized by injeéting.the.incidént beam toward
© the outer half of the sector an& decreasing the total deflection_aﬁgié

from 135°.7’.1O

In our system the electrons are injected and ektracted
at an,angleva of 3° toward the outer half of the sector (suggesfed-by
Ffoitzheim‘gg_gl,l) and the total deflectiohrangle is fixed'ét 12§°;
Using the fringe.field correctioﬁs discussed earlier‘for the placemenf
of the entrance and exit slits reéuires us to c;t the gectors at

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

after extensive electron trajectory calculations.
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The monochfomator, analyzer and filament assembly were fabricated
from OFHC copper. Although molybdenum is the recommended ﬁaterial for.
electron spectrometers7 (due to its uniform surface poteﬁtial), OFHC
cbpper is relatively easy to machine, has no residual magnetic fields
and is completely UHV coﬁpatible. fhe slits were made 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 tﬁe slit potenfial) are spaced 2.6 mm above and below each sector.
bBoth the inner and outer portions‘of the sectors were cut with a
"sawtooth' profile to minimize stray ele;tron reflection from the wall§
§f thg monochromator and aﬁalyzer. The dimensions of this corrugagion
are shown in‘thé insert to Figure 2. Froitzheim et al. have shown that
Fhis small modification can reduce background electron scattering by an
érder_of magnitude without affecting resolution.1 vaen with this
"sawtooth" profiling however, a small, broad peak centered near 800 cm_l
is observed in many vibrational spectra. Simple trajectory calculations
by éfoitzheim et al, iﬁdicate that this apparent loss may be cahsed by
elecproﬁ reflection from_thebouter half of the analyzer séctor.1 Further
' -colliﬁa;ion éan‘completely remove this spufious background peak.-l5

The relative energy resolution'of each sector is only 1% - 2% and
tHerefore we work at iow pass energies (~0.5 eV) to reach approximately

10 meV'KSO cm_l).fesolution. The electric field at any'point inside the

monochromator with respect to the mean radius, R

mean’ can be calculated °
2,9 '

from the design parameters of the sectors.
E(r) ='fAV[Zn(r/Rmean)]/[ln(Rout/Rin)]

AV is the potential.difference_between the inner and outer halves. Using

the sector dimensions shown in Figure 2, the potential on the outer



et

cylinder (r Rout) must be -0.464 AV while the potential on the inner

'Rin) must be 0.536 AV. The pass energy'df the spectrometer,
2,9

cylinder (r :

Epasé’ can also be calculated knowing AV.

Epass = AV/2 zn(Rout/Rin).
‘has little to do with the pass

9
slit'

In practice the slit potential, Vslit’

energy due to the work function change at the entrance slit, Ad

Vslit B Epass + A(bslit'-

In fact, V is generally negative! (see below).

slit

After exiting the monochromator the electrons are accelerated to the

crystai by lenses Bl and 32; Bl is split in a horizontal plane to de—‘r
fleét the beam vertically. Lack of horizontal deflection of the incident
electroné is compensated for by transiation’and)or rotation of the sample.
These lenseS'wereaBased on ;he design of Froitzheim2 énd not optimized

further. The hingéd shield (which allows rotation of the specfrometer)

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

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

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

'Hoﬁever, the sample can be biased up to 45 V above and below ground to

compehsaterfor work functioh changes upon gas adsorption. Typical beam
currénts at the éample are between 1 and 5 x 10-10 amps at an incident
energy of 5 eV.

After scattering from the sample, the electrons are collected by

lenses B3 and B4. 1In 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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égain and focused onto the entranée slit of the analyéer sector. The
spectrometer 1is symmetric so that lenses B3 aﬁd B4 are identical to
lenses B2 and Bl, respeptively. Bl through B4_and the hingéd shieid are
fabricated from OFHC copper. The analyzer and monochromator are iden-
tical cflindriCal sectors; thus the actual resolution of the spectro-
ﬁeter is l//f-of the meésured peak-widths.7
After énergyvanalysis, the électrons are detected by ; channeltron

eleétron ﬁultiﬁliér (Galileo CEM 4628). Post acceleration of the exiting
electrons info’the cone of the chénneltron was unheéessary and degraded
the resolution slightly. The‘signal is then émplified (Ortec 109 PC
Preamplifier), shaped'(Ortec 471 Spectfbscopy Amplifier, Ortec‘550
Sihgle Chanhel Analyzer) and ;ounted (Orpec 449 Log/Lin Ratemeter) out-
side of the vacuum chambér. Specfra are scanned in an analog mode by

“linearly ramping the voltage on the analyzer slits with a variable speed
. motof drivén botentiometer (Ifwin Halstrup)(X axis) énd plotting the

.outputfof the,ratéﬁgtér 04 axis) on airecorder (Hewlett;Packafd 7044A). :
"Lenses B3 aﬁd B4 éould also be_scénned at variable rates to insuie'
- opéimum electron focgéing. Such écanning Qés found to be unnecessary
under most operating coﬁditioﬁs, however. | |

To:reduce sfray electron scattefing throughoutbthe spectrometer;

the filamént, all of ﬁﬁe lensés and the channéltrén are enciosed in
_-copper shields.7 The entire assemblage is held together with.precisioh
gfohnd aluﬁina rods and épacers thus insuring accurate alignment and
electrical isolation. All surfaces exposed to the electron beam were
coatéd witﬁ colloidal graphite (Aquadag) to further red;ce electron re-
flection.énd to alleviate inéuIatoricharging 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 outgai the graphite
coafing. These nere run at 30-40 anps (~1000 K) while Baking the vacuum
system. |
Voltages are supplied to each lens and sector through a precision
vvoltage divider;network:controiléd:by a single 70 V power supply (Power
Deéigns 11203). Lenses B3, B4, the analyzer séctor (inner and outer)
.and slits are'biased by fouf separate floating nower supplies (RO 105 and
106) so that they could be’indiyidually scanned. All potentiometeré are
Becknan 10 turn, 5 watt Helipots with 0.25% linearity (Modei A). Dif-
ference potentials (AAl-AA3, AB1, AB4) are set using dual gang potentio_
meters. Ripple and noise were reduced below72 mV peak—to—poak bf -
placing simple RC low pass filters’(1~;0.1 sec) on the output of each
voltage oivider."All connections from the power.ounpliesvto'the vacuum
chamber were‘made using snielded cables. Voltage connections insidé the
vacuum system were madebwith 0.25‘mmvdiamétér Advance wire. This copper-
nickel alloy is rolatively easy to spotweld, but retains no residual
nagnetic fields. OFHC copper wire wés uSed'forvboth the filament and
heater leads. A1l wifeo inside the vacuum chamBer were insulated nsing
flexible borosilicate gléss sleeving (Hygrade Thermoflex 1200).
Reduction of background magnetic fields was also important in the
design ofvthe spectrometer.7’ll ’The.fields‘due’to.thé earth and to the
ion pumps>nefé reduced by placing a 1.5 mm thick; 29 cm diameter pmetal
oan inside the.ultfa-high vacuum chamber. The shield ran the entire
lengthnof’tho éhamber and had small holes for acoess to each port. The
top and bottom were capped to_reduée-%ield penotration; In addition,
two léyers_of 0.1 mm thick siiiconéifon foil were‘Wrapped around fhe.
chamber -(external) in the area of the spectrometer. .Ihg high sé;ufaﬁion

~
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index and relatively low permeability of this shielding material served
ﬁd prevent the pmetal from ;aturatiﬁg. "Residqal fields were reduced
below 20 mGauss at the sample position. Three orthogonal 1 m square
Helmholtz coils placed arbund the vacuum system were found to be of
little additional use. .The only source of magnetic fields inside the
spectrometer was the filament leads. These Qere twisted to form a -
noﬁ—inductive winding and routgd as far away from the sample as possiﬁle,
The electron filament, monochromator and lenses are rotatable so
that possible angular effects'cqu;d be studiéd. This alsé helped in the
iﬁitial tﬁning of ;he system. Rotation was accomplished through the use
of a linear mdtioq‘féédthrough driving a rack and gear ﬁoun;gd on the
. axis of the spectrometer.. Copper-berylliumvbushingé and 3 mm diameter

sapphire ball bearings were used to reduce friction throughout. 'The

' .
v

spectrometer baseplaté and rotation mechanism were constructed of type

.304 stainless-steei and thorough1y degaussed before use. Asvmentioned
pfeviously, the total séattériﬁg angle was fixed at 140° (70° angle of
incidence) for all experimehts. .The sectors, lenses, rotation mechanism
and all electrical feedthroughs were mounted on a siqglé 200»mvaD Conflat

flange. A photograph of the completed spectrometer is shown in Figure 3.
B. The Tuning Procedure

Tuning‘up the high resolution ELS spectrometer fornpptiﬁqm perform— '
ance is a straightforward_albeit tedioué task. >TovminimizéHQiScomfort,
the following procedure has proved very effective. Befqreiseginning
this scheme, it is important that both the'vacuum system and thé.spectro- '
meter be well baked and that the sample be felativel&(clean and well

ordered. First the current to the monochromator entrance slit must be



Figure_B.

Photograph of the high resolution electron eneréy loss

spectrometer shown schematically in Figure 1.
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optimized using. the repeller and lenses Al through A3. Current is
measured using ‘a Keithley 410 miqro—microammetef (~25 uaﬁps). Then the
 current that traverses the monochromator entrance slit and is collected
ratvthe outer half of the moﬁdchromatér must be tuned for a maximum (~2
uwamps). This usually requires an extensive readjustﬁent of Al and A3.
Difference pofentials‘on all lenses should‘be kept to-é 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 shieid (see Fig. 1) and the current to the crystal is’optimizéd

using principally Bl -and B2 (~5~x'10-10 amps). " The current at this pointﬁ

" should not be extremely sensitive to the potentials placed on these two

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 sémple current go through a maximum as a
function of filament current (~2.i amps). This insures that the mono-
chromator is functioning properly.

The cruciai step at this stage is to posifion thé ct&Stal in the
center of the spéctfometer and rotate it to tﬁe»proper angierso that
lenses B3 and B4 can collect the séattered electrons. This is made
easier by the center point on the axle of the monochromator fotation
mechanism. Tﬁus7the lateral positioﬁ (X and Y) of the sample can be
accufately deterﬁinéd. The crystalvcan be posifionedeertiéally (z)
knowing the half—heighf of therhinged shield (20 mm). The rotation angle
can.be_calqulated fairly‘accufately by'measufing'the>sample:éngle'in thé
LEED‘position aﬁd knowing tHe‘felative orientation of the high reSolﬁtion
ELS spectrometer (—42°).' At this point’curfeﬁf to B3 should be easily
measurable (1-5 x 10_'10 amps). The current to the analyzer éntrance'slit

can then be optimized using principally Bl through B4 and the crystal
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bigs (~1 x 10—10 amps). This will éertainly cause a reduction in the
current measured at the sample and may require extensive repositioning

or biasing of the crystélﬁ(tl V above or below ground). Once current is
measured to. the analyzer slit, the higﬁ voltage pdwer'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

2 x 105 counts per second in the elast;cbchannel). Again, extensive
repositioning, biasing and/or retuning may be required.

Ohée maximum signal is detected at the channeltron, the spectrometer

.is optimized for 1) maximum intensity iq the inelastic scattering peaks
and 2) minimum peak widths. Both of these are extremely sensitive td‘
thé voltages pléced'on lenses Bl to B4, to the sample pésition and to the
cfystal bias. Difference potentials (ABl1 and AB4) are always kept to a
3minimumf The inéident beam energy can also be important herebdue to rapid

fluctuations invthe sampie reflectivity between 1 and 6 eV.l6’17

‘Optimi-
zation must occur in a cycliéal fashion since the potential on any given
_lens or sector affects_the.puning of all lenses and- sectors. "Tuning
down'" the shouldérs while maintaining signal in the peak maxima is the
most‘effective méthod of minimizing peak widths and thefefore improving
resolution. This is not always aécomplished by lowering AE on either the
monochromator or‘apalyzer since the signal dec&eases as well., Further-
more, as gases'are adéorbed_on the sample (and inadvertantly on the
spectrometer itself),'lensés Bl thfough B4 must be retuned to compensate
_ for the wofk_function.chénges. The crystal bias is extremely important
in this respect. Typicai values of the potéptials placed oﬁ 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 fhe High Resolution Electron
Energy Loss Spectrometer (All voltages are with respect to the
filament center unless otherwise noted).

Filament Current = 2.01 amps

Repeller = -0.261 V

3.679

Al Left = 3.659 Al Right =
A2 Left = 46.02 | A2 Right = 41.26
A3 Left = 0.665 - A3 Right = 0.677
Monochromatdr:. Slit = -0.128
Inner - Siit =0.189 ’ dufer - Slit‘= -0.165
lOutgr - innerl = 0.355 |
Bl Lower = 0.133 | B1 Upper = —0.010
B2 = 0.179 | |
Beam (Incident Energy) = 4.786
Crystal Bias = 5.307
B3 = 1.062 |
B4 Lower = 0.007 , .- - B4 Upber = —0.0507'
Analyzer: Slit = -0.222

Inner - Slit = 0.191 © Outer - Slit = -0.164
vIOuter - Inner| = 0.356
Channeltron: Bias = 2500

Cage = =40
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values and can vary tremendously dépending on both Fhe su:féce and the
adsorbate under study. Ali potentials are measured with'a Keithley 179
Digital Multimeter. |
Due to the high gain of the preamplifier, the adjustment of thé.
counting eléctronics is not c;itical. The spectroscopy‘amplifier'is run
at a gain of 5-to 10 and is primarily used for puise shaping. A 0.5 sec
' time constant is eésential for minimizing clipping at high count rates.
The single channel analyzer is qperated in the integral mode (as a dis-
criminator) and is merely uséd 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 andISignal stability. With these settings,v
" the elastic scattering peak from a clean metal surface should contain
between 1 and 2 x 105 counté rer second and have a full Qidth at half
maximum below 9 meV (70 cm—l). Scattering into inelastic channels is
betweeh 10 and 1000 electrons per second- depending on the oscillator
strength of the excitédvvibrational mpde.v'The_ratemeter time constant’
on the more sensitive scales 1is' generally increased to 3 to 10 seconds.
FolioWing this tuqing procedure can often lead to a "relative"
signal maxiﬁum and not to the optimum operating conditions for thevgiven
crystal/édsorbate combination. Sometimés the potential on any given
lens orvsecfor‘must be arbifrarily changed and the remainder of the
voltages retuned in order to reach the "absolute" signal maximum.
Nevertheless, thié section does provide a systematic procedure for
tuning up the spectrometer which has proved to be very usefu1>in per-

fbrming the experiments described in Chapters IV through VIIT.
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C. The Vacuum System

All experiménts were carried out in a stainless steel uitrahigh
vacuum (UHV) chémber built in two levels. A scﬁematic diagraﬁ of the
system is shown in Figure 4. The upper portion éontained.the standara
single crystal surface anélysis eéuipment: a foﬁr—grid retarding field
energy analyzér (Varian) for low-energy electrén diffraction and‘Aﬁger
electron spectroscopy (with a glancing incidence electrbn gun (Cliff—

tfonics)); a quadrupole mass spectrometér (UTI 100 C) for residual gas

'analysis, thermal desorption mass spectrometry and kinetic studies; a

2 kV'argon ion éputtering gun.(Phyéical Eledtronics'industries) for
sample cleanihg and a ﬁude ionization gauge (Varian) for pressure meas-
urement. For severél‘studies a simple metal evapbration source énd
oscillating quartz crystal microbélaﬁce (Inficon XTM) were.added to the

uﬁpef.level of the 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 steei gas manifold. .The maﬁifold

could be pumped by either two sofption pumps or by a liquid nitrogén v

trapped mechanical pump and had a base pressure-below 5 g~1o‘5 Torr;'
After sample cleahing,»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-

Violetvsource (for X-ray or ultraviolet photoelectron_spéctroscopy) 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 pfeviously, the vacuum chamber was lined

with layers of umetal 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
lower level. The base pressure in the system is below 1 x 107
Torr after a 36 hr bakeout at 450 K.

10
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magnetic fields. The upper and lower levéls-were also separated by
umetal. The base pressufe in the system was maintained at 1 x.lO_10 Torr
(after 36 hr, 450 K bakeout) with two sputter ion pumps (Varian 400 &/sec
and 110 &/sec) énd a water cooled titapium sublimation pump.

This combination of techniques allowed us to determine the structure
of the adsorbéd species while on the metal surface and after desorption
into the gas phase. -Furthermore, molecular rearrangemenﬁs in the
adsorbed overlayer as a functiog of both.substrate temperature and back-
ground pressure could be studied.

The procedures for sample breparation, mounting and c1eahing have
been described in detail elsewvhere.-l.8 Briefly, £he rhodium single crys-
tal roa (Materials Research Corp., MARZ Gréde) was oriented to within
+5° using X?ray back reflection and 1 mm thick discs were cut by SPark
erosion. After mechanical polishing (fiﬁal steb: slurry of 0;05 um
A}ZO3 in water), thg sémples were épot welded to etqhed taﬁtalum.foil andv
mounted insidé the UHV chamﬁer. ‘A small jig and a Heliﬁm—neon laser
were used to ihsuré accurate alignment of all samples. .The rhodium:

. crystals were‘cleaned by a combinatién of argon ion bomﬁérdment_(S X 10-5'
Torr Ar, 30 ma emissién current, 1000-2000 eV) followed by annealing in
vacuum (~1100 K) and 02/H2 cycles (5 x 10—7vTorr, llQQ.K) to remove
carbon, sulfur and boron.

Gas adsorption was studied.at pressures Between 5x 10_9 and 5 x
10—5 Torr and at temperatures_Eetweén'Zlo and 850 K. Teﬁperatures werg‘
measured with a digital tﬁermometer (Doric) and.a chrémel—alumel thermo- -
couﬁle'spot welded to the top of the sample. Surface stfyctures were
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.



