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Abstract 

The adsorption of oxygen, hydrogen, carbon monoxide , nitric oxide 

and water on Rh(lll) and Ru(OOl) surfaces has been studied using the 

techniques of high-resolution electron energy loss spectroscopy, low

energy electron _diffraction, Auger electron spectroscopj, ult~aviolet 

photoelectron spectroscopy and thermal desorption mass spectrometry. 

In many cases co~adsorotion experim~nts have provided insight into the 

nature of· interaction between different adsorbates, with potential 

implications for heteroqeneous cataljti~ reaction mechanisms. 

The interaction of oxygen with Rh(lll) consists of adsorption, ir-

reversible thermally induced ordering and disordering phenomena, dissolu

tion into the subsurface region and desorption. The thermodynamic para

meters which describe these phenomena have been investigated. The forms 

of the kinetic rate expressions for the catalytic reaction of adsorbed 

oxygen with hydrogen are different for ordered and disordered arrays of 

oxygen adatoms. In agreement with co-adsorption studies of hydrogen and 

oxygen, and supported by studies of hydrogen chemisorption on clean Rh(lll), 

this implies that the rate of adsorption of hydrogen is sensitive to the 

structure of the adsorbed oxygen lattice. 

Two forms of molecularly adsorbed NO are readily distinguis hed on 

a Ru(OOl) su rfa ce by the f requencies of the nit rogen - oxygen s t re t chi ng 

vibrations, which can then be used to obse r ve t he infl uence of co-adsorb

ates. Oxygen, ni t rogen and hydrogen adatoms compe t e sel ect i vel y fo r t he 

adsites wh ich are occup i ed by multip ly- coordi nated NO, whereas CO com-
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petes for adsites occupied by the singly-coordinated molecular NO. 

Carbon monoxide can even induce conversion of adsorbed molecular NO 

from sites of single coordination to sites of multiple coordination 

with the metal substrate. 

Water interacts with the Ru(OOl) surface to form chemisorption 

bonds, but it also forms intermolecular hydrogen bonds which are of 

comparable strength. This leads to formation of layered, hydrogen 

bonded aggregates at all coverages. The properties of the first two 

layers are distinct from those of the subsequ~nt ice multilayers, and a 

specific structural model for the hydrogen bonded lattices is proposed. 

A thermally induced ordering effect is observed which is analogous to 

the vitreous-to-cubic phase transformation of bulk ice. 
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Introduction 
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The study of the structure and properties of molecules adsorbed on 

metal surfaces from the gas phase is a very active area of current research. 

The purpose of this research is to elucidate the physics and chemistry of 

the gas-metal interaction and to gain thereby a working understanding of 

the fundamental processes which are involved in such important phenomena 

as heterogeneous catalysis, surface corrosion, lubrication, adhesion, 

alloy segregation and electrochemistry. By using single crystals of 

metals and state-of-the -art vacuum technology, the surface scientist 

may choose to study model systems in which the conditions of surface clean-

liness, surface structure, surface composition and exposure of the surface 

to the gas phase are well-controlled variables. These are the types of 

experiments described in this thesis. The conditions of such experiments 

are usually less complicated than the conditions which prevail in the 

processes which the experiments serve to model, such as heterogeneous 

catalysis, although recent experiments have been designed specifically to 

bridge the gap between these model systems and more "realistic" systems 

(e.g., _l, 1J. 

In the course of studying the chemistry of an atom or molecule adsorbed 

on a metal surface, valuable insight can be gained from a knowledge of 

metallic complexes and compounds. Pe rhaps the most obvious example of 

this is the inte rpretation of the vibrational spectra of adsorbed carbon 

mo noxide in terms of the number of metal atoms to which the CO molecule is 

coordinated. Based di rectly upon the infrared spectra of metal carbon

yls (_~_) , su r face sci entists use the rule of th umb t hat a C-0 stretching 

frequen cy aho ve 1950 cm-l i nd ica te s coordi nat ion to a s i ng l e met al atom, a fre

que ncy bet\veen 1950 and 1850 cm-l is indi c0ti ve of bondin g t o t\vO metal atoms, 
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and lower frequencies are characteristic of higher coordination. This 

is a consequence of increased back-donation of metallic electron density 

into the 2n* antibonding orbital of CO as the coordination of the CO to 

the surface or to, the cluster increases(~_). The development of the sensitive vi

brational spectroscopy known as high resolution elecfron energy loss spectroscopy 

(EELS), and its application as a surface technique in particular, has 

fostered increasing reliance on the validity of comparisons between the 

vibrational properties of well characterized ligands in metallic com-

pounds and adsorbates on metallic surfaces, in order to make identifica-

tion of the adsorbates possible. This and other types of comparisons rest 

upon the basic assumption that the electronic structure of a metal atom 

or a small metal cluster is sufficiently similar to that of the extended 

metal surface, that the interaction with the ligand/adsorbate is also similar. 

This in turn implies that the chemisorption bond can be considered as a 

localized interaction involving only a few metal atoms. While this is 

certainly not true universally, it appears to be true in specific cases, 

some of which have been investigated in the course of preparing the 

present thesis. Several recent reviews (~ - '!__) provide quite thorough 

discussions of various aspects of the metal cluster-metal surface analogy, 

both in terms of dynamic properties such as catalytic activity and ligand 

fluxionality/adsorbate mobility, and in terms of static properties such 

as the structure and bond energies of the ligand/adsorbate. 

TvJo very recent measurements serve to i 11 ustrate the tvJo approaches 

to the metal cluster-metal surface analogy nicely. In one experi ment, the 

valence bandwidt~ of metal clus t ers deposited on amorphous carbon substrates 

vJere measured with X- ray photoe lectron spectroscopy (~). It appears 
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that the valence bandwidth converges to that of the bulk metal, for 

the transition metals Rh, Pd, Ir and Pt, only when the average cluster 
0 

size is in excess of approximately 400 metal atoms (approximately 15 A 

in diameter, assuming hemispherical ctusters) (~). To the extent . 

that a catalytic reaction or chemisorption bond requires interaction 

with the extended metal surface, then, one must use experimental or 

theoretical metal .clusters containing hundreds of metal atoms to model 

bulk properties. On the other hand, another very recent investigation 

indicates that the chemisorption bond formed by one particular adsorbate 

may be considered a localized interaction involving isolated surface 

comp 1 exes. The research group of G. Ertl . has s tu died the interaction of PF 3 

with surfaces of Fe, Ru, Pd, Ir and Pt (.2_). They have compared the 

photoelectron spectra obtained in these surface studies with the photo-

electron spectra of corresponding metal-PF3 complexes, making use of the 

fact that there are many ligand valence orbitals uninvolved in bonding to 

the metal which can be used as energy references, Only the 8a1 orbital 

undergoes an energy shift due to bonding. This shift is quite sensitive 

to the metal substrate, and in every case this energy shift is very similar 

to that observed for the corresponding complex involving PF3 and a single 

metal atom. This implies that the interaction of PF3 with the surface is 

well modelled as an isolated surface complex (_2._). 

A metal-ligand complex which is familiar to inorganic chemists, but 

whose analog has been regarded with some skepticism by surface chemi sts, is 

the metal-dioxygen complex. This type of complex fo rms by electron donation 

from the metal to the partially f ill ed ant ibonding TT 9 orb ital of the oxyge n 

ligand (..!_Q, ~' ~)~ Depending upo n the exte nt of electron transfer, 
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this results in a 11 superoxo 11 or 11 peroxo 11 ligand, with formal 0-0 

bond orders of 1.5 and 1.0, respectively. "Molecular oxygen" adsorbed 

on a metal sur f ace has not been a popular concept because of the difficulty 

of proving its existence. Oxygen dissociates readily on the Group VIII tran

sition metal surfaces (_!_~), and evidence for associative adsorption has 

been indirect, until recently. The advent of EELS has provided direct, 

convincing spectroscopic proof that the oxygen-oxygen bond remains intact 

following adsorption on some metal surfaces below room temperature. The 

most notable cases to date are Pt(l1_), Ag(_12) and possibly Ni(l_§_). On these 

surfaces, the oxygen-oxygen stretch of adsorbed dioxygen occurs at 870, 

630 and 907 cm- 1, respectively. The vibrational frequency observed for 

oxygen on Ag(llO), 630 cm-l (~), is slightly below the range of frequencies 

associated with singly- or doubly-coordinated peroxo complexes, 790 to 

932 cm-l (_!]),whereas the frequencies of di oxygen adsorbed on Pt (111) (]jJ and 