3

In the remainder of thisfthesis.we will present several applications
of.high resolution electron energy loss spectroscopy to the character-
ization of moleculés adsorbed on rhodium surfaces. It is clear from
Chapter I that ELS ié a very powerful téchniqué for studying the vibra-
tional spectra of chemiéorbed molecules, however, no single surface
sensitivé probe alone can yield a éomplete picture of the structure,
bonding and feactivity'bf adsorbed species.lg"Therefore wé have de-
signed a .vacuum s&stem which allowé us to rouﬁinely perform a variety.

of'complementary,experiments on a'single'sample.
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Chapter IV. The Chemisorption of Carbon Monoxide on Rh(lll)1
A. Background

The bonding of carbon'monéxide to transition‘metals is one of the
most extensively studied chemisorption systems in surface science:g’
The interacfion of CO with,métal atéms or with clusters of metal atoms -
is also well studied by inorganic chem‘ists.l"-6 As a resultvof.théSe
detailed investigations of CO, comparisdns between surfacgs and metal
cluster carbonyls can now be ﬁade.7i8 The bonding of carbon;moﬁdXide

to rhodium is of special interest since this metal catalyzes the hydro-

genation of CO in both heterogeneous and homogeneous media. The forma-

tion of small hydrocarbons from CO and H2 over Supportéd9 and unsupported10

rhodium surfaces is well-known. Furthermore, rhodium carbonyls gatalyze
the hydroformylation of olefins and producé’ethyléne glycbl from mixtures
of hydrogen and CO.ll Because of the importance of this me;al we have
ﬁhosen té ekplore the vibrational spectrum obeO chemisorbed on a Rh(111)
‘single crystal-surfaée. | ‘

Much éffort has gone into understanding fhe vibrational spectrum of
carbon ménoxide chemisorbed on,rhodium;lz"More‘than 20-Yéars>ago Yang
and Garland performed the first infrared studies using highly dispersed
. rhodium particles supported on an inert alumina.substrate,%? fIhey pro-
vided con&inéing evidence for a‘Speéies of the form Rh(COjé; é gém di—
c?rbbnyl, whose IR”Spéctrum showed a doublet at 2095”and‘202?‘¢m_1-  The
presence of linear (~2060’cm-1)'and bfidge bonaed‘(lQZS'cm_l) fbrms'were

12,14-18

also demonstrated. More recent inveStigétions agree extremely

.well with these early experiments except that the C-0 vibration of the

S . -1 .
multiply coordinated species was found to lie near 1860 cm = 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 ‘

19,20 1

2100 cm—l region were reported. Substrate adsorption below 1000 cm

masked all Rh-CO vibrations. Both transmission and reflection IR

studieo employing eVaporated\rhodium films yield similar results.12 Due
to the high density of rhodium atoms, no species of the form Rh(CO)2 were
formed,.howeper. This is expected to be the case on the (111) surface
.ss weli. Weak adsorptionS‘between 400 and 575 cm—1 were seen and are
indicative of metai—adsorbate stretching and bending vibretions. In-
elastic electron tunneling spectroscopic (IETS) measurements on aluﬁina

supported rhodium particlesn-v23

add little new structural information
except thet peaks in the 400—600Vc1i1—l region have been definitely assigned
to Rh-CO bending and stretching modes.. Ibach24 has.shown that high
resolution electron energy loss spectroscopy and IR spec¢troscopy yield
analogous information and therefore one would expect similar results from
the present investigation. .Selected pibratiohal frequencies for the-
chemisorption of carbon monoxide on rhodium are summarized in Table I.
The structure of CQ adsorbed on rhodium surfaces has also been
studied by low-energy electron diffraction. The first reported LEED
experiments on the Rh(111)/CO system were carried out by Grant and Haas
in 1970.25 Tﬁeée results have only recently been expanded and systema-

tized,g6’27' At room temperature CO forms a (/3xV3)R30° structure at

exposﬁres pear 0.5 L (1 L=1 Langmuir = 10—6 Torr * sec = 1.33 x 10_4
Pascal'sec)f‘ At intermediate cOverages'a "split'" (2x2) pattern is visible
and can be explained by double diffraction from a hexagonal overlayer of
molecuiar CO. The spot splitting decreases as the overlayer compresses

into a closest packed configuration and finally a (2x2) LEED pattern is

'visible; Thermal desorptioﬁ mass spectra yield only molecular CO-
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.0 0 0 0 0
I~ I N N 7
C - C c c ¢
, /1IN / N\ | \ /
, Rk Rh Rh - Rh Rh Rh Rh
. . Y]
: : , Rh-C .
Surface Technique \Y v, Y v
5 6Rh—C=O 3ffoldA bridge atop . Rh--(CO)'2
RR(11D® -  ELS 420 - 1870 2070
L 17 '
Rh/A1,0, IR - 1870 2070 2031,2101
-Rh/51023° IR '1899—1900 2040-2065  1990-2020,2080
evaporated Transmiséioﬁ 400-575 1852,1905 2055 (2111)
Rh film*’ IR ‘ ‘ |
Rh/A1.0,23 IETS 413,465, 1721¢ 1942°€ 1942
2°3 _ o
_ | 600 _
ha(c0)832~ solution, IR 1845,1861 2061,2086
Rhﬁ(CO)1233  solid, IR 393,423, 1848 2028-2105
’ . 488
Rh, (CO)..33  solid, IR 413,427, 1770 2016-2077
6 16 ;
513
a all frequencies in cmfl. 'b) this study. h

Table I. Selected Vibrational Frequeﬁcies for Carbon Monoxide on.Rhodiuma

Surface Sites

© peaks shifted due to the geometry of theftunﬁel junction.(see page 110 of

text and Ref. 56).
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.desorbing from the surface (Ed==3l kcal/mole)%”28 and show no evidence

for CO dissociation under ultrahigh vacuum conditions.2

‘The effects of surface_prétreatment on the cheﬁisorption of CO on
-rhodiﬁm have also béen considered pfeviously. Early infrared expe;iments
showed that hydrogen had little affect on the.CO/rhodium vibrational

: 13 s 1 ;
spectrum. More recent studies indicate a slight decrease in the gem

16,29

dicarbonyl (Rh(CO)z) species upon hydrogen exposure. Hoﬁever; no

. evidence for changes in either the LEED patterns or the thermal desorp-

tion spectra of CO adsorbed on Rh(111) were found after exposing the

26

surface to gaseous hydrogen at 300 K. Infrared studies on 02/C0

co-adsorption show an increase in the concentration of the gem dicarbonyl

13,14,16 and a decrease in the concentration Ofvthe bridge bonded

13,16

species

species relative to the linear species. Small shifts in the C-0

stretching vibrations to higher frequencies have also been reported.

The formation of CO, at higher pressures and elevated temperatures has

2

10,13,31

been seen as well. Carbon pretreatmeﬁt'from the thermal decom-

position of acetylene had a marked decreasing effect on the rate of meth-

10

ane formation from CO/H, mixtures over a polycrystalline rhodium foil.

2
Furthe£more,'CO therﬁal dgsorption spectra show a shift of 30 K to lower
binding energy‘on tﬁese same pretreated surfaces.

In this ;tﬁdy we have combined high resolution ELS with LEED and‘.
thermal desorption mass épectrometrybto'present‘a rather complete piéture
of CO éhemisorption on fhe Rh(111) single crystal’sutface above 300 K.
The vibrational spectra of carbon monoxide indicate two diétinct'binding

sites (atop and bridged).wﬁose relative populations and vibrational fre~

quencies are a strong function of both substrate temperature and back-

n
1

ground pressure (coVerage). TDS measurements show the bridge bonded CO

4
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to have a lower binaing‘energy to the éurface'than the species located

in the atop site,Land therefore this species cénvbe seiectively removed

from tﬂe rhodium crystal. Surface prétreétment.élso had a marked effect

on CO ads;rption: oxygen and carbon both‘inhibitea carbon monoxide

chemisorﬁtioq and weakened the metal—aasorbate bohd strength; Hydrogen

had no observable effects, Finally, by combining the ﬁresent data with
23 |

. 17 . Cpal ' - ;
earlier 'IR"" and IETS ~ studies a consistent set of force constants for

" the two types of chemisorbed .carbon monoxide can be calculated.
B. CO Chemisorption on Clean Rh(111l)

The vibrational spectra of carbon monoxide chemiéorbed on Rh(11l) at
300 K as a function of gas dosage is shown in Figure 1. At very low .
~ exposures (less than 0.1 L)IOnly one peak at 1990 cm_l is observed in the

C=0 stretching region and no ordered LEED pattern is found. By comparison
| o 32,33
. a

with thevinfrared spectra of.relevant'ofgahérhodium compounds nd
with matrix iSOlated métal ca‘r’bonyls,34 one can assign ﬁhis loss to tﬁe
carbon-oxygen stfetching vibration of a linearlyvbonded species. Tﬁié
peak shifts ;oihigher frequency as the‘coverage ié‘increaSed. ?dssible '

35,36

causes for this include local field effects, vibrational coupling,

. dipole-dipole interactibns or simply a decrease'in‘fhe total metal-
.éarbon backbonding'dué’td the increased number of aasprbate molecuies.4
When a.molecule is chemisorbed on a surface it will not oniyvbé in-
fluehced by the substfaté, but gy other neighboriné-adéorbatevmolecﬁles'
as well. As the surface coverage increases, the averagé.nea;est ﬁeighbor
spaéing decreases and the mégnitude'of adsorbate—adsorbate repulsions

and/or attractions increases. Calculations of these local field effects

can only account for a 10 to 15 cm—1 shift in the C=0 stretching
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Figuré 1. Vibrational spectra of CO chemisorbed on a clean Rh(111)
surface at 300 K as a function of exposure. Note the shift
- in both the 480 and 1990 cm™! losses with increasing coverage.
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frequency, however.36 Vibratidnal_coupling between adjacent carbon
monoxide molecules cah.also affect the CO vibrational spectrum. If one
considers two carbon ménoxide molecules (or ligands) b&nded to a single
mefal atom, then c6upling betweeh vibrational modes of the same symmetry
will certainly occur. waever, this coupling will also be present
(albeit not as strong) when CO's are bonded to neighbdring metal étoms.3
Suéh affects.have been séégﬂin‘the ipfrared spectrum of metal cluster
‘carbonyls and can account for shifté ﬁp‘to 30 cm_l; depending>op the
strength of_the coupling_constant.36 Dipolar inte;actions can arise from
- a purely electrqdynamic (or_;h;ough space).couﬁling betweenhbne dipole
and theldscillating electrié field of another.  Interactions'with "image

38,39,41

dipoles" must also be considered. These forces are very long

Irange; but again can only account for a 10 to 30 cm_l shift in the C=0

38,39 Finally, as the number of adsorbed molecules

stretching frequency.
increases, the competition for thevelectrons of tﬁe surface atoms in-
creases so that theré is 1eSé charéé availaﬁle tb put into each CO 2n*
antibonding ofbital_with the consequence that tﬁe/carbon-oxygen bond
Beéomeé stronger and‘the C=0 stfetchingvfrequency_increaée;} Currently

one lacks a complete understanding of the phaﬁées of the forces involved
and the'individual'effects of each perturbation cannot ﬁe gompletély
decogpled..lkécgnt infrared studies on single crystal platinum42 ana
‘céppér43.s§rfaces have attempted to sort out.these effects,vbut dpe to

the extent of the shift here (see below), a combinatibn of all ofrthese
-mechanisms is mosf likely'présent. |

A resulﬁ of these effécts is a decreasé 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 vibfation
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for this linearly bonded species from 480 cm-l to. lower frequency with
increasing CO exposure. This is consisteﬁt with the weakening of the
metal—adsorbate.bond observed with increasing gaé doéage in the CO thermal
desorption spectfa of Figure 2.44 Previous studies have also shown a
similar temperature drop iﬁ the TDS peak.maximum with iﬁcreasing carbon

6,27 No other vibrations corresponding to Rh-C=0

monoxide exposure.2
bending modes were observed in thé specular direcfion and by invokinggthe
normal’dipole-selecﬁion rule (éee:Chapter II) we cbnclude that thevcarboq:
o§ygen'bond is oriented perﬁehdicﬁl&r to the surface.

At larger tﬁan 0.4 to 0.5 L CO exposures a small shoulder ﬁéar
1870 cm-lvappears (see Fig..l). .Again by comparison with relevant model
éompounds,32_34_wé can assign fhis peak to the carbon-oxygen stretch of
a bridge bonded species. Unlike the loss near 2000 cm_l, this péak grovs
at essentially constant frequency, never &aryihg more than +5 em L. By
‘a CO exposure of 1.0 L the‘rhodium-carbon stretch haé significantly
broadened. The new iqw frequencyvshoulder appearing slightly above
400 cm—1 éorresponds to the metalfcarbdn stretcﬁ for the bridge bonded
species. This.weakgr bond to the substrate f6r>the new  species cén be
correlated with the low ﬁeﬁpefature desorption peak appearing~at.high
exposures in the thermal desorption spectra of Figure 2. Assqming first
order desorption kinetics and a pré—e#ponential factor of 1013 Sec_l,
the binding energy difference betwéen thesé two sites is found to be
apprqximatelyrﬁ kcal/mble. Agéinvthe bridge bonded species is oriented
perpendicular to the surface since no.bending or asymmetric stretching
modes are obSérved in the specular direction. |

Since Castner, 35_31326 found the (2x2) LEED pattern to room tempera-

ture to be stable only at relatively high gas pressures, we have explored



Figure 2.

90

Thermal desorption spectra of CO from an initially clean
Rh(111) surface.%4 The high temperature peak corresponds to
the atop sites while the low temperature peak which grows in
at larger CO exposures belongs to the brldge bonded species.
The heating rate is 25 K/sec.
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the vibrational spectrum of chemisorbed CO up to 1 x 10_5 Tor;. This
series of spectra is shown in Figure 3. Once again the carﬁon—oxygen
stretch for the‘atop site continues to shift to higher frequehcy as a
‘function of coverage and reaches a limiting value of 2060 to 2070 ém-l.
The rhodiuﬁ—carbon stretch of‘the linear species simultaneously de-
creases to 420 cm—l. The 1870 cm_l.loss due to the bridge bonded species
remains at a constant frequency with increasing coverage,‘howéver. The
presence of gem_dicarbonyl sﬁeciés-cannot be ruled out here due to the
limited resolution of ELS;;bﬁt ééem unlikely because of the.high dénsityv
éf mgtal atoms on the (111) surface12 that would lead to,extreme crowding
of CO mo;ecules in the diéarbonyl configuration.

| The high coverage values of the C=0 stretching frequencies measured
here are in excellent agreement with most of the earliér infrafed studies

20 and‘imsupported12

of carbon monoxide adsorption on both.supportedlz—
}hodium samples. The small differences in the reported stretching fre-
quencies may be due to dispersion and support'effects. Repré;entative
infrared and ELS data for the CO-rhodium system are summarized ‘in Table.I.
The chemisorption.of.carbon monoiidé on Rh(111) is completely re-
versible. As the background CO in Figure 3 is pumped away the carbon-
oxygen stretching vibration for the briage bonded species'deCreéséé in
intensity and the metal-carbon»gnd carbon—oxygen'stretching vibratibgs 
for the atop site shiff back.iﬁtﬁ their original positions. The bridge
bonded épecies.éan be selectively remqved from the substrate by slowly
heating the crystai.to approximately.360‘K in vacuum. This is shown iﬁ
Figure 4a, where wé héve expoéed the Rh(11l1l) surface to an eésentially
infinite amount of CO (>1000‘L) at 300 K and then evacuated the system,

' -1
As the crystal is slowly heated, the 1870 cm =~ 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(111) at 300 K as
a function of pressure, o
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Figure 4. Températﬁre dependenée oflthe CO on Rh(lll)‘vibrational spectrum;
a. infinite exposure (>1000 L) to CO;'
b. spectra run under 1 x 10_5'Iorr co.

Note the desorption of the bridge bdﬁded'species first, in’
agreement with the TDS spectra of Figure 2. '
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stretth for the atop species shifts to 1ower;frequéncy. ~This is entirely
consistent with-the-thermai desorption spectra of Figure 2 which show a
lower binding energy for briage»bonded carbon nonoxide.' The second series
of spectra in Figure 4b_wére obtained in the presence of l.x.lO—5 Torr of
CO and at much highér temperatures. Once againithe multiply éoordinated
spécies desorbs first. vNovCO decomnosition was detected under any of
the conditions employed in our experiments (p<1 x 10-5 Torr CO,
. TS6OO_K).28 | | o

.The adsorption of CO nn Rh(111) at 300 K produced a series of well
ordgred LEED patterns-in excellent agreenent with previous studiés:26’27
The (/3k/§)R30° LEﬁD pattern observed at a 0.5 L CO exposure probably is
due to an ordered artay of CO moleculés sitting in atop sites since the
vibrational-spectrum-shows pnly a single peak in the carnon—oxygen
‘stretching region at- 2010 cm-l (éee Fig. 5a). Tnis has now been ton-'
firmed by a low-energy electron diffraction structuré'analysis.46 At
intermediaté co exposurés we see a compression of this hexagonal overlayer
until at pressures of ~1_x 10_6'forr where a closest-pncked carbon mono-
xide overlayer has formed. This yields a'(2x2) LEED pattern with twn
different CO species pér unit cell and a surface conerage.of 3/4. A
real space model for this substtate-overlayér 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'vibrationnl
spectrum. Tne relatine populations of the two surface species could not
be accurately measured from tné thermal desorption‘spectra due to the
_ asymmetric peak shapes. Réléxation processes occurring in the over-
layer during the‘desotption_procéss also cdmplicate the determination of

the coverages of the two types of CO snécies. Between these two limiting

’



Figure 5.: Real space representations of CO chemisorbed on a Rh(11l)
surface: :

a.  (/3x/3)R30° overlayer structure visible at
~ low exposures; : :

b. (2x2) structure seen at relatively high background
pressures. o '
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c&Qerages we see a'con#inudus-growth of all peaké and‘é Shift.in the loss
above 2000_cm-1, éonsiStent witﬁ the compreésion of the cafbon mondxide
overlayer. | . |

Pritchard47 has shown.that byv;lightly “rel;xing" the overlayer
structure, local sité adsorptioﬁ can be obfained without altering the
diffraction pattern. Such effe#ts may be taking place on Rh(111l) and
are consiétent withrtﬁe vibrational sgectra. 'Fprtherbevidenée,for local
site adsorption can be séeh ih:Table ¥,'whefe'a comparison of the present
results with eariier‘IR studiésfis shown. Linearly bonded carbon mon-
oxide molecules ha#e'CEd sfrétching frequencies between 2000 and 2100
cm ,'regardiess of tﬁe support or'fhe dispersion. Similarl&,.bridge
bonded speéies lie iﬁ‘tﬁe 1850-1900 cm-l'region. Finally, the recent
phofoemissi&n studies:;f Braun, ég_él,.on the Rh(111)/CO chemisorption

' system show no evidence for adsorbate band formation.48
c. co Chémisorption on Pretreated Rh(111)

~ Sexton and Sémorjai showed that surface bretreatment had a marked

effect on the rate of hydrocarbon fqrmation from HZ/CC mixtures over
polycrystélline rhodium foils:10 oxida£ipn enﬁaﬁcéd thé methanation
rate while surface carbon inhibited product fbrmation. We studied the
-effectsvof hydrogen, oxygen and carbon on the CO on Rh(111l) vibrational
spectra in the hope of ﬁnderstandiﬁg'the‘effects of pre-adsorption. . HZI
pre-adsorption or post-adsorption on Rh(111) at 300 K had no significant
effect on eithér the CO vibrational spectra or on the CO thermal desorp-
tion spectrum (see Fig. 6b)f Furthermore, no féom temperature rhodium-
hydrogen stretching vibrations are pbserved, gven at ﬁz éxposureé up. to

several thousand Langmuirs. Finally, no changes are seen after heating

the crystal fo 600 K in 1 x 10-5 Torr of a 3:1 H2/C0 mixture for 30
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Figure 6. The effects of surface pretreatment on the thermal desorption

. spectrum of CO from Rh(111l): a) clean surface; b) pretreated

in hydrogen; c) pretreated in O,; and d) pretreated with carbon.
The heating rate is 15 K/sec.
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minutes.ag Earlier LEED,” TDS*  and IR

26 26 13,16,28 studies on a variety

of rhodium surfaces also showed no effects at 300 K.

The effect of preadsbrbed oxygen on thé carbon monoxide vibration-

al spectrum is shown in Fig. 7. O, chemisorption on Rh(111l) is disso-

2
ciative at 300 K yielding a single metal-oxygén stretching vibration at
26,31,50

520 ch—l and a second order thermal desofption maximum. This
peak only remains as a shoulder on the more intense rhodium-carbon
Strétch aé the CO coverage is increased. The formation of bridge bonded
carbon monoxide is strongly‘inhibited in the presence qf chemisorbed
oxygen and the atop sites seem to éaturéte ﬁith CO by an exposure of

only 1 L. It appears that pre-adsorbed oxygen blocks some of the Sufface
sites so that CO cannot adsorb in many of.the étop and bridge positions.
Since oxygen is strongly electron withdrawing, the extent of rhodium—
carbon backBonding has decreased and the C-0 stretch has shiftgd approxi-
métely 50 cm“l to higher frequency. The strength of the metal adsorbate

bond is détermined by the electron density in both the 50 and 27* molec-

ular orbitals of carbon monoxide and should therefore decrease as well.

' . g . ' -1 . '
Consistent with this is a decrease of at least 30 ecm = in the metal-carbon

stretch and é_lowering of the thermal desorption temperature by approxi-
mateiy 40 K (see Fig. 6¢). The smaller thermal desorption peék'area is
also in agreement with fewer CC molecules on the surface in the presence_‘
of chemisorbed oxygen.;

At CO.pressures neaf 5 x 10'.7 Torr a small shoulder a£ 1860 cm'-1
apﬁears and the bridge bonded species begins fo form.v By 5 x iO_6 Torr
of CO the Rh-0 stretcﬁ is absent and bridge bonded carbon monoxide is
definitely presént. Furthermore,_tﬂe metal—cérbon and carbon-oxygen
stretching vibrations have shifted into more "normal".pbsitiohs (th—C=

1

430 cm = 1860, 2070 cmfl). Oxygen is soluble in bulk rhodium at"

> Ve=0
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elevated temperatures and therefore may be residing beneath the

26,31,50,51

surface. Alternativély, the chemisorbed oxygen could slowly

26,31
2 No-CO2 was.

react with CO and desorb from the surface as CO
. observed in the thermal desorption spectrum, however. This is not sur-
vprising since oxygen will diffuse into the bulk of fhe crystal rather
quickl& af these temperatures. dnce the near surface region becomes

oxygen rich, CO, will form in'meaSUrable quantities.sl

2
These results are in qualitative agreeﬁent with earlier infrared
. 13,16,30 . , . . .y .
studies: 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 feported to in-
crease as well; Similar site chénges and energy loss peak shifts have
. been observed in (;O/O2 co-adsorption studies on both Ni(lOO)52 and
Ru(OOl).»S3 .The_post-adsorptibn ofvoxygen on a CO saiurafed surfaée showed
vno effects. This is consistent with fhe low pressure CO oxidation
studies carried out over rhédiﬁm wires by Campbell and White.31( Adsorbed
carbon monoxide strongly inhibited oxygen adsorptioﬁ and therefofe de-
creased the reaction rate.

The Rh(lli) surface was covered with carbon b& decomposing 5 x 10—7
~ Torr of either acetyleﬁe or ethylene aﬁ 1100 K for 10 minutes_andvsub—

26 Pre-adsorbed carbon has a very strong

sequent_fléshing to 1200°K.
inhibiting effect on carbon monoxide chemisorption as shown in Figure 8.
This is the samé effect it had on the methanation rate.’ The low in-
elasticiscattering intensity indicates relatively small co coverages

~ while the brgad 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



et -

Figure 8.

‘"The effects of preadsorbed carbon from the thermal decomp051t10n
of ethylene on the CO on Rh(111) vibrational spectrum.
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area (Fig. 6d). The carbon overlayer is covéring most of the c:ystal
féée so that there are only é few sites open.for Cb chemisorption; The
élightly more intense 1890>cm_1‘peak indicates that chemisorption of
the linearly bqund-speéies‘is inhibiﬁed more than chemisorption of the
bridge bonded species.

There is also an electronic interaction between the carbon overlayer

‘and the adsorbed carbon mbnoxidé_molecules, since the vibrational peaks

hgve shifted slightly and the thermal desorption temperature has dropped

~éboutI10 K (Fig. 6d). This altering of the metal-CO bond has also been

"observed in CO/hydrocarbon co-adsorption sﬁudies,on other groﬁp VIII .-

’

54,55
D. Vibrational Analysis of the CO/Rh System

Iﬁfrared spectroscopic studies on supported metal cataiysts ﬁavé_an
inherently high xesolution,_but.are 1imited by support adsorption below
1000 cmf;. Thereforé metal—éa;bon stretching aﬁd_bending vibrations are
obscured. ‘IR studies 6n either &ell-characterized,singlevcrystal'sur—-
facesvor evaporated -films afe limited, at preSent;.ﬁo ¥ransitions with
large,dipble deri&éﬁives and therefore these same vibrations are not
visible. Also,vobservation of.modes_parallel to the surface is prbhibi- .
tedlBy the normal dipole selection rule. High fesélution ELS allows bne

to scan the entire infrared region of the spectrum with high sensitivity,

but is hindered by'relatively low resolutidn and again by the normal di-
- pole selection rule. Inelastic electron -tunneling spectroscopy has

- neither of these drawbacks. However, peaks'in the vibrational spectrum

are shifﬁed due to the geometry of the tunnel junction. Here the presence

Qf the upperllead_eleétrode in“the A1—Al2 3—Pb junction broadens and
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shifts the vibrational frequencies due to an imagé'dipole effect.56 By
combining the présent ELS results at high CO coverage wifh earlier IR17
and IETS23 studies wé can now calculate a consiéﬁent set of force con-
staﬁts for the Rh/CO system.'vFor the species that gives rise to the
losses at 420 and 2070 cm—1 we assume a linear triatomic molecule of the
form Rh-CZ0 and take relevant bond lengths from VRh6(CO)16V.57F Using a
valence force model (see Chapter I) one.cénfeasily obtain the force
constants fdr the Rh-C.and .C=0 étretching vibrétiqhs as well as that for
the Rh-C=0 beﬂding modes.58 Thé resﬁlts ofvthese calcuiétions are sﬁown'
in Table II. A compafison of the observed and calculated values for ;he
13C labeled species is indicative of ;he accuracy of these calculations.
We haVe only determined "effective" force constants here which depend
, ﬁot only on bondvstrengths,59 but on image-dipole (eledtrodYnamic4l)
forces as well.

Similar results can be obtained fof Bridge bondedvéérbon monoxide.

Here we assume C symmetry for a species of the form C. and to a

2V /

o Rh™ Rh v
first approximation neglect all bending modes. The results of these

calculations are displayed in the second halfjof Table II. Thé agreement
between the observed and célculated'values for thé iSotopiéélly 1abeledA
CO is not as good here due to the.neglect of all interaction‘force '

_ constants (see Chapter I). ﬁecause of thesé assumptions, hqwever, wex

can sblve for the Rh-C-Rh bond angle and thus determine the rhodium-carbon
' bond lengtﬁ. This angle is calculated to be 88° and if we assume a Rh-Rh

nearest neighbor distance of 2.69 A,60 we find a Rh-C bond length of

1.93 A. This is in good agreement with both LEED studies for CO bridge
bonded to Pd(100)6lvand with the X-ray structure of several organometal-

lic rhodium clusters.62 The'agreement here is surprising in light of the

~ simplicity of the calculatioﬁs.



Table II. CO on Rhodium, Vibrational Analysis

12 : ' 13

. - ‘ _ . : 13
Species L _ Mode O(ObServed) Force Constants O(Observed)7 CO(calculated)
linear v . a ' ' 420 : K 2.40 md/& ' d f:‘ ) | 415
: Rh-CO = Rh-C U o - .
ﬁ | : éri ‘ :b | 469 K. 0.607 md &/rad’ - 454 455
C o Rh-C=0 - ; “ R -607 m ra i 7
| L o , . : , ,
. C ) o . _ ‘ ° . . .
Rh ) Veso B 2070 Kosg 16.5 md/A 2024 2021
. - a . (symmetric) R T d . '
bridged “Rh, >0 420 KRh2>Cv 2.38 md/& | . Y
g -th2b>C0(asymmetric) 605 »  sgg . _v. gy
1(/:§&1' e ' ‘ 13 | 0 o 2
R Veeo 1870 Koo .3 @d/A | 1832 : 18
Sl
2 by ELS, this study.
b by IETS23
¢ by‘IR;7_
4 ot a résOlvable’sbift by ELS : o _ : - .
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E. Correlation Between Surface Structure and CZO Vibrational Frequency"

The accepted picture of carbon monoxide bonding to metals is by elec-
tron transfer from the 50 orbital of CO to the metallic d orbitals and by
backbonding of the metallic electrons into the empty 2% orbital of the
adsorbate.12 This scheme has been used by Soth'SUrface-scientists and
inorganic_cheﬁists to explain the infrared spectra of chémisorbed'carbqn
monoxide and of metal carbéhyls. Since the electron density in tﬁe Cco
antibohding orbital'is'increased, the ca;bon-oxygen stretching frequency
should decreéSe below the gas phase value of 2143‘cm-1.‘ Furthermore, as
the CO is bound to an increasing number of metal atoms this'fréquency
should drop even further as shown in the IR spectra of model organémetal-
lic compounds of known molecuiar strﬁcture.

It is generaliy assumed that species with C=0 stretchiﬁg frequencies
aBove 2000 cm-l cérrespond to linearly bonded CO, frequepcies.betwgen
'.about'1850 and 2000 cm_l Belong to bridge bonded épecies and those below
approxima;ely'l850 cm__l ére for face bridging of three-fold coordination.;
Although, the validity of this rule has not been well testéd on éingle
crystal surfaces, some prélimiﬁary data to Suppéff these divisions has
been obtained (see Table III). This correlation of the structure of .
carbon monoxidé (determined by low-energy electron diffraction) with fhe
céo stretching frequency‘(from.both IR and high resolution ELS studies)
is véry limitéd at present. Clearly more w&rk needs fo be done before
any.simple interpretation of carbon-oxygen vibrational frequencies ﬁan
be used to infer the structure of chemisorbed CO. One must also recall
that the presence of other either electron donéting or wifhdrawing sub-
 stituents on'the surface can alter the CO electron density and willvu

certainly shift the observed stretching frequencies.SA’55



Correlation of Structure and. Vibrational Frequency

~Table III. :
for CO Chemisorbed on Transition Metal Surfaces
Overlayer Position Vibrational
Surface Structure from LEED Frequency (cm 7)
Ni(100) - c(2x2) atop63’64 206965
' Cu(100)  e(2x2) atop®? 207943296 908987 209758
Rh(111) (¥3x/3)R30° _atqp46’69 2020%
Pd (100) ¢ (4x2)R45° bridge®! 194970, 1903%%
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Finally, LﬁED, TDS and UPS studie;_on the interactioﬁ éf cafbon
monoxide with.the'heﬁégoﬁally closest packea.faces pf the group VIII
metals show numerous similarities; This is not true of the vibratiqpal‘
spectfoscopic data. These results are summarized in Table IV. CO almost
always forms a (/gk/33R30°'surface structure at low coverages.%’m’n—79
‘This LEEb pattern compresses through a number of intermediate steps into
a hexagonal closest packed overlayer of carbon monoxide molecules. This
is the case despite varyihg electronic configurations and different metal-
metal distanées.60 Thé metal-adsorbate bond energies derived from TDS
measurements vary by only +3 kcal/mole on the surfaces where no CO de-

26-28, 71, 73,74, 76, 78-80

composition is detected. Furthermore, the

binding energy difference between the 40 and 50 carbon monoxide molecular

48,77,81-85

orbitals, A(4&-50), varies by only +0.3 eV. fhe-vibrationall
spectra show tremendbus differences, however. Both nicke188 and_palla+
dium70 form.multiply coordinatgé carbonyl species at low CO exposures

and the atop species are only seen at.higﬁ coverage. The‘CO cﬁemisorption

89-91 are the opposite: here the atop.

behavior on R._h(lll)1 and Pt(111)
sités populate first and predominate at low CO exposures. Bridge bonded
speéies begin to form at intermediate'coverageé. ;Rufhénium is totally

»different: _only a single ta:bon—oxygqn stretching vibration is present

at all coverages.53’86’87

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

experiment326’27 we can now present a fairly complete picture of CO

-
LI



Surface

Table IV. Chémisorption of CO on the Group VIII Metals

NearéSt60 B ‘ . : o ' © Vibrational Spectra (cm_l)

neighbor . ' ’ y
distance LEED 7 | Ed(kcallmole) A(4o-50) Vi=C vCEO_

Fe(111)

Ru (0001)
Co (0001)

Rh(lll)

Ir(111) |

Ni(111)
Pd(111)

- Pt(111)

(A)

(ax1) (n’t 71 81
71 : 24 3.2
decomposed : _ .

| 72,73 |
: (V3x¥Y3)R30°7“? o 53,86,87
2.65 (2/3%2/3)R30° 28”3 3.182 S el
(5¥3x5/3)R30° o , , U

2.48

(/3x/3)R30°7 4 . 2574
hexagonal '

| (3x/DHR30°26:27 26-28 ba - 480 1990 .
2.69 - split (2x2) 31 o 3.2¥ S 1870
- (2x2) - , - 420 - 2070

| C (BBHr30 S, .
2.71 (2V3x2v3)R30° 29.5 2.7
' split (2/§k2/§) '

- 076,77 :
(V/3xV3)R30° 76 79

2.49 ¢ (4x2) o S 26"% 2.8 | . ea
- (Tx/T)R19.2° - , , . : 1910 2050

400 1810

(/3x/3R30°78 o o  las

c(4x2) — ' 78 ' 284 ‘

split (2x2) - 30.1° 3.3 | | i
(2x2) | L o 1946 2092°°

RN T ' —_— 85 476 . 2089 8991
2.77 cx2) 28° 3,070 380 , 1856
R hexagonal E . N o ,'.1872

STT
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chemisorption on Rh(111). At very low exposures a single species is

present -on the surface located in an atop site (v = 480 cm—l}

Rh-CO

= 1990 cm—l). As the coverage increases, the bonding to the surface

v
C=0

becomes weaker (th-C decreases, vC:O increases, TDS peak maximum shifts
’ ' - v 26~28 , . . R

to lower temperatures). . - This process continues until an approxi- .

mately 0.5 L exposure where a (/Ei/E)R3Q° LEED pattern is seen and all
of the adsorbed CO molecules are linearly bounded to individual rhodium
_‘atoms (Fig. 5a). Above this coverage a second CZ0 stretching vibration
1

corresponding to a bridge bonded species is observed (th_Cdr=400 cm ,

Ve = 1870 cm—l).‘ A "spiit" (2x2) LEED pattern is seen indicating a
ioosely packed hexagonal overlayer of adsorbate molecﬁles. >This over-
layer structure comprésses upon furéher CO exposure. Throughout this
intermédiate 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 lbss above 2000 cm_l.v Two peaks are also visible in the TDS
specfra with thg bridge bonded carbon monoxidé having an approximately

4 kcal/mole lower;binding energy té the surface than the species located
in the atop site.ﬁ-Finaliy,.by'a background pressure of approximately

1 x 10'_6 Torr COlat 300_K,:a (2x2) LEED pattern férms whose unit cell
consists of three carbon»monoxide molecules--two atop and one bridged
'(Fig. Sb), in reasonable agreement with the two—fo—oﬁe peak'intensity
ratio found in the ELS spectra (Fig. 3). The.high coverage values of the
C=0 stretching frequéncies for the two types of chemisorbed carbon mon;

oxide (v = 1870 cm—l, v = 2070 cm—l) also agree with previous

bridge atop

infrared studies (see Table I).
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The pre-adsorptibn of hydrogen had no effect on CO chemisorption
" on Rh(lll) as evidenced By both TDS and Bigh resolution ELS. O?ygen
and carbon blécked many sites fof co éhemisérption and weékened the

. increaées, TDS beak

metal-adsorbate interaction (v, decreases, Vv

Rh-C cz=0

maximum shifts to lowervtemperatu;e).
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CHAPTER V. The Dissociative Chemisorption of

Carbon Dioxide on Rhodium ‘Surfaces®
"A. Background’

.There is much uncertainty in the literature concerning the nature
of carbon dioxide’chemisorption on rhodium surfaces. Recent results from

our laboratory which show the dissociation of CO “to COZ and Oa on

ds ds

2(g)

several single crystalz’3 and polycrystalline samplesa.do'not agree'with
those of others indicating the absence of chemisorption for carbon

dioxide.s-g_ In order to obtain additional proof of CO, dissociation on

2

‘rhodium surfaces we have applied high resolution electron energy loss

spectroscopy and thermal desorption mass spectrometry to a study of lZCO
13 ' ' '

2

-and - CO2 chemisorption on the Rh(11ll) single crystal surface. Thé;com—

bination of these two techniques allows one to determine the nature of

the adsorbed species while on the metal surface and éfter desorption into

- the gas phase. We present convincing evidence for the dissociative chemi-

sorption of carbon dioxide to COéds a_nd_Oa s at 300 K. The difficnlty'in»

detecting CO, dissociation upon adsorption is due to the low sticking

d

probability of the molecule on rhodiumz_g'and to the rapid back reaction

COadS + Oads - COz(g) an.elevated temperatures 1n‘the presence of excess
2,3,7,8

chemisorbed oxygen.
Early infrared studies employing alumina supported rhodium samples

showed no evidence for CO, chemisorption--either molecular or dissoci~

2

;oD . L, , : T -
ative. Similarly, volumetric uptake measurements on evaporated rhodium -

chemisorption is taking place.

films indicate that vefy little 002

ads denotes an adsorbed species.
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Simple calculations of heats of adsorption forvdissociatively chemisorbed
CO2 yieid values between 10 and 29 kcal/mole, implying only weak chemi-’

b

sorption, if any. Kinetic studies on. polycrystalline rhodium wires

_ g
by Campbell and White also show no 002 adSorption at 330 K.7 A small CO
peék was observed in the.therﬁal desorption spectrum,vbut it was attrib-
uted to chemisorption fromvthe ambient. Moré recently, Primet found no
eyidencé fof'ééfbon dioxide chemisorption on zeolite supported rhHodium
.catalysts at 300 K using infraréd spectroscopy.8 Samples on an alumina
sﬁpport under identical éqnditions, howevér, showed bands at 1860 and
2025 cm_l.. This‘was interpreted in fefmsiof a very low coverage of
carbén monoxide der?ved from'dissodiatiﬁély chemisofbed C02. Finally,
. he féupd'that preadsorbed oxygen inhibited the-dissociatioﬁ of carbon.
dioxide at 300 K.

Low energy electron diffraction studies on rhodium single crystal

surfaces provided the first evidence for 002 chemisorptioﬁ. 1Grant and

Haas observed a 'rather complex" diffraction pattern after exposing an
10
9

Somorjai showed that CO and‘COz-gave an identical series of LEED patterns

iﬁifially clean Rh(111) surface to 60 L of CO 'Céstner, Sexton and

ana thermal desorption spectra on both the (111) and (100) rhodiﬁm'
surfaces.2 The only difference noted between the two adsorbates was that
CO2 required an épproximately five~fold higher ekposure to achieve the
same‘surfacé structures. They interpretéd these findings in terms of
carbqn dioxidé dissociation into adsorbed.CO and oxygen.. Further studies
“on stepped rhodium surfaées are in full agreement with this interpretation.

Recent catalytic experiments on rhodium foils indicate that'CO2 does

_ B . : ‘ 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 /

12C02-and 13

90.5% purity) on the (111) single‘crystal surface of rhodium by high

have studied the chemisdrption of both CO2 (Merck Isotopes,

resolution electron energy loss spectroscopy and thermal desorption mass

spectrometry. Figure 1 shows a series of high resolution ELS spectra’bf

12c02 chemisorbed on Rh(lll).at 300 K as a funcﬁion of gas exposure and

background pressure. - The vibrational spectra ére almost identical to B
those sﬁown in Chapter 1V, Figurés 1 and 3.‘ The only major difference

(in agreement with prévious studie$2;3)‘is that an appquiméfely ;en—fold
higher exposure of carbon dioxide is required to'fofm the same sufface
SpeCies. This clearly indicates the dissocia;ive‘chemisorption of cérbbn ‘

dioxide. For the case of molecular CO2 adsorptidh one wOuldvexpect

several extra peaks in the 800-1600 ém—l'régidn. Such Stretching vibra-
tions have been seen for two distinct types of carbbn dioxide bonding in

rhodium -~ CO2 coordination cdmpléxes,ll-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

. . 14 . o s .
experiments, and with previous infrared studies on supported rhodium

catalysts;S’S’15 430 cm_lz

site) and 2060 cm 1:

1870 cm_l: A(multiply coordinated

VRh-C’ Ve=0

vCEO (atop site). The detgils of these assignmenté
are presented in Chépter IV and Reference 16.

The lower portion of figurevZ'shqws é’compérisdn'betWeen'the high
résolution ELS_speétra of l2C0 and 12CO2 chemigorbed on Rh(11l) at S.X
10-7 Torr background pressure and 300 K. The position of the carboﬁ:

oxygen stretch at 2060 cm'-1 is a strong function of coverage (see Chapter

IV) and is therefore not well suited for isotopic studies. The peak at



;Figure 1.
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High resolution'ELS spectra of 12CO2 chemisorbed on Rh(111)
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.
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12

High resolution ELS spectra of chemisorbed 1200, COy and

13002 on Rh(111) at 300 K under approximately 5 x 1077 Torr

background pressure.. Note the absence of extra peaks for
carbon dioxide'éhemisorption. The frequency shifts are

summarized in Table I.
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1870 cm"l grows in at constant frequency, however; and is ideal for'

labeling experiments. Relatively high pressures of 12CO, 12CO2 and 13CO2

were applied in order to insure adequate population of this site. It is

clear from the 1300 chemisorption spectrum in the top of Figure 2 that

2
13 . s . 13 .
_ 002 dlssoc1at1ve1y_chemlsorbs on Rh(111) and forms co This

ads”’

result eliminates the possibility that COa is produced by the chemi-

ds

sorption of background CO in the vacuum system. Gas chromatographic

analysis of 12&02 and 13CO2 showed CO impurities below 12 parts per

" million in both cases. The calculated shifts of the vibrational fre-
. quencies presented in Table I agree quite well 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 tfesults of Yates,

(gg.glf,vfor 12CO and 13CO chemisorbed on alumina supportéd rhodium

particles.15 Several reSeércheré have shown that adsorbed oxygen has

only a small effect on the Cz0 stretching vibration5’8’16’17 ?nd there-

fore one would not expect large shifts here. Further studies have shown .

" that the weak Rh-0 stretch’ from adsorbed oxygeh at 520 cm_l'is probably

hidden beneath the v -C peak (see Chapter IV and Reference 16). Qxygen

Rh
is soluble in bulk rhodium at elevated temperatures and'thereforevmaz be

2,3,18,19

residing beneath the surface.; Evidehceifor the mobility of

oxygen in rhodium at temperatures below 300 K has also been reported

-recently.18

are also quite similar

2,3 13

The TIDS spectra of chemisorbed C0_énd co,

(see Fig. 3) in agreement with previous studies.

13

CO2 yields only
CO, as expected. Again, an approximately five- to ten-fold higher.v
exposure is required for the adsorption of carbon dioxide. No molecular

002 (either m/e = 44 or 45) was observed desorbing from the surface and

130
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Table I. Isotopic Frequency Shifts for CO

Chemisorptionvonthodiuma

2
Mode - Observed on Rh(lll)b _ Calcu_latedC Observed .on' Supported Rhodiumls
12CO . 1300 ' 13C0 12C0 '13CO
) ) _ ,
th_C- 430 42Q §23.- - -
Veo(multiply g 1820 . 1828 1870 1832
coordinated) , v _ v . :
vc;o(atop) 2060 ) 2010 ‘ 2014 2070 12024

3 A1l frequencies in cm-l}
_b Observed values are reproducible to +7 cmfl.
1

c

* refers to the labeled species. S

vk = (ﬁ%)ﬁ v, where u is the reduced mass for the vibrational mode of interest and

TE€T



Figure 3.