(possibly) on Ni (100) (1§_) are in the appropriate range. The frequencies of the 

metallic superoxo complexes occur between 1075 and 1195 cm-l (_1l). Backx has 

proposed that back-donation from the filled nu bonding orbital of adsorbed 

dioxygen to the metal may account for the lowering of the 0-0 frequency on 

Ag(llO) relative to the metallic complexes (~). Even though the adsorbed 

dioxygen is thought to lie parallel to the metal surface Oi• ~'_!I_), the 

oxygen-oxygen vibration may be dipole allowed due to charge fluctuation 

perpendicular to the metal surface as the oxygen atoms move parallel to 

the surface (12_). It is interesting to note that just such a charge 

fluctuation has been postulated to occur for CO adsorbed on Cu(lOO) to 

account for the observed rate of damping of the vibrationally excited 



6. 

molecule, i.e. to explain the infrared linewidth of the carbon-oxygen 

stretch (~). Alternatively, the 0-0 vibration may be mechanically 

coupled to the metal-0 vibration and be dipole-allowed by this mechanism 

(11_). 

The kinetics of the adsorption of oxygen on Rh(lll) at 335 K, dis-

cussed in Chapter 3, is one of the indirect pieces of evidence which 

supports the existence of adsorbed dioxygen and which predates the EELS 

experiments. The rate of adsorption of oxygen on Rh(lll) clearly follows 

(first-order) Langmuir adsorption kinetics, but only one adsorption site 

is involved per molecule. If dissociation of the oxygen molecule were a 

necessary prerequisite for adsorption, the (second-order) kinetics would 

reflect the necessity for two adjacent adsorption sites for each adsorption 

event. Apparently, at 335 K, the lifetime of the adsorbed dioxygen is 

sufficiently long to govern the adsorption kinetics but far too short to 

be observed spectroscopically 02). At 170 K, the rate of adsorption 

indicates that a mobile precursor is involved, as discussed in Chapter 1. 

This mobile precursor may well be molecular oxygen also. 

Other evidence for nondissociative adsorption of oxygen has been 

obtained from 0~ 8-0~ 6 isotopic mixing experiments on Pt(lOO). (20) and 

Ag(110) (.J..2,~) samples, where absence of o16o18 in a desorption feature 

indicates that the 0-0 bond has remained intact, as well as from X-ray 

and ultraviolet photoemission expedments on Pt(111) (_±i) and polycrystal-

1 ine Ag (~) surfaces. Molecular oxygen may exist also under some con

ditions on the (110) surface of fr, based upon Auger electron spectroscopy 

and irreversible thermal changes in the work function (l_Z). Thus, ad

sorption of dioxygen occurs on a variety of crystallog ra phic planes of a 

variety of metals (_Ni, Rh, Ir, Pt, Ag), whi ch indicates that it is a 

general phenomenon. Identification of t hese species in terms of 
"s uperoxo" or "peroxo" like compound s ha s been avai l able only from the 
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EELS data~ h6weve~. This identification is quite important in terms 

of discussing the reactive intermediates which may be f6rmed in 

catalytic jea~tions such as epoxidation of ethylene over Ag catalyst 

It is also interesting to compare the interaction of molecular 

water with a metal surface to its interaction with metal atoms in aquo-

metallic clusters and complexes. As discussed in Chapter 9, the adsorp

tion of H20 on the hexagonal surface of ruthernium has been studied, and 

the vibrational, geometric, electronic and thermodynamic properties of 

the adsorbate have been investigated in detail. One of the most in-

triguing aspects of the study was the observation of the intramolecular 

deformation mode at a frequency of 1510 to 1640 cm-l in the EEL spectra. 