Thermal desorption spectra for 12CO, 12CO and 13CQ

2 chgml-

2

~ sorbed on Rh(111). The heatingvrate was approximately
20 K/sec. CO (m/e = 28 or 29) was the only species detected

desorbing from the surface;
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this is consistent with the solubility of oxygen in bulk rhodium samples.

2,3,18,19 These iabeling stﬁdies provide clear evidence that background

adsorption is not causing the observed LEED, ELS or TDS features.
C. Discuséion

‘The question stili remains: Why was it difficult to detect the
dissociative chemiéorption of carbbn dioxide on rhodium in other eXpéfi-
ments? It'appears-that rélativél§ high gas exposufeé afé neceésary tb
detect any'Chemiéorption due to.the low stigking probability of COZ'

Also, CO readily reacts with; and is easily'rem0ved by, excess chemi-

2,3,7,8

sorbed oxygen, even at 320 K. Thus, if the rhodium surface is

partially oXygen covered, the low éticking probability and the high rate

of the association reaction, COadS + Oadsv+1902(g)’ will yield the

apparent result that CO, does not adsorb.

2

- Finally, the dlsSOc1at10n of carbon dioxide (COZ(g) - Coads + Oads)

can only occur if the heat of adsorptibn of oxygen (AHédS(OZ))‘on

rhqdium'is qdite large. Consider the following scheme:

: | H = 94.0 ' 20
gy * C(e) * Op(gy A= 94.05 keal/mole

: S 20
C + 40, co ~26.42

(s) 7 2() T @) |
CO oy > CO 4 . -2 7,168,210
1 ' LAH -
09¢e) ” %ads s0H 46 (0))

o ' ' ' _ . : ' .

COZ(g) > COads +>Oads ‘AH = 36.6 1AHadS(02) kcal/mole

Thus, thermodynamics requires the oxygen heat of adsorption to be 273
. kcal/mole in order for carbon dioxide to dissociatively chemisorb.

'AHads(Oz) is a strong function of .the surface oxygen coverage,



2 . '
»3,7,18,19 This is clearly shown in Figure 4. According to

however.
the work of Thiel et al., 40% of a monolayer of oxygen must be present
on thé Rh(111) sdrféce bef6re Eﬁl 02 de;orption (m/e.= 32)‘is measured -
wi;h a mass spectrometer.18 Using this as the zero of okygen coverage
yiélds a value for Aﬁads(oz) of only 57 kcal/mole. Extrapolation to‘ﬁhe
true zero oxygen coverage yiel@s a vélue of 117 kcal/mole (see Fig. 4).
We expect‘the heat ofkadsorption of oxygen in bur experiments tovlie>
somewhere in'£etween these-twovlimiting.vaiues. Experiments on evapor-
ated.fhodium films yield values as high as 120 kéal/molé,22 deéQef; As

the near surface region of the sample becomes saturated with oxygen,

AHads(Oz) will decrease and carbon dioxide will no longer dissociate into

co “and Qa chemisorption will only occur when

ads ds”’ 2

the surface oxygen concentration is quite low. Thus, the ability of

It is c¢lear that CO

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" Fofma;ioﬂ_on Rh(111)

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
1 . .
of Rh203.

have the most catalytic importance.19 However, all of these different .

The non-reactive surfaée oxide and dissolved oxygen probably

forms can inhibit carbon dioxide chemisorption by lowering AHads(OZ)‘
' Figure 5 shows a comparison between the high resolution ELS spectra of

oxygen chemisorbed on Rh(111) at 300 K (lower trace) and after heating

1
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Y

- The heat of adsorption of oxygen on Rh(111) 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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the sample in 5 x.10_7 Torr of 0, at 1100 K for 10 minutes (uppér trace).

2

. The 520 c:m_1 peak visible in both spectra is due to the dissociative

chemisorption of oxygen16 and similar bands have now been seen on other

faces of thdium.ZB- LEED structural analyses of O2 chemisorption on

Ni(111l) indicate that oxygen always resides in a three-fold hollow site
and is dissociatively adsorbed.24 This should be the case.on the (111)
faces of other group VIII_metals25 and is consistent with.the relatively

‘ lbw value of the rhodium—oxygen,sfretching frequency mgasgred here.

Comparable bands have been seen on both Ni(lil) (VNi—O = 580 cm_l)26

_ =1, 27

~and Ru(001) (vp o = 516-596 cm ).”’ 0, TDS spectra from Rh(111) dis-

2
ﬁlayﬁsecond order desorption kinetics, in égreement with the dissociative
Taasérption of oxygen._s’18 The ELS spectra indicate that this peak grgws
{iﬁ at constant‘frequency with increasing gaé exposure. Furthermore, ”
both its position'and width are independent of surface order'(as-deterf
mined by obsérvation of the LEED pattern);-

The conditions ;o'dbserve the 1410 cm;l peak (Fig. 5, upper trace) '
are Similar to those used by Castner and Somorjai to form the unreactive
. surface oxidg,lg however, the character of this modé is not wel%fknown.

This peak is 400 Cm_l above typical M-0 stretching frequencies in ‘dia-

tomic,28 polyatomiczg-31 and bulk31 metal oxides. This band is quite

close to the gas phaselstretching freqﬁency of dioxygen (1555 Cm-l),31

but is significantly higher than the characteristic 0-0 stretching vibra-

. ' g . . 31 - :
‘tions in Oz—tran51t10n metal coordination complexes. Furthermore, one

would not expect such a spécies to be stable on the rhodium surface at

these temperatureé. 'Associatively adsorbed'O2 has been seen on Pt(111),

32

but only at temperatures below 150 K. “The aétivation energy for dis-

sociation of the 0=0 bond is only 7 kc¢al/mole on this surface. Backx has

138



‘Figure 5.

The 1owér trace shows the high resolﬁtion ELS spectra of
oxygéﬁlchemisorbed on Rh(111) at 300 K and the upéer trace
shows the same surface after heating the‘sampie to 1100 K
in 5 x 10_7”Torr of 0, for 10 min. The broad band centered
near 800 cm-1 may be caused by étray electrbn reflection
from the outer half of the analyzer (see Chapter III and

Reference 39).
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seen a similar brpad, intense peak near 1500 cm—l on platindm after a
comparable oxYQEn treatment.33 Platinum is-also known to form an unreac-
tivé ;ﬁrface oxide and this phase is important in catalysis asIWell.34’35
Recent low energy helium.ion 5cattefing expgriments from pfetreafed
Pt(111) havé shown this oxygen to be residing'be1oV the top layer of.

metal atoms.3_6 This may be the case on Rh(11ll) as well. vMetal cluster

analogs for this type of bonding (pblyoxo anions) have been known for

1many years now.37 Octahedrally coordinated oxygen atoms have been

particularly well studied, although this structure is génerally associ-

»ated with the early transition metalls.-37 However, both infrared and

Raman spectra show no bands above approximately.lOOQ cm_l for this type

29,30

of species. There is one report of a metal-oxygen stretching vibra-

tion at 1337 cm_l in several vanadyl porphine'complexes;38 but more recent

publiéétionsthave brought this assignment into question.29 The character
of this mode still remains in doubt. The small peak neaf 800 cm.-l may be
causéd by étray electron scattering from the 6uter half of tﬁe analyéer
seétorv(see Chapter III and Ref. 39).

A similar péék neér 1430 cm_; has also been seen during several CO2

. chemisorption and/or pretreatment experiments although this feature

could not be reproduced at will. 1In all cases this peak was quife broad

~‘and its ihtenSity varied tremendously depending on the oxidation condi-

tions. Once formed, howevér, thié mode was .quite stable and required
high temperatufe annealing (>1100 K) in vacuum to remove. -Eurther
exploration of the nafure éf'this unreactive surface oxide and partigu?
larly its effect on chemisQrptidn and Catalysisvover'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 (NOX) in fossil fuel combus-
tion exhaust. Recent interest has focused on the catalytic reduction

“of NO to N 'by_carbon monoxide in automobile éxhaust.‘ A promising

2
‘catalyst for this reaction is rhpdium.2;3 The meéhaﬁism of nitric oxide
reduction over Rh has been illuminated in several recent publications.

Acampbéll.and-White ﬁsed.thermal'desorption mass,speéttometry (TDS),
surface tifration and steaay—state reaction kinetics to study the chemi-
sorption and reactivity of nitrié-oxide on a polycrystalline rhodium
wire at temperatures between 330 and 950 K and at pressures below 2 x
"16-8 Torr.4 They.con¢1uded that the mechanis@ must involve NO dis-
sociétioﬁ and a subsequent reacﬁi&n of CO with the atomic oxygen inter-
- mediates remaining bn the surfécé; No direct evidence for this surface
oxygen spgciesvwas pfesented, however.

'Unland,s Arai and Tomiﬂaga6 and more recently Solymosi and Sérkény7
applied infrared spectroscopy to a study of NO éﬁd CO chemisorption on
alumina'supborted rhodium partigles. In additién.to observing stretching
.vibfations_for numerous molecular NO and'COAspecies‘between 3QO and 670 K
aﬂd_at preséuréé-up ﬁo'ISQ Torr; they found ah‘aBsorption band which they
éésdgiéfed wi;h‘a'surfacebisocyanate (NCO)'cdmplex. Theré:nbw:is evi- .
dénceror a'migration Qf this isocyana;é species from the rhodium parti-
clés.to the éuppoff.7’8 Finally, Iizuka and Lunsford studied the reducfipn'
: of”nitric oxide by{carbon monbxide.to form N20 and C02 over rhodium-Y

| + ' o -
’ zeolites.9 ‘They proposed a [RhI(CO)zNO] complex as a reaction inter-

mediate based on infrared spectroscopic evidence. The spectral range of
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all of thesé studies did not extend to the region below 1000 cm_1 where
vibratipns from surface N and O atoms. from dissociafed nitric oxide'WOuld
be expected. Thus these studies neither sup#orted-nor contradicted the
previous evidence for the presence of a surface oxygen intermediate.

An adsorbed oxygeh épecies 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(OOl)lO and Ni(lll)ll
single crystal surfaces’using high resolution electron energy loss
spectroscopy (ELS). Zhdanvgg_él, observed a similar species on the
Ir(111) surface with both X-ray and ultraviblet photcdelectron épeqtros—
copy.lz’13 Thése'authors argue éonvincingly for a surface Qxygén'inter—
mediate in the reductionbof NO by CO over iridium catalysts.

In this chapter we‘reporf on studies of thé molécular chemisqrptipn
and subsequent dissociation of nitric oxide dn a Rh(331) single crystal
surface. Here we combine ﬁigh"résolution ELS and Auger electron spec~-
troséopy‘(AES) to detefmine the strﬁctufe'and'chemical ééﬁpbsition of the
adsorbed species with iDS and kinetic studies to.mopitér.the reactipn

products after desorption into the gas phase. These new high resolution

ELS and AES measurements on a single crystal rhodium surface complement

‘the previous studiesz—7’9 to preseﬁt 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 spectrﬁm

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,

gglglala 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 l;‘ ~ Nitric oxide molecularly adsorbs on the Rh(331) single

o ' ~crystal surface at.300 K as shown by thé presence of N=0
SCretching vibrations (1704, 1815 cm_l) in the bottom high
resolution ELS spectrum. This species dissociétéé by. 450 K
as indicated. by the_absé&;e of the N=0 stretéhing vibrations
in the middle spectrum.  The 520 cm—l peak- in this‘spectfum
is éimiiar to‘thaf obtainea from the adsorption of O2 gas

_ _at_300 K (top spectrum).
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monatomic height steps also of (111) orientation. A real épace drawing
of this surface is presented in Reference 15. The strong band above
1700 ém_l is typical of a N=0 stretchiﬂg vibration for'ﬁolecularly
adsorbed nitricroxide.l6 By éompafison with the infrared spectra of
model nitrosyl compounds of'known molecular structure, we can assign the

1704 cm_l‘loss to a terminally bonded NO spe'c:ies.zo—22 The Rh~-N=0 bond

is most likely bent’18,20-22 but the exéct angle cannot Be determined
‘Here. Using a.similar ahalysis, the small shoulder at 1815'cm-l can be
assighed to a linear pitrosyl sbecie55 vThe weak ‘band at 403 <:m'-l is
_‘charagterisﬁic'of'a metal-nitrogen bending mode for an aséociatively

adsbrbed,species;l7’18 .

This is in agreement with the observation of a
bent nittqsyl. ‘The normal dipole selection'rule (see Chapter II) would
not allow the observation of such a mode if the adsorbate was bonded
 perpendicu1ar-to the surface. The metal-nitrogen stretching vibration

‘ o - R . 18,23
from such a species is expected to be 100-200 cm = lower in frequency.
The results of détailed infrared studies on numerous nitrosyl compounds

18 They conclude that the

“have begn réviewed recently by Pirug, et al.
experimehtéi défé.on both the halogéﬁ nitrosyls and transition metal
nitrosyls proVide evidence for'wéll separated M-N=0 bending and_gtrefch-
. ing frequéncies with the latter-always lower fhan the former.

Based-on the ¢oordinafion chemiétry of metal nitrosyls, one cad.

. postﬁlafe a iargé‘numher of'nitricvoxide bonding geométries on:rhodium
surfaces.' ?ﬁesé_ipéludé linear, bent and bridge bonded NO, as well as

20’23?24 Infrared studies have identi-

formation of No' and NO” species.
' S ' 5-7

fied a vériety of these épecies on alumina supported rhodium catalysts.
Characteristic N=0 stretching frequencies have been tabulated by Arai and

Tqminaga.6 We have now.observed the forpatibn‘qf at least five different
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-sorption of 1 L of O

NO species on the Rh(111l) surface using high resolution.ELS.19‘ Each

species is stable on the surface over a small temperature and coveragé
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 epergy'loss peaks. The point we wish to make
here is that nitric oxide moleculérly chemisorbs on the Rh(331) surface
at 300 K.

Botﬁ the relative intensities and the positions of the enérgy loss
peaks in the lower trade of Figure 1 were found to be essentially inde-
pendentvof gas ekposure (from 0.1 to 10 L). The integrated intensity of
the'ELSxpeaks doesvincrease:with ipcreasing gas dosage, however. |

Absolute nitric oxide coverages were not determined. .-
C. The Diséociation.bf NO on Rh(331)

As the rhodium substrate is heated above 450 K' the mblecular NO

vibrational bands in the 1ower trace of Figure 1 disappear and a single

: peak near 520 cm_l éppears (Fig. 1, middle trace). The disappearance of

the high ffequency mode and the simultaneous appearance of -the 520 cm-l

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-

2

on the Rh(331) surface at room temperature. A
, .o C 15
single band at 520 cm 1 due to dissociatively chemisorbed oxygen = is
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visible. This suggests that the 520 em = band produced from NO disso-
ciation is due td"eurface oxygen. The absence of a second'peak is not
: ﬁecessarily_evidence for:nitrqgen desorption since it is thought that

10,11 This peak

the M-N sttetch from dissociated NO should be weak.

ceuld ee:hidden beneath the relatlvely intensevfhodium—oxygenvstretch;'ll
.-We cled‘not detect either the molecular or the diésociative‘chemi-‘

'-setmtion of.dinitrogen on‘the Rh(331) single‘crystal'surface at 300 K

et N2 exposmres up to'.lO4 L. Mimeault and Hansen found that dinitrogen

could adébrb on a polycrystalline rhodium wire upon activation with a

hot tungsten fllement.25, This has also been_reported recently by

Campbell and White.4 Dueuto the long distance (~15 cm) andkthe relative~

ly low tempefature of our thoriated-iridium mass spectrometer and ion

éauge filements, we were unable to detect any activated nitrogen adsorp-

. 4 - ' .
tion, even at N, exposures greater than 10 L. Thus we could not measure

2
the atomic nitrogen:vibratiomal spectrum. However, the absence of sur- .
face nitrogen in the middle vibrational spectrum of Figure 1 can be
confirmed by thermal desorptionvmaes spectrometry and bf Amger electron
spectroscopy. | “ |

Figure 2 displays TDS spectra for Nz and Oé desorption from the
Rh(331) single crystal-after exposing the‘surface'to 1 L of NO. Note
that if NO is adsorbed at foem temperature the nittogen desorbs as
N2 (m/e==28)vbelow 500 K (Fig. 2b) while the oxygen desorbs as 02 (m/e=32) .
§Fig. Za)'pnly at mucm higher.temperetures.' Figure 2a also shows that
Ozidesorptien is similar whether the rhodium surface_iSjegposed to
gaseous nitric oxide or to,oxygen. "The NO (m/e= 30) TDS epeCtrum showed
only one peek near 460 k.l N,

has also been r'eported.15 Similar thermal desorption results have been

0 (m/e=44) desorption from this surface

obtained previously both by Campbell and White on polycrystalline rhodium
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Figure 2. a) 02 desorption'(m/e = 32) frbm the adsorption of 1L of
either 02 (lower trace) or NO (upper trace) on the Rh(331)
single crystal 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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wire4 and by Castner énd Somorjai on stepped rhodium single crystal‘
surfaées15 during NO‘chemisorption.studies. Finaliy, note that if'ﬁO

is adsorbed on the rhodium surface at 700 K (a typical reaction tempera-
ture for an automobile catalYtic cbnverter) and the‘crystal cooled to
300 K; ;ubseqUent.flashing yields negligible nitrogen desorption from
the surface (Fig. 2b).b Thié is.consistent with the relatively low

temperature found for N -desorption from adsorbed NO.

2

The absence of surface nitrogen is alsqbconfirmed by Auger electron
spectrbécopy (éee Fig. 3). The éhemisorption of 1 L of NO on the Rh(331)
single crystal surface at 3beK'(lower trace) results in both nitrogen
and oxygen p;esent on the surface;26' This is consistent wi&h the
molécﬁlar chemisorptidn'of nitric oﬁide'indicated by the vibrationalv
‘spectra in Figﬁre'l; Cheﬁisbrption df 1_L of NO at 700 K resultérin gﬁly
o#ygen’p;esent on the surface (upper trace)._.Both the TDS and AES re-
sults lead us to cdnciude that the peak at 520 c:m—l in the middlevtrace
of Figure 1 is due solely to'éés§r5ea oxygen. | |

Thus at ahtypical oberafiﬁg femperature for a catalytic converter
(700 K) the adsorption of NO results in.the liberation of szgas 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(331)

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.
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The Auger spectrum of NO chemisorbed on the initially clean
Rh(331) single crystal surface shows both nitrbgen'and oxygen
péaks when adsorbed at 3OQ K, but only oxygen transitions

when adsorbed at 700 K. The fine‘strpcture befwéen the

vprimary peaks isvirreprdducible.and preéumably 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

L}

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

. ) p
are discussed in detail by Froitzheim, et al. 7 By comparison with the

infrared spectra of model organometallic compounds of known molecular

structure we can assign the 2060 cm—l loss to the carbon-oxygen stretching

28,29 "The 430 (:m_l loss is

vibratibn of.a,linearly-bonded CO species.
the rhodium-carbon sttetqhiﬁg and/or bending'vibration for this species.
ELS spectra of CO chemisorbed on the (ill) plane of rhodium also show the
presence of lineariy‘bonded c;rbonYl species.28  Molecular CO desorb;
from both of these éﬁrfaces with first ordef kinetics and with an acti-

15,28,32 This activation energy decreases

15,28,32

vation energy of‘3l.kcal/mqle.
with'increasiqg cpverage on both éurfaces as well. Thereforé,
we conclude fhét at loQ'CO exposuresvcarﬁon monoxide is molecularly ad-
sorbed on tﬁe.Rh(33l)lsingle.érystal surféce aﬁd is linearly bonded to

" a single rhodium atom on the (111) terraces..

The middle trace of figuré 4 shows fhat by a 0.2 L COvexposure a
third energy loss.peak at 1930 dm—l is obser&ed. A detailed assignment
of this mode is difficﬁlt ét present. Linéarly bonded rhodium‘carbonyls
(Rh-CO) have C=0 strétching frequencies near-2060 cm“l while bridge
bqnded-species.(Rh2>CO) have C=0 stretching frequencies at:1870 cm_l.28’29
However, bothv?earce29 and Yang and Carland33 observed a similar mode
(i925 cm;l)'}n,thé infrared spéctra of CO chemisorbed on either silica or
aluﬁina supported rhodium particles. These authors fouhd that the infen—
sity of the mode decreased as the sémple 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

156
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Figure 4.

Carbon monoxide molecularly adsorbs 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 (v = 2060”cm—l). The 430 cm_'1 loss is the Rh-CO

1 C=0 :
stretching and/or bending vibration for this species.. The

broad band centered near 800 cm (dashed line) may be caused

by electron reflection from the outer half of the analyzer -

(seé text).zv7 ‘Above-a 0.2 L CO exposure'(middlevtrade) g

carbon monoxide molecules bonded to rhodium step atoms are

- formed (vC:O = 1930 cm_l). The room temperature spéctra do -

not change up to a 20 L CO exposure -(upper trace).
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the high-index planes on which this bridged species adé_orbs.29 In agree-
ment with this, we have only obSefved the 1930 cm“l mode on the stepped
Rh(331) surface and not oﬁ’the flat Rh(lil) surface.28 This épecies_may
be located alohg.the step edges or at least be associated with the step'
atoms. The results of recent low-energy electron diffraction.(ﬁﬁED),
thermal desorption maés'spectrometry and Auger eiectron spectroséopy‘
studies also lead us to this conclusibn.15 |

Castner énd»Somorjai showéd that.the chemisorption of carbon monoxide
on the Rh(331) surface forméd a series of well—ordered LEED patterns at

15 |

300 K. A hexagonal overlayer of carbon monoxide molecules is seen at

all coverages. A proposed mechanism for the transformation between ordered

.strﬁctures is by compression of the hexagonal layer parallel to the step

edge.15 This would require_that the ratio of.occﬁpied terrace.sites to
occupied_step sites femain approximately coﬁstaﬁt over ;he entire coverage
range,> This is precisely what we see in the vibrational spéctré: the
intensity ratié of khe 2060 cm_l loss to‘the 1930 cm-; loss does not
significantly change with increaSing Cco expoéure (up to at least 20 L of  <
CO (Fig. 4, top)). Furthermore, this intensity.ratio (~2.5:1) is in
reasonéble agreement with the ratio of the number of exposed rhodium
terracé atoms to.step atoms (42.3:1).

Recent TDS and;AES studies indicate that carbon mqnoxidg can dis-

15’34 and poly-

28,32,36

sociaté.on both Steppéd single crystal ((331), (755))
crystalline35 rhodium samples,bbut‘not on the Rh(lli) surface
at elevated temperatures uﬁder ultrahigh §acuum céﬁditiong. Recall that
we oniy seevthe 1930 cm-l-mode on the stepped Rh(331) surface and.not on
the flat Rh(lli) surface. This ﬁeak compietely-disappears upon flashing
a co éatUrated sufface to 450 K in vacuum. This is Qell bglow the tempera-

ture for carbon monoxide desorption from the low index terraces of the
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crystal.ls’zs’32 (The TDS peak maximum occurs at ~550 K dependlng on

inftial surface coverage and heating rate.) Erley, et al have shown that
low frequency CEO.stretching vibrations on nickel surfaces can be asso-
ciated wfth the chemisorption of carbon monoxide at step sites.37 These
species also can he dissociated hy heating the sample‘to 430 K.in cacuum.
All ofithese'studies are consistent with the assignment of the 1930 cm~; _ _ ;
mode to the C=0 stretching vibration of a'carbon'monoxide'nolecule
chemlsorbed along or near- the step edge

. Agaln the conclus1ons of this chapter do not hinge on a detailed
‘assignment of thevobserved energy loss peaks since'highrreSOlution ELS
-and TDS studies indicatevthat‘neither.the 1inearﬂnorvthe 'step' CO species
{is present on the surface 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 mav play an
1mportant role in the catalytlc chemlstry of rhodium surfaces at elevated -

!

3
_temperatures however.
E. The Interaction of CO with Molecular NO -

The’coadsorption of NO»and_CO on the Rh(33i).surface'at>300 k'yield
vihrational.spectra that are essentially the sum of Figureshl and 4.
The frecuencies of theHN=O and C=0 stretching vibrations are shifted
downward slightly when compared to the values measured in Flgures 1 and 4. e
Small peak shifts have also been seen in the ELS spectra of NO and CO
coadsorbed on the (001) face of ruthen1um.38 No energy loss peaks cor-
responding to new surface species are observed. Specifically, the
.characteristic stretching vibrationsbof surface NCO and Rh(CO)(NO).are

not seen.s_7 Such species are reported to form on supported rhodium ‘
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datalysts, but only at elevated temperatures and prc;:ssure.s.s_7 High re-
" solution ELS studies iﬁdiéate that the sequential adforption of NO and
co (either NO fol10wedey CO or the reverse) at 300 K did not yield any
new surface species either. It is interesting to note thatvthe NO
saturated Rh(331)vsufféce inhibited all CO adsorption while the bent
nitrosyl épecies'could still find a few open sites on the CO saturated
surface. This bent NO species could élso forﬁ on an oxygen pretreated

rhodium surface. Reference 4 contains an extensive discussion of TDS and

low pressure_kinetié'studies on the NO+ CO system,
F. The Rgactioh of CO with Dissociated NO

Carbon.ménoxide readily reactsbwith ﬁhe oxygen remaihing on the sur-
face after NO dissociation. Figure 5 shows what happens to the Rh-0
stretching vibration as CO is added to either diSsociatively‘éhemisorbed‘
0, (a) or NO (b).at 70O K. Note that in both cases the inténsity of tﬁé
520 cm-l‘loss is measurably decreased by all Cd exﬁbsure and has dis-

‘appeared into the noise by'a 5L Co exﬁosure. Surface ox§gen froduced
during Oz‘chemisorpfion is more easily removed.than surface oxygen formed
as a result of the dissoc{ation pf NO. This is a feproducible»effect
that will be discussed in more detail below.

We carried out a kinetic study to determiné which gases are produced:
when CO reacts with surface oxygen; In Figure 6 the rhodium substrate
"was first heated to 700 Kbénd then dosed with either 1 L of O2 (lbwef
trace) or NO (upper trace) to producé a surface'oxygen spécies. The
reaction products were monitored with a méss épectrometer located approxi-
mately 15 cm from the crystal as 4 x 10;-8 Torr of.CO was admitted to the
vacuum chamber at t=0. As.one might expect, carbon dioxide (m/e};44) was

the primary product.‘ CO2 was produced until the CO exposure was of order



' Figure 5.
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’

The- 520 ém_lbpeak in the high resolution ELS spectra of
‘eithef'oz.(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. at 4 x 10—8 Torr). This oBsérvation éorrelates with the high
vfesolution eleétroh energy.loss results of Figure 5 which showed that
the surface oiygen disappeared by a 5 L CO exposure.

There is evidence that COIreactsvwith adsorbed oxygen directly from
the gas phase (an Eiey—Rideal mechanism) as well as after being a&sorbed
on‘the surfaqe (a Langmuir-Hinshelwdod mechanism) . Campbell, et al.
studied the.reactidn between adsorbed oxygen and carbon monoxide over

39,40 They concluded that the formation

Ipolycrystalline thodium wires.
“of carbon dioxidé proceedéd by both Langmuir4Hinshelwo§d aﬁd Eley-Ridéal’
kine;icé, dependiﬁg on substrate temperature’and'gaS‘préssure.._They also
-found bofh'mechanismé tp'be'operative in their.reéent investigation of
. N . . / ’ . :

thevcataIYtic reduction of NO by CO over polycrYstaliine ;hodium wires.é

| The'daéhedklines in Figure 6 repreéenf.the’backgrouﬁd reactivity of
both the rhddium single crysﬁai surface and thevﬁasé spectrometer filaf‘,

ments without predosing thé'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 sﬁppoft 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

N

the reaction of‘NO.and'CO to form Nz_and COz'proceeds by the following

two consecutive steps:

(1) 2NO( g > Ny(oy + 20,44

(2) 20

(ads)

+ 2
20 > 200, ()



Figure 6.

.vacuum chamber at t=0 and CO

Gaseous CO2 production on the Rh(331) surface at 700 K after

predosing the crystal with 1 L of either O, (lower trace) or

NOl(uppep—trace); b ox 1078 Torr of CO is admitted to the
2 production is monitored by

mass spectroscopy (m/e = 44). The dotted curves show the

baCkgrOUnd‘COZ liberation if the surface was not pre-exposed

~ to either NO or 0, before CO admission.
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‘surface oxygen from dissociated NO. The 60 K shift in the O

dissociated O

167

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 be run continuously by heating our rhodium

cfysfal fo 700 K in 5 x 10—7 Torr of a 1:1 NO:CO mixture. Unfortunately,
due to the rapid reacﬁion of these gases on the maésvspectrometer fila-
ments, we could not perform meaningful kinetic studies wiﬁh the present
apparatus.

| An interestipg featu;e of fhe data is that surface oxygen from NO
desorbs at‘a‘slighély higher temperature (Fig. Za; Refs. 4 and 15) than the
| 2 peak

temperature cannot be accounted for by different surface oxygen concen-

trations since the integrated areas of the two desorption peaks in

'-Figufé 2a agree to within 5%. Surface oxygen from NO also reacts some- .

what less readily with CQ (Figs. 5 and 6) than the surface oxygen from

9° Thoﬁgh we do not understand these effects, they are con-

sistent with recent kinetic studies on supported rhodium catalysts under

s . - 2 L ;
simulated reaction conditions. Specifically, the rate of conversion of

NO to N2 and CO2 by the reaction with Co is less than the rate of con-

. N . . 2
version of 0, to CO, by CO under identical experimental conditions. In

2 2

contrast, on iridium, the rate of reaction of NO with CO is higher than
that of 02.2 Further research into the mechanism of this reaction selec-
tivity might be both scientifically interesting and technologically

important.
" H. Summary

The following evidence for a surface oxygen intermediate in the

reaction ZNO(g) + 2C0(g) -+ N2(g) + COZ(g) was'presented:
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a) ﬁo dissociates on the Rh(331) single cfystalléurface below
450 K, well below typical catalytic cdﬁverter reaction
temperatures of 600-800 K (Fig. 1).
b) The nitrogen from dissociafed NO desorbs as N2 5élow 500 K
(Fig. 2)Q
¢) The oxygen from dissociated NO is stable on the surface at.
typical.reaction temperatures in vacuum (Figs. 2, 3vand 5.
jd) The‘oxygen.from dissociated NO is readily ;eﬁoved by»co under
our experimental conditions (Fig.'S); |
e) The reaction of CO with the surface_oxygen-produées gaéeoué CO2
(Fig. 6). o
The reaction mechanism may now be ekp?essed as ZNO(g) +:N2(g5 +
Zo(ads) and‘zo(;ds) + 2CO > 2C02(g)' Key to this mechanisﬁ is the ideﬁ-v
tification of the 520'cm'-1 peak.as su;facé oxygen in the high resolution
electfonvenergy loss spectruﬁ resulting from the dissociation of adsérﬁed
VNO_(Fig.“i, middle trace; Figs.5 and 6). This identifiéatioh is supﬁofted
bys E ) .
a) The presence of a similar 520 c:m-1 peék from the.adébrption of
02 (Fig. l)f | |
-b) Thermal desorptioﬁ traces indiéating that nitrogen from disséci-
.ated>N0‘desdrbs at a temperature below teﬁﬁeratures at which
this peak 1s stable (Fié.'Z).
c) AES results showing only.oxygeh and the clean rhodium sﬁrface
..features when the 520 cm;l peak isvpresent (Fig. 3) and
dj Kinetic studies indicating that the 520 cm_1 peak from dissociated

NO was removed'with similar (but not identical) kinetics to that

from adsorbed O2 (Figs. 5 and 6).



Altﬁoughvthere can be little doubf that this reaction mechanism
operatés in high'vacuum;'it is not clear that it 1is the bredbminant
ﬁechaﬁism on rhodium catalysts under automoﬁile exhaust operating
conditions. Furthérmbre, we caﬁnot'rule'out a number of the possible*
mechanisms proposed‘by'other'authors.A However,-feééﬁt studieé on
cataiyéts uﬁder high pressureAreducing éonditions féund,kinetics

2

“and produce selectivities in good agreement with a mechanism based

Pt/Si0

upon the dissociation of NO as the rate'limiting step.
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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

Thé.characterization of moiecules adsorbed on supporfed metal
catalysts is of key importance for géining a fundamental undef;tanding
of_thg mechanisms- of catalysis. Vibrational spectroétopy has been, and
will continue to be, one of the most important tools for this Chéracter—
ization.2 To date, infrared spectroscopy has beéﬁ the mostvwidely used
vtechnique;3’4 Its key advantgge.isfthat,it can be applied to reair.'
catalysts under conditions similar to those used in the chemical tech-
nology wifh ve;y high resoiution (<1 cm_;); ;Howéver, due to light ad-
sorption by the oxide.support below '_~'1200-(:m_1 low frequency vibrational
modes; which are essential in>stru¢tpra1 dgtermination, are completely
.'masbked.s'.7 ‘More recently, Raman.spectroscopy8 and inelastic elecfron
tunﬁeling spéctroscopy have been used to.obtain the vibrational spectra
of molecﬁles.adsoﬁbed,on model suppbrted catalysts.g-_ll " These spectro;
scopic techniques can e#tend the spectral range over which a catalyst can
be studied,‘but both preseﬂt.problems Qf their‘own iﬁciuding fluorescence
and sample'heatiﬁg in the case oqu;man‘séeC£roscopy8 and uncertainty due
to the top metal electrode in the case of tunneling spectroscopy.1
Neverthéless,vthe:problem of characterizing adsorbed molecules on sur-
faceé is sufficientiy coﬁplex fﬁat‘aﬁy vibrational spectroscopy that can
yield new information or information‘ftom'a different perspective will
be useful. 1In tﬁis sense ﬁhebé spectroscopies compiement one andther.

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

P
1l
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employed well—;haracterized single crystal substrates under ultrahigh
vacuum conditiéns.13‘ High resoiution‘ELS has been succéssful inkthese
studies due to its brdad spectral range_(400—4000’cm_1) and high surface
sensitivity (0.001 moﬁolayef for strong scattererslB).

ﬁe have now exténded ouf previous ELS experiments on single crystal

14,15

- ’ rhodium surfaces to include studies of the chemisorption of carbon

monogide»on model rhodium on alumina catalysts. Gobd qualityivibrational—
spectra were obtained from CO adsorbed on small rhodium particles vapor
deposited on an pxidized aluminum substrate. We employed the same
catalyst preparation pfocedure that proved successful in inelasticvelec—
tron tunneling iﬁvestigations.lo The ELS resﬁlés can be favorably
_ comparéd with the:vibrational spectra of adsorbed carbon monoxide
16-18 _ )

obtainéd by infrared and inelastic electron\tunneiinglo'spectroscopy

on similar'rhOdium on alumina model catalysts.
B. Sample Preparation

" Figure 1 shows a cross éectibnél,view of’our model supported metal
catalysts. They were formed by:

1. ev;porating frdm 200 tﬁ,ZOOO A average thickness of Al from an
aluminﬁm wire onh a stranded fuﬁgstén filament onto a clean metal substrate
in the uﬁper level of the vacuum chambér‘(see Chapter III, Fig. 4). The
metal deposition rate was approximately 10 R/sgc. in our studies é Pt(111)
singlg.cryétal.was usedvas the metal substrate, although the results should
LA : be independent of‘the substrate material. Thé evaporated'aluminum layer

is polycrystalline with grain sizes on the order of microns.9 Metal de-

position was monitored using an oécillating'qgartz crystal microbalance.



Figure 1,
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Cross-sectional view of the model supﬁorted metal catalyst.

If a smallvquantity of rhodiumkis evaporated onto_oxidized
aluminum it égglomerates'into.émall particles. Fbr an average
thickness of 4vZ the rhodium particles are 20 to 30 Z in
diameter.10 The oxidized aiuminum substrate is lOlto 15 Z

thick and is similar to y?alumina.lg’20

A,
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2. oxidizing. this aluminum in oxygen or air at exposures ranging
from 1000 L to greater than 106 L at temperatures between 300 and 480 K.

Aluminum oxidized in this manner has been shown to resemble y-alumina in

both its physical and catalytic properties.lg’20

21,22

The oxide layer is
typiéélly 10 A thick; and its morphology is not.known.

v3. evaporating from l.to 20 K average thickness of Rh from a rhodium
wire wrapped around a stranded tungsten filament in 1 x.lOfS Torr of CO.
The metal deposition.rate,was.approximately 0.25 K/sec. Rhodium evépor-
'ated in this mannér hasvbeen showﬁ to agglomerate into smali, highly
disperéed particles on the alumina suppért.lo Kroeker, §E¥§l° using—the
) same.type of.phbdipm sources, Source to substrate distances and oxidized
aluminum Substfétes féund wi;h transmissipn electron ﬁicroscopy that
tjpical Rhparticle diameters were 20-30 A for a 4 A average thickness.lo
Tﬁese pértiéles are similar in both size and distribution to those formed
from the reduqtion qf transition metal salts oﬁ alumina to prepare com-
mercial éétalysts.v | | |

After fabricatioﬁ,_the sample was lowered into the high resolution -

{

I - [

electron energy loss spectrometer. The ihcidént energy was fixed at
approximately 5 eV. The elastic écattering peak had a full width at half
maximom (FWHM) betﬁéen»SO and 100 cm”1 and a makimum intensity of 1 x 104
counts ﬁer second. Prepaxing Samples by first evapofating rhodium in
vécuum and then éxﬁosing the disperéed metal particlés to carbon monoxide
caused a decline in both the scattering intensity and in the resolution
-of the viﬁratioﬁal'spectra. Similar observations have been reported
using‘inelaétic élégtroﬁ tunneling spec_troscopy;23 however, the reasons

for thesérfihdings‘are not understood at present.



C. Experimental Results

Figure 2 shows Auger spectra of the oxidized aluminum used as a
substrate for our model supported metal catalysts (ubper trace),'the
substrate plus evapofg;ed rhodium particles (middle ffacej, and a single
crystal surface of rhodium (lgwer trace). Note in the Augef spectrum of

the oxidized aluminum substrate that there are only peaks corresponding

to the aluminum in an oxidized state and tovoxygen.24 This Auger spec-

177

" trum is independent of oxidation conditions over the range studied. After .

the evaporation of thevrhodium partic1es in 1 x 10'—5 Torr of carbon mon-
dxide‘the chafactexistic rhodiuﬁ Auger peaks can be clearly seen..z-5 All
peaks in the_spectru# can be accounted for aé due to oxidized .aluminum,
to rhodium metaliof to carbon monéxide adsorbed on¥thevmetalrsurfa§e.
In pafticulaf,'thére are no observable peaks due to the possiEle évapora—
tion 6f tungsten from the filament sources (100-200 eV).26 Wé also
stuaiéd the evaporation of iréﬁ‘and platinum from’tungsteﬁ filaments and
find né trace of tungsten in the deposited particles.

" The lower trace iﬁ Figure 3 is the high fesplution‘electroﬁ energy
losé spectrum of the oxidized éluminum substrates. 'The most prominent
feature in this spectrum can be:assignéd to the aluminum oxide phonons.

It is a broad band centered just Below 900 cm_l and asymmetric to lower

'energies;n'This relatively intense alumina phonon band is similar in both

position and shape to the peak found by inelasfic elecﬁron tunneling
spectroscopy.é’20 ~It is independenﬁvof the oxidation conditions over
the range studied. A relatively broad, weak band bétween 3500 énd 3600
cm corfesﬁonding to the 0-H stretching mode of surface hydroxyl groups

is generally seen in both the infrared3 and inelastic electron tunneling

spectralg’20 of y-alumina. Due to the rather low intensity of this band



Figure 2.
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The top trace shows the Auger electron'spectrum of the

roxidized aluminum support material. Only aluminum in an.

oiidized state and .oxygen peaks are present;24 The middle

o
trace shows the spectrum after 4 A average thickness of

_rhodium‘has been evaporated in the presence of 1 x 10_5 Torr

of carbon monoxide.  Both the oxygen and aluminum peaks from
the support material are attenuated and there are new peaks
due to thodium and carbon. The bottom trace shows the Auger

electron‘specffum from a clean single crystal surface of rhodium.
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Figure 3.