The frequency increased monotonically with increasing coverage of H20, 

as shown in Fig. 5 of Ch. 9. The frequency at 1640 cm-l was observed 

for multilayers of ice on the Ru(OOl) surface and compares well with 

the infrared frequency of the absorption feature assigned to the 

scissoring mode of water in crystalline ices, 1650 cm-l (32). The 

large shift in frequency with coverage is attributed to a smooth progres-

sion, from a state at low coverage in which a large fraction of the total 

adsorbed water is bound directly to the Ru surface ( chemisorbed H20) 

to a state at higher coverage in which most of the water molecules are 

bound in an ice-like multilayer. The fact that the scissoring frequency, 

vs, is so low for the chemisorbed H2o can be explained in terms of bonding 

via electron donation from the water to the metal substrate. As discussed 

in detail by Hauge, et. al . (~_~), a rat i ona 1 i za t i on for the l O\·:eri ng of 

\ is available from an examination of the photoelectron spectrum of H20. 
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Removal of an electron from either the lb1 or 3a 1 orbitals of gaseous 

water causes a widening of . the H-0-H bond angle and a corresponding 

decrease in vs(.2..5_). The decrease in vs can be accounted for the refore 

by partial electron donation from the molecular 3a1 and/or lb1 orbitals 

to the metal substrate upon adsorption. Values of v between 1498 and 
s 

1535 cm-l have been reported for metal-sulfate (selenate) aquo complexes 

(g§_), where the metal atoms are Ni, Mg, Co, Zn, Fe, Mn and Cu. There 

was no apparent correlation between vs and the frequency of the 0-H 

stretch, v0H' which led Oswald (~)to conclude thatv0H is more sensitive 

to intermolecular hydrogen bonding than to the metal-ligand interaction. 

This is in complete agreement with our results also, which show that 

v0H of H20 on Ru(OOl) maintains a constant value (within the limits of 

uncertainty) at all coverages, 3370 ~ 50 cm- 1, because hydrogen-bonded 

clusters of water molecules form at all coverages. Photoionization of 

H2o via either the lb1 or 3a 1 orbitals causes v0H to decrease by 440 cm-l 

or to remain constant, respectively. 

Furthermore, matrix-isolation studies of water bound to the Group 

IIIAmetal atoms have suggested that increases in the metal-H20 bond strengths 
-1 may correlate with decreases in vs(~±). Decreases in vs of 10 to 21 cm 

are observed in these experi ments, relative to the scissoring frequency of 

-1 matrix-isolated H20, 1593 cm 

It is interesting to note also that a relatively l arge H-0-H bond angle 

has been reported for chemisorbed H2o on Ru(OOl): 116 ± 10° (£Z_). This 

value is derived from an extrapolation of direc t ional electron-induced 

emission of H+ io ns from chern iso rbed H20 t o f i eld- free condi t i ons (27_). 
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[However, it must be kept in mind that the angular distributions of ions 

emitted as a result of ESD may be subject to other influences whose 

relative importance are as yet unknown. These influences include 

the interaction between the emitted electron and its image charge in the 

metal, as well as possible bond re-orientation as a result of electronic 

excitation (final state effects).] The H-0-H bond angle in isolated 

H20 is 104.5°. As noted above, a broadening of the H-0-H bond angle 

results from photoionization of the 3a1 or lb1 orbitals of molecular H20. 

Thus, electron donation from cnemisorbed water to the Ru substrate may 

account for both experimental observations: the large H-0-H bond angle, 

and the low values of vs. It is noteworthy that electron donation from H20 

to the metal has been postulated to occur even when the metal is a very 

strong electron donor, such as- lithium. This is based on experiments 

with matrix isolated U-H20 clusters (.28) and with water adsorbed on a 

Li substrate (~2). 