: s v v :
The high resolution ELS spectrum for the aluminum oxide

support is shown in the lowest trace. The broad band, asym-
R : ' . : ' -1
metric to lower wavenumbers and centered around 860 cm ~ is

the aluminum oxide phonon band.10’20

The upper two traces
show the ELS ébectra for two different amounts of rhodium i
evaporated onto the aiumina support in 1 x 10_5 Torr of CO
(4 Z'and 20 A average Rh thicknesses). The assignment.of

the observed losses is discussed in the next section.
N J .
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and to the decreaséd;sensiti§ipy of our spectrometer at these relatively
high energies, thié mode is not resolvea here. The broad, weak feature
centered above 3000 cm-; is not reproducible and may possibly be due to
hydrocarbon impurities. |

The'middle.and upper tréces‘of.Figuref3 show the vibrational spectra
of CO éhemisofbe&‘on the highly dispersed rhodium particles supported on
the oxidized aluminum. We carried out experimehts on 1, 2,.4, 5 and 20 A
average thicknesses of evaporated rhodium, Representatiﬁe spectré.for
carbon monoxide chemisorbed on 4 and 20 X avefage'rhodium'thicknééSes are
shown here. These épectrélhave'a smaller expansiog scale than the alumina
specfrum (x10 as COmpared,to x50) and thiévrepresents a relatively large
ratio of inelastic electroh‘scatteriﬁg:to élastic'eléctron s;attering.
Fur;hermoré,.theArhédium iévcovering a signifigang‘pog€ion 6f the ékpbsedA

élumina surface’. By a 4 A average thickness of-evaborated rhodium (middle

2 2 ¥

trace) the intensity of the aluminum oxide phonon band has décreased"by
a factor of approximately 2 (note scale change). By a 20 g averagé thick-
ness of rhodium (upper trace)>thié mode has coﬁﬁletély disappeéred. The

prominent low frequency band centered above 400 cm-l is typical of Rh-CO

10?14’15’27;28 while the‘two losses near

10,14-18,27,28

sprétching and bending modes
2000 ém_l'are chéradteristic’of Cz=0 stretching vibrations.
In fhe next section we will discuss the interpretation of these spectra:
by comparison with'inffaredl6_18 aﬁd inelastié e1gctrqn tunnelinglo .
results on similar model $y§tems.

As can Se ;een from Figﬁré 3, the results are not particulariy sensi-
tive to rhodium coverage over the range stddieé‘(l—ZO A avefage thickness),
neither are they sensitive to ad&itional,CO exposure. Spectréirﬁn with

CO partial pressures as high as 1 x 10_5 Torr show no substantial differ-

ences. However, the relative intensities of the two high frequency C=0



stretching modes can be significantly altered by heating the samﬁle above
530 K in vécuuﬁ.. After expésing this'surface to >1000 L of CO»only»a |
single carbon-oxygen stretching viBration is observed'at'2010.cm-1. The
1870 cm—l mode is now‘ohly'a shoulder and not well resolved here. This
is clearly shown in the middle trace of Figure 4. Spectra run.withvl X
10>--5 Torr of CO in the background also show no significant intensity in

the 1870 cmn1 mode (Fig. 4, upper'trace). The shift in the cz0.

stretching vibration is within the reproducibility of our measurements

(+10 cm_l).
D. Discussion

Figures 3 and 4 clearly show that we are now able to obtain high‘

resolution electron énergy loss'spectra from carbon monoxide adsorbed on

model rhodium on alumina catalets.' One might anticipate charging of
the aluminum oxide and diffuse scattering due to the rough surface. We

find that chargiﬁg ddes'not'present a problem because the oxidized

" aluminum layer is thin enough (10—15 X) to allow relatively low impedance’

electron tunneling. In particular, under similar oxidation conditions

‘we expect an Al-A1,0,-Fb tunnel junction to have a barrier impedance of

273 .

much less than 100 ohms for a 1 émz sampie.lo The incident beam current

in our speétrometer is less than 10—9 amps (éee Chapter III);Ithus the

-7
potential across the oxide is expected to be less than 10 = volts.

We could not calculate in advance the éffgct of the diffuse surface

'scattering, although the aluminum grains are in the micron size range

and the rhodium particles are 20-30 & in diameter. Experimentally we

find that though both the elastic and inelastic §eaks are broader in

their angular distribution when compared to scattering from a clean

183



Figure 4.

Vibratibnal‘spectra of CO chemisorbed on a 4 K average
thickness of rhodium as a function of temperature. " The
lower trace was run after formation of the model cétalyst.'
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 trace was run .in 1 x 10_5 Torr of CO also at 300 K.

184



,_'_Intensi‘t'y (arbitrary units)

185 |

Temperolure Dependence
CO/4 ARh/AI,03

2030

Flash to 530 K
1XI0™ Torr CO

x10 ‘ S
Flash to 530K
>I000 L CO

va 300 K

[ '1'» L 1

0 1000 2000
' Energy Loss (cm™)
- XBL803-4861



186
N
14 . . ,
Rh(111) surface, the intensity loss is not severe enough to prevent
the measurements. We find that the elastic peak intensity (Io) is down
by roughly an order of magnitude; the inelastic peak intensity (Il) 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 (Ii/Io) are not understood at preéent. Approximate values for the

dynamic effective charge (dipole derivative) of the C=0 stretching vibra-
‘tions can be obtaiged from both inelastic electron tunneling and infrared
spectroscopy. Measurements on similar rhodium on alumina model catalysts

range from 11 to 18 Debye/!o\.lO

~These are 3 to 6 times higher than theﬁ
value for gas phase CO (3.1 Debye/KzQ) and imply-thgt a relatively large
ratio of inelastic to elastic electron scattering should be observed in
‘oﬁr experimenté. They are also far higher than\the valpe that can be
derived from the chemisorption of carbon ﬁonoxide on a flat Rh(111)

single crystal surface (~7 DéBye/X).14’3O

Fﬁrthermore, Ibach30 has shown
that dué to the non-zero'collection~ang1e of the spectrometer this i;fén—
sity ratio (11/15) can be é function oflsurface disorder. in particular;
Il/Io increases Qith.ihc?eésing surface disorder’andithefefore care must
be taken in the analysis of ﬁeak intensities.

Finally, websee no evidence forisignificant peak broadening_and
loss of resolution due to local cHarging.‘ However, with this sample
configuration both the elastic and inelastic.séattering.peaks.are apﬁ;oxi—
mately 10 cm_l broader (FWHM) when cqmpéréd to scattering.frbm eitﬁer a
CO covered Rh(lll)14 or.RI;(331)15 single crystal surface.

Figure 5 compares the electron energy loss spettfa of the current
work to previbuély obtained inelastic electron»tuﬁnelinglo énd»infrared.
spectfa;7 6vaO oﬁ rhédiumisupported_on alumina. S§me of the édvéntages

and disadvantages of the various techniques are clear in this figure.



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,‘gg_gl.17' The high resolution of IR spectros-

copy is evident. The inelastic electron tunneling spectrum

(lower trace), taken from the work of Kroeker, gﬁ_él.,lo

_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 ffe—
quency'(400¢¥1000 gm—l) tunneling spectrum and the high
frequency (1000 - 2500 cm_l)vinfrared spectra.
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‘Infrared spectroscop§ has the best resolution but the spectrum doeé not
- extend to the‘loﬁ'frequency region. Tunneling spectroscopy has reaéénable
resolution in the lo§-frequency'rggion, but there are questions about the
‘effects of the top metal electrode that are not fully answered in the
existiﬁg literature. In particular, how mﬁch should the low frequency
'modés be pérturgéd‘by:the presencé of the top métal electrode? Although
there are estimates based on the observed mode shifts in other‘,s-ys,tem‘s,l2
‘there haﬁé‘been no direct measurements on this ;ype'df system;

Previous researchers have idéntified three differént types of carbon
monbxide’molecuies adsérbéd:on aluﬁina_suﬁpofted rhodium catalysts (sée .
16-18

Fig. 5) 'These include a bridge bonded spécies, Rh, > CO v

c=0 =
1870 cm‘l), a terminally bonded species, Rh-CO (V.. * 2020 to 2070 cm'l,

depending on coverage and catalyst preparation) and-é.gem dicarbonyl -

1

-1
f’VCEO asymmetric =210 em 7).

species, Rh-(C0), (

vCEO symmetric = 2031 qm—
Similarly,lwe can assign the 1870 cﬁ_l loss ih the ELS spectrum of Figure
5 to a bri&ge bonded carbonyi. The 2020 cm_l_mode most likely belongs'to:
a linearly_bonded CO species. The inffared spectruﬁ taken at low CO .
exposures near the top éf Figure_S.is similar to the highvresolution ELS
spectra thét we observe.' Linearly bonded carbon monoXidevmélecules
dominatevtﬁe €=0 sgretching region, but some gem-dicarbonyl species are
also presept. The presence of Rh—(Cb)2 species cannot be ;uled out:on
our model supportedvcatalyéts since the oEservéd_loss at ~2020 cm_l is
quite broad_(~100'cm—} full width at half maximum and >200,cm_1 wide at
the baée of the peak). Furthermore, such‘species are seen with inelastic
electron tuhnelinglo on model rhodium on alumina catalysts preéared'in ‘
similar manner (Fig. 5; middle). _Although the:symmetric and asymmetric

C=0 stretching vibrations of this species cannot be resolved here,
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analysis of ﬁhe low frequency modes indicates the presence of tw§~disfinct
forms of linearly bonded cérbdn monoxide.lo The inf;aredzépeétrum
labeled '"saturation coverage' was téken under 50 Torr of‘_'CO17 and at
these pressures one would expect.the geﬁ dicérbonyl surface speéies to
be abundant. | |

A comparison'bet&een'thé inelastic electron tunneling and electron
energy loss spectra in Figure 5 indicate that the ELS resuitS'ére simiiar
to tﬁe_tunneling.results in the low frequency regidﬁ (400-1000 §m—l). |
fhe low freqUenéy modes.bbsérVed.with.high resolution eléctronvene;gy
1o$s spectroscopy for the chemiéorption of carbonrmonéxide on single
crystal ﬁetal surfaces Have been.tfaditionally‘assignédias_metai;CO
étfétching vibratiéns on the basis of therhéfﬁél diﬁole sé1éétioﬁ rule
(see Chapter IiF). This\seléction ru1e, whiéh‘haé been proposed for
infrared specﬁroscopy as ﬁeil as forfhigh resdlﬁtion ELS, suggégﬁs that
only vibrations with a coﬁponent of the oscillating dipolevmoment normal
to ‘the surface.can be excited. Thus if the carbbn“monoxide is.ofiénted
.perpendicular to a pléﬁé ﬁetalvsurfaceg the‘incident électréﬁs will 6n1y
couple to the metal-CO and cafbon-oxygen stretchingvmodeé.r fsotobic
substitutién studies,lo'howeVer, ha?e showﬁvthat the two most intense
low frequencybmodés in the‘tunneling'épectrqm of model rhodium on alumina -
éatalysts (413:and 465 cmfl)_are bending modes. Thus oﬁe wonders if the
 low frédueﬁcy vibrations observed'in'ﬁhis spectrﬁm wiﬁh.high resolufionv
ELS are bending or stretching mbdes. Mofe s?udies are'élearly needed to
résolve”thiquuestion., -

Anélysié of the low frequency vibraﬁidnalkmodés by comparisén witﬁ
tﬁe'infraréd and Raﬁan épéctra of'model‘rhoaium ciuster carboﬁyls of

known molecular structure is rather difficult at present, To our knowledge,
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no normal coordinate calculationé have been carried out on these compounds.
Although numerous vibrational modes betweed 393 and 513 cm_1 have been
observed in Rh4(:CO)12 anchhé(CO)l6,3}.no simplé comparison witb our
'fesulﬁs can be made. Recedt studies’ have shown that care must be taken
in making the direct anaiogyibetween,metal cluster carbonyls and
adsorbed CO;32 | | H

The only way we,fbund to significantly alger the iﬁtensityiratio of
the two C=0 étretchidg modes was to heat thevrhddium‘sample'above'530 K
4in vacuum and thénwtodre—expdsg the surface td'carbon monbxide (Fig. 4).
Tﬁe vibratiodal.spectrd indicatevthat there is pegligible COnremaiﬁing
oﬁvthe surface*abd&é 500 K. Carbon monbxidevméy decompdéé on both sﬁepped
siﬁglekcfyéta133’34vand polycrystalline35 rhpdiuﬁ samples at this'femper—
aturé.. Residual éarbon and/qr oxygen from this dissociated‘CO may be
Blocking some'qfdfhé sufface sites and inhibiting furthef CO ‘adsorption.’

This is not the cése foerO adsorbed on the (111) face of rhodium. Here

the chemisorption of carbon monoxide is completely reversible and no CO

13,36

bond breaking is dbsérved. The decrease in the intensity of the_

,1870 cm_} mode‘could also 53 due to a redistribution (sintering) of the
rhodium sample upon heating.’ ansistént with this is a decrease in the
itotal integrated intensity of all of the obserﬁedvELS peaks. Eyen with

1l x l(')_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 spectroscopy 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
inélastic peak intensity is decreased by lesé than an ofdér of.magnitude.
The angular distribution of all peaks is broader{"

2. ELS spectra of oxidized aluminpm (a“modél systém.for y-alumina)
are similar to thqse féund by inéiastic electroﬁ gunneling. They show a
relatively.iﬁtense'alumina phpnon band that is bréad,-asymmetric to
lower ehergieé and centered around ‘860 cm_l.

3. High resolution electron energy losé speCtrOSCOpy, ineiastic
glectron tunnéliné spectroscopy andfinf;aréd spéctféscoﬁy are comple-
mentary techniques for studying the,vibfafionai«speCtré of molecules
" adsorbed on model suppdrted metallcatalysts,' The low frequeﬁcy ELS
épectrum (400—1000‘cm_1) is similar to the tunneling.speétrum; tﬁe high'
frequency electron energy loés spectrum (1000—2500 cm-l)vis_similar to

the infrared spectrum. ' : : . -
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CHAPTER VIII. The Chemisorption of Acetylene and Ethyleﬁe on Rh(lll)l
A. Introduction

The chemisorption of simple hydrocarbbns'and subéequent sufface
reéctions on‘weli—characterized transition metal surfaces has beéome a
topic of considerable interest in surface science. The aim of such
studies is to provide fundamental informatidn on the initial stages of
hydrocarbon catalysis and to establish a framewbrk fbr the interﬁreta—
tion of results qn more complex catalysts.  Determination of,the.mélec-
ular struétu;e of_adsdfbed monolayers on metal éqffaces is now possible
by a var{ety of'domplementafy techniques. .Recently a cdmbination of
low-enérgy'électfon»diffraction intensity analysis and high resolufion
electron energy loss spectroscopy has been used to defermine the struc-
ture of ethylene (CZH4> chemisorbea on Pt(111) at 300 K.2 High resolu-’
tion ELS is avparticularly valuable'technique for prbbing hydrocarbon
interactions with metal surfaces'Bécéuse of both its sgnsitivity to
hydrogen and its broad spectrai fénge (which ihéludes M-C streﬁéhing_'
_vibrétions,‘C-C streﬁching‘Vibrationé and C-H stretching and bending
vibrations),‘ Furthermore, ordered adsorbatevoverlayers are not needed
to obtain intense ELS spectra (see Chapter I and VII). A dynamical LEED
structure analysis provides bond lengths, boﬁd angles and thelposition

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 with coverage and temperature can only be studied by LEED if

the adsorbaﬁé layer remains well ordered.
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We report here the results of a detailed investigation of the chemi-

and C,H, on the Rh(111) single crystal

sorption and reactivity of C2H2 ol

surface. In the present study we have extended previous LEED and thermal
desorption mass spectrotnetry3 investigations to lower temperatures

(T ~210 K) and have complemented these results with data obtained by.
high resolution ELS and Auger electron spectfoscdpy, ‘This combination

of techniques allows us'to’determine'the‘structute of these hydrocarbons
on the surface and followvtheit molecular reatrangements as a function

of temperature between 210 and 470 K. We have also studied the viura—

| 2D2 and C2D4 and the reastions ot these

molecules with hydrogen. Finally, the bonding of acetylene and ethylene

tional spectra of chemisorbed C

on Rh(11l) 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(111)

:'Exposing the clean Rh(111) surface (Fig. la) between 230 and 250 K
‘.to C2H4 results in tﬁe-appéarance of sharp half ordep diffraction spots
in the LEED pattern (Fig. 1b) from a (2x2) surfscé structure. If the
crystal temperature is below ~230 K, ethylene adsorption is disordered
and thsﬁonly'shange?observed in the LEED.pattern is an incteased 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. Acetylené adsorption on the Rh(111l) 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 spots 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. A 15 sec exposure of 1 x 10_7 Torr
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Figure 1. LEED patterns from surface structures produced by either C2H2

or C2H4 adsorption on Rh(11l). (a) clean Rh(111) at 92.5 eV,

(b) Rh(111)-(2x2) from C,H
Rh(111)-c(4x2)-C,H

4
~ + H at 67,5veV.

chemisorption at 74 eV and (c)

2



198

19101-884 99X

J




o

CZHA-or a 150 sec exposure of 1 x 10_8 Torr C2H2 produce optiﬁum (2x2)

surface structures.

"A'diffraction pattern corresponding to a c(4x2) surface structure
(Fig. 1lc) can be generated from the (2x2) surface structure without

additional hydrocarbon exposufe._ 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).
22

layer. To form a well ordered c(4x2) structure from adsorbed acetylene

For adsorbed C,H, even this slow warm-up results in a disordered over-

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 cm from the crystal and prbvidevthe surface with a good-

source of atomic hydrogen.é' Castner 55_31,% previously observed the

c(4x2) surface structures from the chemisorption of either acetylene or

~ethylene on Rh(11ll) 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 transformétiqn from the (2x2) to the c(4x2) structures the

orientation and shape of the unit cell change,5 but the areas of the

primitive unit cells of these two structufes are -the same (25 ZZ ép
Rh(111)). Thus, no variation in the surface coverage occurs. Further-
more, AES shows that the_carbon.cOVerage from the (2x2) structures pro-
2H2 and C2H4 chemisorption are the same and remain constant

during the conversion to the c(4x2) structures. Thus, changes in binding

duced during C

site and adsorbate geometry are probably taking place without any change

199
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in the adsorbate coverage. Determination of the'ovefléjer structure by
LEED réquires the analysis of the intensity vs incident éneréy (1-V)

beam profiles. We have not undertaken such'calcuiaﬁions in the present
study. The transformation from the (2%2) to the c(4x2) surface strucfurest
is irreversible; once the c(4%2) structure forms, the.crystal can be cooled
to 210 K with no visible changes in the diffraction pat;efn. The é(4x2).
structures can only bé é1tered by heating'the crystal above 420 K which

causes the surface to irreversibly disorder.
C. High Resolution ELS Studies of Acetylene Adéorption on Rh(111)

The vibrational spectrum of the’(2x2) h&dfocarbon surface structure
formed from the chemisorption Of,CZHZ on Rh(11l) between 210 and 270 K
is shown in the lower trace of figure 2. The peak positions and their
relative intensitiéé6 are listed in Table I. »Alfhough some of the peaké
are not readily visible in this'figufe, their positions and intensities
are obtained from the anaiysié of at least six épeépra. A complete
analysis of the léw frequency region in this_spécfrUm isvhampered by a
spurious background peék near 800 cm_l. This apparent loss; firsf ob-
served by Froitzheim_é£_§1;8 may be caused by‘electron réflection from
thé outer half of the analyzer (see Chapter III). vThe dashed lines in
Figufes 2, 3, 4, and 9 indicate the approximate_locati;n and magnitude of
this peak. As a resultbof this experimental artifact, both the position
_and intensity of all loss features between 650 and 900 cm_l are rather
uncertain. IsotopicISUbstitutién is of some help.iﬁ assigning the ob-
served vibrational frequencieélto normal modes of the adsorbed species.

The ELS sﬁectrum of the (2x2) C2D2 surface structure is shown in the

middle trace of Figure 2,
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Figure 2. High resolution ELS spectra of chemisorbed acetyléﬁq oanH(lll).
- (2x2)-C,H, (lower trace), (2x2)-C,D, (middle trace) and c(4x2)-
C,H, + H (upper trace). The vibrational frequencies are - -
listed in Table I (lower and middle traées)faﬁd;Ili(upper _
trace). The bréad‘peak (dashed line)4Centeneé'neér 800'cm_;y
may be caused byvstray electron;reflection inside;the spectro-

" meter (see text).
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Table I. Vibrational Modes for the Metastable*(2x2)—C2H2.(C2D2) Species Observed on Rh(111) at T< 270 K

' (all frequencies in cm_l) '

o | ' . .10,11 .
CZHZ (C2D2) on Rh(111) CZHZCO(CO)6< (C2D2C0(C0)6) v ‘A331gnmenﬁ
- Observed" _ ‘?C—H/vC—D Observed vC—H/vC-D -
Frequencies Frequencies
3085 -(~2320) w - 1.33 3116 (2359) m 1.32 '
: S L : } C-H (C-D) stretch
2984 (2230) m 1.34 3086 (2297) m ‘ - 1.34
a") ‘ ' _ » , 1403 (1346) s --1.04 - _C-C sfretch
887 (686) m . 1.29 894 (751) s 1.19
I : ' ' : g i C-H (C-D) bend
706 (565) m . 1.25 : 768 (602) s ‘ 1.28 : :
| © . 605 (561) w . 1.08 o
323 (~300) w 1.08 o , o % M-C stretch

551 (520) m 1.06

a Small; broad peak:in the 1300-1400 cm_l region is observed in several spectra.

Intensity: s = strong; m = medium; w = weak

£0Z
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The vibrational spectra of the (2x2) acetylene overlayer in Figure
2 does not change up tq.270 K in vacuum. Furthermore, the positiohs and
reiative intenéities of the observed energy loss peaks are independent of
the acetylene exposure (from >0.2 L to <50 L) and, more iﬁportantly, are
independent of surface order (as determined by ébservation of the LEED
pattern). Thus, using high resolution ELS we concludevthat the bonding
of the adsorbed moleculeé dovnot change upon disordering.

The frequencies of the carbon—hy&rogen (carbon-deuterium) stfetching.
vibrations can be used to charaéterize the stéte of hybridization of the
adéorbed épecies. Acetylene, CZHZ (C2D2),9 is sp_hybridi;ed‘in the gas
phase and has CfH (C—D) stretching:vibrations between 3289 and 3374
(2439 and.2701) cm_;; éthylene, CZH4 (CZDA)’Q is sp2 hybridized and has
C-H (C-D) strgtching vibratiéns between 2989 and 3106 (2200.and 2345)
cm;l; while ethane; C2H6 (C2D6)’9 is sp3 hybridized and has C-H (C-D)
stretching vibrations between 2896 and 2985v(2083 and 2235)_gm_1. vThus?
the.lOSSes at 2980 (2230) and 3085 (~2320)'<‘;m—l in Figure 2 and Table i
corréspond to the C-H (C—D) stretching vibrationsAdf a molecule near sp
.hybridization. This indicates tﬁét_the.CéC4H (CEC-D).gond in adsorbed
acetylene is no longer linear. | |

Assignment of the remaining energy loss peaks by comparison to‘the
Iinfrared spectra of model organometallic compounds of known molecular
structure is Quite difficult at present. Most metal-acetylene complexes
are synthésized from substituted acetylenes (usually méth&lr or phényl-
acetylenes) and their vibrational spectra bear little resemblance to
what one would expect from chemisdrbéd acetvlene. Furthermore, we know
of only one acetylene-transition metal ;ompéund, C2H2C02(C0)6, which has

been extensively studied by both infrared spectroscopy and X-ray



crystallography.lo’11

The IR absorption bands for this molecule are
listed in Table I. These vibrational frequencigs are_éonsiderably'dif_
ferent from those observed for chemisorbed_CZH2 due t0'thé»differences in
both\bonding and'geometry;' Nevertheiess, a.comparison of the.ratios of
-vé—H/VC-D will help us to accurately assigp the vibrational modes of
acetylene chemisorbed on Rh(111) (see Table I). A similar analysis has

been successfully used in the past.lz’l3

Our vibrational mode assign-
ments are summarized in Table I. The low frequency mode at 323 cm_l does
not shift significantly upon deuteratioﬁ (~20 cm_l) and most likely
corresponds to the entire molecule vibrating against the surface. The
two largest peaks in the spectrum at 706 and 887 cm_l-shift_by‘almOSt
200 cm 1 (v
i C"H
sorbed and can be assigned to C-H (C-D) bending modes (see Table I). We

/VC—D = 1.29 and 1.25, respectively) :when CzDz‘iS chemi-

assume the adsorbate is oriented with its carbon-carbon axis approximately
parallel to the surface since only smali, Broadvpeaks (1300 - 1400 cmfl)
are Seeﬁ in the C-C sﬁretching‘fegion; Observatioﬁ of such a mode in

the épecular direction is prohibited by the normal dipole seléctibn rule

" if the C=C bondvis parallel to the surface (see Chapter‘II).

. Bond lengths, 5ond angles and the pdsition pf adsorbed C2H2 on the
surface cannot be accurately determined without a coﬁplete dynamical LEED
intensity analysié. Nevertheless, the high resolution ELS results indi—
cate that acetylene chemisorbs on Rh(lil) below 270 K.with its C=C axis
oriented approximately parallel to tbe surface. The molecule is near sp2
hybridization and therefore the C=C-H bdnd angle is no longer linear. A
similat Cé

Both LEED and ELS indicé;e that the (2x2) acetylene'overlayerais

stable on the surface in vacuum between 210 and 270 K. The addition of

H2 geometry is seen in numerous organometallic cluster compounds.

205
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Hé,to adsorbed CzHé'belqw ~260 K causes no changes in the observed ELS
spectra, although this surface species is still quite reactive. The
addition of H, to éhemisorbed CZDZ below 260 K results in a complex
vibratioﬁal spectrum with peaks in both the C-H and C-D stretching and
bending regions{' Although the deuterium and hydrogen feadily_exchangé;
no change in the adsorbate geometry is detected by high resolution ELS.
Ihé vibratioﬁal spectra of adsorbed acetylene only begin to chaﬁge when
thg_crystal is heated above 270 K in vacuum. .The.(2x2) C2H2 surface
structure also disorders at this témpgratpre; _.

' The'yibrational spectrum from the c(4x2) acetyleﬁé'oyerlayer is
shown in the uppér trace of Figure 2. vfhis spectrum can éithéf be
obtained by warming the (2x2) acety1ene overlayer to ~270 K in the
éresence of 1 x 10-8 Torr of'hydrogen or by.chemisorbing C2H2 on Rh(111)
above 300 K. Hydrogen addition to,ﬁhe Sﬁrface species above 270 K is
: ﬁecessary to qbtain good qdality? intense ELS spectra, however.

Hydrogen addition was aiso réquired(té'complete thié conVersidn_in the
LEED studies. Thié species*is_stéble on the surface up fo ~420 K. The

structure of this hydrocarbon overlayér will be discussed in the next

section.
D. High Resolution ELS Studies of Ethylene Adsorption on Rh(111)

The vibrational spectra from the (2x2) 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 C on the Crysfal below 270 K.

My
The middle trace in.Figure 3 can either be observed by slowly.warming

‘the (2x2) overlayer structure (lower trace) to room temperature or by

simply adsorbing ethylene on the Rh(11ll) surface above 290 K. The
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Figure 3.

'sorption-(Upper\trace). The vibrational frequencies. are

High reSolution'ELSFspectré'of'éhemisorbed ethyiene on Rh(ill).

(2x2)_from‘C2H4'chemisprption (lowér_trace), c(4x2) from:

C2H4 chemisorption (middle trace) .and (2x2) frbm C2

listed in Table II.

D4 chem;—A-
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measured péék'positions are listed in Table II;’ SmaLl peaks in the 1800
to 2100 cm—l region_are dge to background CO adsorptiqn.16j The assign-
ment of the peak’ﬁositions aﬁd theif relative intensities afe‘obtained
from the analysis of at least six spectra. Oncevagain, the observed
vibrational frequencies‘are.independent of surface order and hydroCarbbn
exposure (>0.2 to <50 L). " Note that‘thése ELS speétra aré almost idén-
tical to the vibrational spectrum from the stable c(4i2) écetylene over-
layer §hown in the upper trace of Figﬁre 2. Thé'hydfoca;bon species
_dérived,from ethylene chemisorption is’also.stablé oﬁ the surface up to
~420 K. Degradation of both the c(4x2) LEED pattern and of the vibra-
tional spectrum occur at this'temperaturé. . |

The ELS spectrum resulting from the chemisorption'of either C,H, or

2

Fig. 4) and their stretching frequencies are listed in Table II. The

C2H2 and. H, on Pt(111)4’12 above room temperature are quite similar (see

vibrational spectrum from the chemisorption of C2D4_on either Rh(11l) -
(Fig. 3c upper trace and Table II) or Pt(lll)4 (Table II) are -also quite
similar. Although the chemisorption of ethylene on P;(lll)‘ﬁas_been‘
o - ) 2,4,12,17 : i

studied by numerous techniques, . there is still debate over the
précise 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(11l) yield

209

identical vibrational spectra. A more complete discussion of the similar- -

ities between thevchemisorptioﬁ of ethylene on Rh(111) and Pt(111l) will
be presented in Section F.

| It i§ iﬁteresting to note that the geometry of the adéorbedvethylene
species on Rh(111) remains'the same (as indicated by the ELS épectra)
while the overlayer structure éhanges from a (2x2) to a c(4x2). This

chemisorbed hydrocarbon should be an excellent candidate for a LEED



Vibrational Modes for the Stable Species Observed on

Table II.
"Rh(111) and Pt(111) Upon Adsorption of Elther C2 4 ©OF
C2H2 and H above 300 K :
L -1
(al1 frequencles in em 7)

Chemisorption °f7C2H4 or CZH2+H :‘ Chemlsorptlon of C2 4
Rh(111) pe(111)* 12 : ,_Rh(lll) Pe(111)’12
~3000 w 3025 - 3105w . 2180 w  broad

. . o , : unresolved
~2900 w 2900 - 2940 m S 2080 m band
shoulder 1420 m S 1150 s 1150 s

1350 s 1350 - 1360 s 990 1010 w
1130 s | 1130 s o 860m ' 850 w
880 m 900 m . 403w 430 m

450 w 435 m - |

Intensity: s = strong

m = medium

w = weak

210
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Figure 4. Comparison of the vibrational spectra for ethylene chemisorbed
’ on a Pt(11ll) (1ower'trac_:e)4 and Rh(111) (upper trace). A
discussion of the similarities between.acetylene and ethylene

chemisorption on Rh(lli)'énd Pt(lli) is presented in Section F. -

S
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structural analysis since the I-V. beam profiles should change while the
ﬁolecular geometry does not. The order-order transformation observed by'
LEED is irreversible at the low pfessﬁres employed in our experiﬁeﬁts,
‘and again no intermediate specieé are observed. Although this‘conversion
is not affected by the presence of hydrogen, H-D exchange will occur in

2747
‘changé in the adsorbate geometry is detected by high resolution ELS.

2 is added to chémisorbed C.D 'Eg

the hydrocarbon overlayer when H

E. TDS Studies of Acetylene and Ethylene Adsorption on Rh(111)

- Castner 35_3133’18 have previously shown that both C,H, and'C2H4
decompose on the Rh(111) single crystal surface-ﬁpon heatiné to yield
gas phase molecular hydrogen and surfaée carbon. vThe-Hz tﬁermal'dé—
sorption traces from thé room temperaturé adsqrption of these hydro-
carbons héﬁe one major peak near 506 K followed By cdntinﬁoué:hydrégeﬁ
evolution up to_appro#imately 750 K. 1Tﬁe position of this'desbrption
maximum was foﬁnd to be independent of gas exposure.1

‘Hydrbgen deéorption spectrarfrom the_ordered.hydfocarbbn dverlayers
chemisorbed on Rh(111l) are shown in Figure 5. .Traces 5a and 5d are from
tﬁe (2x2).structures'forﬁedbaf 240 K from the'adsofptionrof 1.5 L of
acetylene and'ethy1ene, respectively."Spectra_SB an& 5¢ are.from thev-
c(4x2) surface structures formed from the me;astablé (232)_C2H2 and CZHA
structures, respéctiﬁely.l After forming the c(AxZ).sﬁfugtures,_the
crystal is.cooled to 240 K before i;itiating the desorption experiments.

'Molecular Csz and C2H4 desprption near 375 K is also Qbserved.l.8 The
"amount of hydrocarbon that is detected desorbiﬁg is less than 1% bf the

amount of hydrogen desorbed indicating that most of the adsorbed hydro-

carbons decompose on the surface upon heating. The hydrogenvdesofption‘



FigureES}

Hydrogen desorption from (a) (2x2) and (b) c(4x2) overlayer
structures formed during CZHZ adsorption on Rh(111l) and from
(¢) c(4x%2) and (d) (2x%x2) structures from C2H4 adsorptioq on
Rh(111). After forming the c(4x2) surface structures, the
crysfal was cooled to 240 K:before initiating the deéorption

experiments. The heating rate is 40 K/sec.
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spectrum from the é(4x2) ethylene species (Fig. 5¢) has a single de-
sorption péak at 440 K followed by continuocus hydrogen evolution until
750 K. This suggests that;the desorption peak at 440 K in Figure 54 is
from the étable hydrocarbon species which can be formed as the crystal
is’heated during the TDS experiments. The desorptidn peak at_350vK in
Figure 5d is due to cbﬁmisorbéd hydrogeﬁ oﬁ'the Rh(111) surface. This
desorption peak has been observed from hydrogen adsdrption on clean

2,18,19

Rh(111) and after annealing the Rh(111)-(2x2)-C,H, structure in

hydrogen (Fig. 5b). A similar peak is seen in H

ethylene chemisorbed on Pt(111) at 320 K.17 The origin of the désorption

2 TDS spectra from

péak at 395 K in Figufe.Sd remains in question.v Possible assignmentSi
igclude an unstable low témperature ethylene species or a trangient
intermediate hydrocarbon fragment present during the conversion of the
metastabie adsorbate to the stable sufface phase.

| Desorptioﬁ traces b and ¢ in Figure 5 from the c(4x2) hydrocarbon
surface structures are identicél abdvéi&éOO K. The lowAtempera;Qre peak
’in”Sb is from the hydrogen added in order to iorm ? Qeil ordered c(4x2)‘5
overlayer structure. This is iﬁ agreement with ‘both the LEED and ELS
resulis. ELS spectra taken before and after héating the cryétal to 350 K
. shdw no major differencesf Finally,'the amount of..H2 desorbed from the
surface in 5c¢ is significantly less than the émount desbrbed in»Sd,
7 indicating fhat the stable ethyléne phase on Rh(111) is partially
dehydrogenated. |

CIf we increase the sensitivity of the‘mass_spectrometer and study

the high tempefatufe H2 desbfption téilJ(above.450 K), we find two peaks
at. 560 ahd 640 K. This is shown in.the lower trace of Figure 6. . The

ﬁositions of the peak maxima are independent of gas exposure and can be

I



Figﬁre 6.

vThe expéndedvscaie‘above 450 K (x5) in the H

2'desorptioﬁv
spectrum from 0.25 L of C,H, on Rh(11l) 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 flashing
to 470 K (middle trace) or by dosing the surface at 470 K

(uppér trace). The heating rate is 40 K/sec.
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seen from the chemisorption of either acetylene or ethyiene.on'this
surfacé. Although the majority ofvthe hydrogen has desorbed below 450~K,
it ig clear from these desorption traces that hydrogen strongly bonded

to either the surface or to the adsorbate existé. The relative intensity
of these two peaks can be enhénced by eitberkadsorbing.the ethyleng at

225 K ahd 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 anyvexcesS'hydrogenvadsorbed
during the cooling process (upper tface). “In Section‘H we wiil‘show
that this hydrogen is from the decompositionbof CH species formed on
Rh(111) during the héating process. éuch species have been postulated

as important surface intermediates under high pressure catalytic

20,21

F. Correlations with C and C

272 274

H Chémisorption on Pt(111)

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 mosﬁ recently studied by ultraviolet photo-
' 17,22,23

2,24,25

electron spectroscopy (UPS), low-energy electron diffraction,’

» high resolution electron energy loss spectro_scopyl"12 and_thermal

desorption spectroscopy.17 The authors have all reported the_presence
of at least two binding states and con&érsion.from-one state to the
other as a function of temperature;, Hoﬁever, the bondiﬁg'and'the_nature
of the adsorbed séeciés is ﬁot completely characterized. Below foom'
temperature CZHZ and CZH4 assoéiatively'adsorb on Pt(lll) with their C-C

4,12,25

bond oriented approximately parallel to the surface. Both

1
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‘molecules form (2x2) surface structures24 and are significantly rehybrid-

izéd.4’12’25; These species are only metastable and can be transformed

into a single stable,phasevby gently heating the crystal.4’12’24’25

Addition of hydrogen and heating to ~350 K are necessary for acetylene
to complete this conversion.4 'Although the stable species remains in a
(2x2) surface structure, the LEED intensity vs incident energy beam pro-

24,25 This transformation has also been

and by high resolutioh ELS,A_’12 but there is

fiies change significantly.
detécted by UPSl7’24’25'
still'disagreement,aé to the geometry of the staBie‘3urface state.
Proposed structdres'inclﬁdé ethylidyne G>C—CH3)2, a vinyl species

(>CH-CH,~) and ethylidene (>CH_CH3)..-4,1'2

These are shdwn schematically
in Figure 7. Finally, the partial dehydrogenation of the surface
ethylené species during thg metastable to stéble transition ﬁas observed
by a_c§mbiﬁation of DS énd UPS.17

:fhe cheﬁisorption‘behavior of fhese two simple hydrocarbons on
Rh(111) and Pt(111l) are éﬁmmérized‘iﬁ Table ITI. The siﬁilarities are
“quite striking; tThé’rhédiﬁm substrate appears ﬁo bé/more feactive,
however, siﬁce thé conversion to the stable sﬁatevoccurs at a lower
temperaturé. This can be correlated Withléhe relative positioné of
these two metals ih_the periodic table; in generé1>the_bonding of smail
molecules to transition metal surfaces becomes stronger as one moves to
#he left in the periodié table.26 'By'éﬁglbgy with Pt(111) one might
éxpect a weékly parallel bonded ethylene ﬁhase to:fqrm on Rh(11l) at

low temperatures. -Such a species is not detected under our experimental

conditions.



Table III.

 Summary of LEED,

ELS and TDS Data for the Chemisorption_of C,H, and C

oHy 2H4 on Rh(111l) and Pt(lll)
Rh(111) . - Pt(111)
) €28y ) ' CH,
Metastable Species: :
LEED (2x2) (2x2) (2x2)
ELS ~ parallel CZHna barallela’lz’25 parailelé’12

Conversion to b
Stable Species:’
Temperature

Addition of
hydrogen?

Stable Species:
LEED
ELS

Partial dehydro-
genation (TDS)

Decomposition
temperature

boﬁded (~s§2)

~270 K
yes
c(4#2)

C.H
no

420 K

bonded (~sp2)-A

270K ~350 Ka 12,24,25
- o 4
no yes
e (4x2) (2x2) %%
a a
~C2Hn ' CZHn.
| 17
yes no -
420 X 450 K24 25

bonded (~sp3)

~300 K*+12

no -

(2x2)%°
- a
CZHn
17
yes

450 K24,25

V1brationa1 spectrum prev1ously assigned as ethylldyne C>C CH. ),
and a vinyl species (>CH-CH 9 17 .

see text.

Conditions for complete conversion. -

ethylidene'(>CH—CH3)4

Y74
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G. The Chemlsorptlon of Ethylene on Pt(111): Evidence for
Ethylldyne Formation

LEED,Z high resolution ELS,2’4 UPS27 and-TDSl7 studies indicate

that the stable Speciés formed from the‘chémisorption of either C2H4 or
C2H2 + H on Pt(111l) is ethylidynme C>C—CH3). It is interesting that this

‘ species has qnly\recentlyvbeen proposed to form on metal‘surfaces2 in
spite of the lérgevnﬁmber of classiéal studies of ethylene andbacetyiene

- chemisorption on metal.catalysts.' Nevertheless, these species have

been known to organometallic chemisfs for a numbef of years.28-32 “We

have foﬁnd that both the LEED structure and the vibrational modés-of

the surface species compare vefy favorabiy with related organbmetallic
compounds contgining co—ordinated'ethylidyne.2 This is clearly shown

in the following summary:of previous.results;

LEED: The structures shown in Figure ? have been reported for
organometallic compounds and.servedvaévthe'focal‘point_of ouriLEED
analysis. Distorted acetyiene (Figure 7a), the ethylidyﬁevgrbup (Fig.
.7b),'vinylidene (Fig. 7c)'and a.viﬁyl spécieé (Fig. -7d) have been observed
“in the reaétion,of’ethyiene with certain tfinuclear organoﬁe;allic
‘compounds. Acetylene can .be bonded'in a variefy df ways &epehding on
the metal and the geometry.of the cluster ‘involved. 33 34 Ethylidyng is
located in a triangular site with its C-C éxis perpendiéular to the
surface. 'X—ray cfystallographic studies of rélated clusteré indicate
three equal metal carbon bond 1engths of approx1matel§ 2 Z 29, 32
Vlnylldene is also symmetrically placed in a threefold site with the
lower.carbon étom located 1.2 Z above the center of the metal trigngle.

The X-ray crystal structure shows the hydrocarbon.fragment tilted approx-

imately 45° to the surface riormal.30 The ‘structures of,the vinyl species31
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Figu;e 7. Models for the stable chemisorption state discussed in the
' 'téxt: (a) distorted acetylene, (b) ethylidyne, (c)4viny1ideﬁe;
(d) the vinyl species and (e) ethylidene. ' '
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and of ethylidene35 aré ng% 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 similér tilt angle’
for ethylidene‘by apalyzing the intensity of certain vibrational modes.4
Note thét these are only model structures and we varied both their C-C
and C-Pt distances as well as the bénd angle and site geometfy in our
model calculatioﬁs.

An extensive LEED intensity analysis of the mést stable surface
structure fa&ors a hydrdqérbonvspecies coordinated fo a threefo;d Pt
- surface site with étfuctural pafameters characteristic of the eﬁhyl—
idyne group, i;e., a C-C bond lenggh of 1.50 Z + 0.05 Z,.three equi-
valent PtFC bond lengths of 2.00 Z + 0.05 X with the C-C axis normal

2

to the surface within an estimated uncertainty of ~15°. The geometry

of this species is shown in Figure 8. Further suppért for this model

comes from comparison to X-ray structure determinations for the organo-

- 32
3 3 3

Table IV. There is a remarkable agreement between the bond lengths

metallic compounds CH cc°3(00)929 and CH CRu, (CO) H as shown in
(+0.05 Z after correcting for metal—mefal bond lengths) and bond angles
for the Pt (111) surface ethylidyne complex and those found in the tri-
nuclear metal cluster compounds. |

The question.arises as to whether or not other model stfuctures
could provide better or equally good agréement with experiment’, Since
LEED is vefy insensitive to tﬂe additional hydrdgen 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



Figure 8.
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Optlmum structure for the ethylldyne species observed on the
Pt(lll) surface 1nd1cated by the LEED ana1y51s.v The - C~-C and
Pt-C. bond lengths have uncertalntles of +0 05 A The

hydrogen atoms were not located in’ the LEED analysis.

[
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_Table IV. Structural Comparison Between Pt(111) Surface and

Organometallic Clusters.

228

Compound =~ -~ - c-C (K) - ”CeM (K). ,M—M‘(&) <M-C-M°
‘o ' ' o ‘ ‘
Pt(111) - Ethylidyne . v
Surface Complex? - 1.5 2.0 2.77 - 88
CH,CCo., (CO) _ : 1.53 1.90 2.47 81
3777319 _ | -
32 2.84 86

(CHyCRu, (CO) B,™ .~ 1.51 . 2.08
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molecule-surface bond, then such a class of species would include vinyl—'

tilt
- . o .
= 25°, C-Cc=1.54 4).% our

[+ .
idene (Otilt = 45°, C=C=1.34 A),30 the vinyl species (© = 55°, .

‘ o 31 ;
C=C=1.34-1.54 A) and ethylidene (Otilt

results show that only the ethylidyne geometry with i1t = 0° and:
' 3.

g

[+]
C~C=1.50 A gives satisfactory agreement with experiment.
We should emphasize here that the LEED anélysis cannot distinguish

between >C-CH, and >CB-CH, if each species is oriented normal to the

3 3
surface at a threefold hoiiqw site, since the differénce due to hydrogen
scattefing would be negligible. However, we suggest that such a con- |
figuration is unlikely for ethylidene since the lone H atom would have
Pt-H ~ 1.6 X - 1.8 X for the optimum geometry given by LEED. This would
imply a strong Pt~H interaction (which is incdnsistgnt with the ELS
analysis (see below)) and it is improbable that such an arrangement
would be stablé on the surface.

ELs: During the past two years several groups have offered an
interpretation of the high resoiution electron energv loss spectra-of the
.S;abie spgcies formed when either C,H, or C,H, 1is chemisorbed on Pt(111).

These data, originall§ published by Ibach 35_313;4’12

have led researchers

to consider the following three models: ethy_lidene-(>CH-CH3),4’12

:;éthylidyne C>C—CH3)2 and a vinyl species,(>CH—CH2'—)‘.17 At first glance
it is hot obvious that ace;ylene.and ethylene should yield identic31 
vibrational spectra when adsorbed on Pt(lll)_since eitherVCZH2 negds to
gain hydrogen or CZHAImust lose hydrpgen. Hdwever} Ibach conclusively
showed that in 6rder fbr acetylené to make a ttansifionvfrom the'métas—

table to the stable state, hydrogen atoms:mﬁst be present.4' Ethylehe

rapidly undergoes this transition at room temperature,
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- Currently the best method for analyzing vibrational spectra of
adsorbed species is by comparison with model compounds. The model pro-
3.4 We have recently compared

the ELS spectra of the surface complex with the infrared spectra of both

posed by Ibach for ethylidene is C1,CH-CH

-2
3°

model for the vinyl species.

Co, (C-CH,) (CO) o and Br,C-CH

3 De@yth has chosen'Snz(CH=CH2)6 as a

Table V shows a comparison of the observed vibrational frequencies
of the variousvsﬁggestéd surface'speciés Qifh thoselbf the model compounds.
It is‘clear'tﬁat the'ethylidyhe spécies shows tﬁé best agreement. Not
only. do the number of vibrationél_mﬁaes match, but their fréquencies ére\

3 ' o » _
quite close as well. Problems occur with the other two mOdels: for the
. case of ethylidene, at least one mode (methy1 rock) ié‘missing. More
importantly, for a épecieslofiented at-an angle of 520° to the surfac¢'
normal4 there should be a st;ong interaction between the lone hydrogeﬁ
and the nearest platinum atom (see Fig. 7e). Such a wéakening of the
C-H.bond has been clearly'seén for C2H4 chemisorbed on Ni(lll),sg.but is
not visible here. Finally, Kroeker gg_gl, have studied the formation of -

ethylidene from the reaction of CO and H, over alumina supported rhodium

2
particles using inelastic‘electroh'tunneling spectfoséopy.40 Their
vibrational'aésignments were based on the analysis of isotope shift data
and they agree extremely well with those of the model compounds (CH3~CHC12,

CH —CHBrz). They are in very poor agreement Withlthe assignments'of

3
Ibach et al.,z"12 however.

Demuth's éssignmentsvfor the viﬁyl species also contain numerous
problems;17' He assigns the 900 cm_'1 peak to.a C=C double bond stretch,

but this is far too:low in energy for this type'of vibration (typical

values are betweeh 1500 and 1700 cm—l).9 Also, a C-H stretch at 2900-
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/
Table V. Vibrational Assignments for "Stable Species" on the Pt(111) Surface
(all vibrational frequencies are in cm_l)
Surface Species4 CH3CHC1236 Ethylidéne4 CCo3(CO)928 CH —CBr3 Ethylidyne2 Snz(CHCH2)638 Vinyl Species17
3025-3105 w 3015 m CH stretch 2924 m m CH3 stretch (a) 3040 s CH2 stretch (a)
—-—— 3001 w CH3 stretch (a)
2900-2940 m 2946 ﬁ CH3 stretch (s) 2882 m m CH3 stretch (s) - 2980,2940 vs CH,CH2 stretch (s)
1420 m 1446 m CH3vdeform (a) 1420 m m CH3 deform (a) 1390 vs CHé scissors
1350-1360 s 1381 m CH3 deform (s) 1359 m m CH3 deform (s) 1245 vs 'CH deform
1130 s " 1280 m CH bend 1161 m s CH3 rock 998,945 vs CH2 rock, wag
— 1091 w CH, rock ' '
900 m 982'm C—C“stretch 1006 s 1045 m C-C stretch 1582 " C-C stretch
435 m 650 m - C-Pt stretch 650-600 var 408 m C-Pt stretch - 520,480 vs - C-Pt stretch

Inténsity: vs = very strong, s = strong, m = medium, w = weak, var = variable (a) = asymmetric, (s) = symmetric .

’

1€



| 3000.cm--1 is not representative of an olefinic species.g' Furthermore,.
,the CH defotmation and .thev:(_IH2 rock (and/or wag) are over 1Q0 cm_llbelow
the expected values, basedvon‘his cﬁoice of model compounds. Again, more
modes should be observed in the vibrational séectrum of the viﬁyl specieé;

"By invoking the dipole selection rule Ibach recently stated that

the ethylidyne surface species should have only one CH, bending mode;of

3

Al symmetry and therefore is not consistent with the vibrational

spectr.v.im.[‘l The methyl rocking (1130 cm-l), the antisyﬁmetric methyl

deformation (1420 cm—l) and the antisymmetric methyl stretching (3025-

3105 cm_l) modes are all of E symmetry. There have been several. reports,

however, indicating.thetvthe dipole selection rule'doesvhot rigorously
'»hold aﬁd vibrational modee earallel to‘the surface have been seen.

Ihese ate discussed in detail in Chapter II. These apéareht breakdowns
in the pormal dipole selection rule also iﬁplyvthat more modes shouid 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 ftequencies and those found/in the model
cbmpoﬁnds_is quite good.' A question that shquid be answered is why the
‘ELS spectrum of'theistable species shows two intense features wﬁile that
for theldeuterated species dispiays only 6ne; .The answer comes from
vibrational mode mixing. The extent of this que mixing can only be
determined from a nofmal'eoordinate analysis. Such analyses have been

36,37 and they do show extensive mode

carried out for the model compounds,
mixing upon deuteration. Therefore this phenomenon should also be

preéent on the surface.

232
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Table VI. Vibrational Assignments for the Denterated ''Stable Species'" on the Pt(111l) Surface
: ' N :

(all vibrational frequencies are in cm l)

Surface Sp.ecfiesa’12 CD3—CDC1236 Ethylidene (d4)4 , CD3—CBr337 ; Ethylidyne_(d3)2
broad - 2165 w . CD sfretéh _ o g
unresolved : 2248 m CDj stretch.(a) 2241 'CD3 stretch (a)
band ' "' 2125 w ‘ CD3 stretch (s) 2116 o CD3 stretéh (s) _ 
not resolved ' - . 1047 m CD3 deform (a) 953 w - . ¢-C stretch
1010 w ! 1014 m CD, deform (s) - 1038 w - CD, deform (a)
850w - . 775w CD bend 883 m cD, rock
— T 93 e, rock
1150 s - 1151 s CC stretch’ 1110 w CD, 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

134
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Definitive intefpretatidn'of high resolution ELS spectra is quite
.g,ﬁi%?icult at ﬁhis timeféince the theory is not well—established.
wd;iginélly, long-range dipole interactions between the incident electrons
and the vibrating adsor?ate molecuies were thought to account for all of
the observed modes. Recent results have indiéated that possibie nggative .
ion resonances and/or shbrt—fange interactions are present (see Chgpfer
11)”"‘.'

.UPS:. Demuth has tried to rule out the presence of a surface >C—CH3,
. species on the.basis of his UPS 1:esu1t:s.-17 ‘Unfortunately éarl? calcu-
lations did not include any reasonable models for the ethylidyne.species
an@ morerrecént‘calculations on the energy levels of Li3C—CH3 &id not

, 7 . . ' . L
converge.1 However, the self-consistent extended Hiickel calculations of

Baetzhold27 fit the Hel UPS data of Lo 93_31.23 for thevchemisorption of

écetylene on Pt(111) quite well. Fprthermore, the récent molecular
orbital calculations of Gavezzotti and Simonetta indicate that tﬁe >C-CH3
specigs shouid have a platinum-carbon binding energy 6f over 80 kcal/
ﬁole.42 Calculated bopd lengths are also in agreement with the LEED
results §f Kesmodel.gg_él.z Finally, calculations of the metal-carbon
stretching frequency (400—250 cm_l) for this séécies‘is in excellent
agreement with expei‘iment43 (seevTable V). This is not the casé for
eithér ethylidene‘df for the vinyl species.43

TDS: Demuth used a combination of TDS and UPS to clearly show that
'the s;able species formed from.the chemisorption of CZHA on thé Pt (111)
sufface-muét be'partially dehydrogenatéd.17 He concluded that the | S e

stoichiometry of this species is C and therefore the presence of

17

23
ethylidene (CZHA) can be effectively ruled out.



Analogies with Organometallic Chemistry: A natural extension of the
discussioﬁ.of two (a métastable (parallel bonded) and a stable) surfacé
épecies is the de&elopmeﬁt of a mechanism for their conversion. Here
‘again a stuay of related organometallic compourids is-of some use and 1is
also in agreement with the formation of a surface ethylidyne group;
kAcetylene réacts wifh HZO_s3(CO)lo (I)44 under Very mild conditions to
give HOS3(¢HCH2)(CO)1O (II)31 and upon heating yie}ds H2053(C=CH2.)(CO)9
(111)31. We have recently proposed'vinylidene (>C=CH2)_as an intermediate
in the formation of ethyiidyne.2 This species has also been proposed by
Demuth on the basis of some UPS and ELS resul;s.l7v_Etﬁy1ene reacts with
OsB(CO)lé to'giﬁe the identigai compound.3o Furthermore (II) has been
proposed-aé a'very sHoft lived intermediate for»thQS'transformation as
well.31 Finally, the mére stable ethylidyne complex, H3053(C'CH3)(C0)9

av)y, can be formed by bubbling H
. 30 ‘

2

This is analogous to the surface phase trans-

through a refluxing n-heptane solution
of (III) for 24 hours.

formation undergone by C upon heating and the addition of hydrogen.

2t

The surface meéhanism can then be written as follows:

CH=CH M (HC=CH)*“* *C=CH2 :l—r-) *C—CH3
H*
' Pt(111) . A '
HZC=CH2 sy (H2C=CH2)* - *CH=CH2+H* > *C=CH2+2H# > *C—CH3+H*

indicates an adsorbed species. This. is only one possible reaction
 scheme and the lifetimes of the intermediates arg not known, but it does
seem likeiy that vinylidene is an intermediate iﬁ phe,formapion of ethyl-
idyne on Pt(111) since if must be present in the cluster analogs.
Strongly bound olefinic species such as Os3(HC=CH)(CO)10 cannot be

‘ 4
hydrogenated to (IV) nor can they be converted to-(III).'5

235
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The structural parameters of the surface ethylidyne species and

. . ;2
several trinuclear organometallic compounds 9,32

are aléo quite similar.
This was clearly shown‘in Tablé IV. Furthermore, the infraréd data éfi
C03(C—CH3)(CO)928 and the high fesolution ELS spéétra of the proposed
ethylidyne surface species agree rémarkably well., Finally, it hés been
shown that the metai tr{angle in'Co3(C—CH3)(CO)9 is elecfron withdrawiné
with respect to ﬁﬁe'apiéal'substituent46‘and this is precisély what is
seen on the surface: upon adsorption ofleither aCetyiéne 6r ethylene,

47

" the work function of Pt(11ll) decreases by 1.5 ev. A &elbcalized

carbyne type bondihg between the 1ower‘éarbon atom and the three cobalt

i

.atoms has been proppéed forvthe ciustér'analog.46 This is gonsistent
with the short metal-carbon bond.distaﬁée.measured Héfe. |

In summary, we have found consistent evidence from LEED;'high,resélu-v
tion ELS and thermal desorption mass épectfometry to indiégte thé formé;
tion of a stable ethylidyne species on the Pt(111) surface. A structure
with the C-C axis épproximately normal to the_suffaée and a C-C Eéna |
length of 1.50 K + 0.0S'Z has been determined gy the LEED intensity
analysis.2 This is characteristic of a carbdn—carbon single bond and
is consistent with a C-C stretéﬁing vibration at 900 cm—lg found in the
ELS spectrum of the stablebspecies. The presence of methyl stretphing
(2900-3100 cn”), deformation (1360, 1420 cn™)) and rocking (1130 cm )
modes confirms the existence of a gatufated carbon species. fhe TDS
experiments of(DemutH17 indicating a surface étoichiometry of C2H3
clearly rule out the presehcevof additionalvhydrogen.. The LEED analysis
further shows a rather short Pt-C bond length of 2.00 Z.f 0.05 Z, Sug;
gestive of strong carbyne type bonding. Bo#h thé'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'CzHZIand CZHA-Chemisorption on Ni(111):

Evidence for Surface CH Species

The chemisorption of acetylene and ethylene on Ni(11ll) is quite

_ different from that on either Rh(111l) or Pt(1ll). 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 cieavage to leave

species.

carbon atomé on the surface or self-hydrogenation to form CH2

Alternatively, at high gas exposures acetylene can cyclotrimerize on

the Ni(111) surface to form chemisorbed benzene.49 Upon heating, chemi-

7,49,50
. a

sorbed ethylene first.dehydrogenates.to adsorbed acetylene nd

then can undergo a similar C-C and é—H bond breaking sequence.

The stable ethylene or acetylene plus hydrogen overlayer on Rh(111)
can aléo bé decompésed‘to surface CH (CD) species above ~420_K.' Tﬁe
LEED pattern disorders.at this temperature as well. The high resdlution‘
"ELS spectra of these two hydrocarbon fragments are shown in Figufe 9.

Based on the discussion in Section C, the band observed at 3025 (2260)

cm is clearly the C-H (C-D) stretching‘vibration (v Further-

R 9
CH (cD)’*

more, we can assign the mode observed at 770 (545) cm--l to a C-H (C-=D)

CH (CD)) on thevb851s of its isotope shift: observed,

= 1.41; predicted, GCH/GCD = 1.36. This ratio shouid be approx-

bending mode (§

Scu/Scp

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(1l11l) as these would both
' . . ' _ -1 9
show an intense C-C stretching vibration between 1400 and 2100 cm l. o

Similarly, surface CHZYfragments should display the characteristic CH2

19

scissor mode near 1400 cm .~ Finally, sﬁrface CcD speciesvformed from

237



Figure 9. Surface CH (CD) species can be formed on Rh(111) by heating
" chemisorbed C2H2 (loﬁer trace) or C2D4 (upper trace) to 450 K

in vacuum. The peak assignments are discussed in the text.
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the chem1sorpt1on of either C2 5 OF CZD4 on Rh(111) readily exchange
hydrogen under high vacuumlconditions (<1 x 10_7 Torr HZ) at 300 K.

The CH (CD) stretching and bending modes are observed at 2980 (2160)
' cm—l and 790 (550) cm l, respectlvely on Ni(111). 48 These assignments
‘were based on 1sotope sh1ft data (vCH/\)CD = 1.38; GCH/GCD = 1.44) and - i

correspond quite well to the modes observed in CHCl, (a reasonable model .

3
compqund.). Demuth and ibachvuse their high fesolution‘ELS results to
eeoncludevthet the carbon atom bondsvtevthfee nickel atoms and the Cc-H
moiety is skewed to the éurface.ASI The exact angle is dependent on the
state of ﬁybridization 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 spec1es is in keeping with the
" normal’ dipole selectlon rule (see Chapter II) A simllar geometry has
been observed for a CH species bonded to a trlnuclear osmium cluster
(H3 s3(CO)9(CH)). No complete v1brat1ena1 spectra’we:e reported,
however. Based on the Similarity'of the vibfational spectre we conclude
that the geometry of the CH species: detected on Rh(lll) should be quite
51mllar to that observed on Ni(111). | |
Unfortunately high temperature stﬁdies oﬁ the ehemisorption of
either C,H, or C,H, on Pt(111) have not been reported; Extensidn of

272 274,

these studies to Pd(lll)-would also be quite interesting.

I. Summary

4

These investigations'lead to the following'conclusions:
1. The chemisorption of acetylene and ethylene on Rh(1ll) yields a

series of ordered structures:
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H Rh(111) + C,H

Rh(111) + C,H, | LH,
¥ | , ‘ ¥
Rh(111) - (2x2) - C,H, - © Rh(111) - (2x2) - C,H
210-270 K o 230-270 K n

S | o

Rh(111) - c(4x2) - c,un
270-420 K ©

¥

Rh(111) - disordered CH
420-700 K

whete QéHﬁistends'for tﬁe stable hydrocarbon species with undetermined
hydrogen cohtent.‘ These order—otder transformations are irreversible.
2. Below 276.K ecetylehe_chemisorbs on Rh(lll).with‘its C=C bond
oriented parallel to the surface forming an epproximately sp2 hybfidized
speciee.. |
2H2 + H or C2H4 above 300 K on Rh(111l) produces

the same stable species. TDS studies show this species to have a st01ch-

3. Adsorption of C

fiometry‘of CZH , where n is léss than'4 . Adsorption of CZHZ + H or C?_H4
on Pt(111) above 350 K leads to a similar, and most likely 1dent1ca1
spec1es.v ThlS species has now been identified as ethylldyne G?C-CH3).

4, The geometry of the'adSOrbed ethylene specieeﬂon Rh(111), as
determined:by ELS,odoes not'chenge,during the’conversion from the
metaetable to the_stable species althoughvthe overlayer structure changes
from ; (2x2) to a;c(4x2).

5,' The addition of H2 to chemisorbed 02D2 or C2D4 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(111) can be decomposed to surface CH (CD) species above ~420 K.
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