Metal cluster chemistry has proven valuable in elucidating metal 

surface chemistry also in the area of nitric oxide adsorption. The 

adsorption of nitric oxide on Ru(OOl) has been studied in detail, pri

marily with EELS, and co-adsorption with other adsorbates has proven 

particularly informative in identifying adsite symmetries. This research 

is the topic of Chapters 6, 7 and 8. 

The EEL spectrum of NO on Ru(OOl) shows two loss features in the 

energy range where the N-0 stretching mode, vNO' of molecularly adsorbed 

NO would be expected, i.e. between 1350 and 2000 cm- 1, in analogy with 

the infrared spectra of metal compounds containing nitrosyl ligands 

(2 , 3Q_ , 11 ) . The frequencies of these b-Jo f ea tu re s a re s hovm 

in Fig. 1 of Ch. 6. In met al nitrosyl complexes , f r eq uencies between 
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1750 and 2000 cm-l are usually associated with a linear and termi nal 

M-N-0 (formally NO+) configuration (l, 30, l.!_). (A transition metal 

atom is symbolized by "M".) Frequencies between 1525 and 1750 cm-l are 

generally due to bent nitrosyls (formally NO-) with M-N-0 angles between 

119° and 177°. Frequencies below 1525 cm-l are associated with coordination 

of the nitrosyl ligand to multiple metal centers. For example, in 

the compound Ru 3(C0) 10 (N0) 2, with doubly coordinated nitrosyls, vNO 

occurs at 1533 to 1500 cm-l (32, ]l). In (C5H5)3co3(N0) 2, with 

nitrosyls coordinated to three metal atoms,vNO falls to 1405 cm-l (34). 

It must be kept in mind that correlations between vibrational frequencies 

and bonding configurations in metal nitrosyl complexes are not exact 

due to (at least in part) the variable electronic influence of the other 

ligands in the complex (30, l_l, ~). It should be remembered also that 

influences such as dipole-dipole coupling can cause coverage-dependent 

frequency shifts of up to 35cm-l for adsorbates on metal surfaces, as 

has been shown recently, for example, in the case of CO adsorbed on Pd(lOO) 

(36a) and Cu(lll) (36b). However, the values · of vNO in metal nitrosyl com

pounds provide the only-reasonable reference for assigning the vibrational 

features observed for NO adsorbed on metal surfaces, and it is on this 

basis that the original bonding configurations of NO on Ru(OOl) were 

assigned (~). The co -adsorption experiments of Chapters 6 to 8 have 

confirmed these assignments. The loss feature which occurs at 1380 to 

1525 cm-l for NO adsorbed on Ru(OOl) is due to NO bo und at a site of 

threefold coordination ("bri dged" NO). The other vibra t ional f r eq uency 

ranges from 1780 to 1820 cm-l and is due to molecular NO bound li nearly 

to a s ingle me t al atom. 

Carbon monoxide competes prefere ntia l ly for the s ites of s ingle 
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coordination (cf. Ch. 7), whereas atomic nitrogen, oxygen and hydrogen 

compete with nitric oxide for the three-fold adsites. This site compe

tition is quite clearly and unambiguously evident in the EEL spectra. 

Adsorption of carbon monoxide can even cause conversion of some of the 

terminally bound NO to multiply coordinated NO, which has been observed 

directly in the EEL spectra. This surface reaction has a close analogue 

in the reactions of two metal cluster compounds, Os3(C0) 12 (38) and 

Ru3(C0) 12 (39). These trinuclear clusters have twelve linear and terminal 

carbonyl ligands. They react with nitric oxide gas to form compounds of 

the formula M3(C0) 9(N0) 2, in which three of the carbonyl ligands on one 

metal atom have been replaced by two terminal nitrosyl ligands. This 

reaction sequence is illustrated in Fig. 4 of Ch. 7. Finally, the reaction 

of these compounds with CO forms products of the type M3(C0) 10 (N0) 2, in 

which both nitrosyl ligands are now two-fold coordinated (bridged), a 

single terminal CO has been added, and a M-M bond has been broken. Thus, 

the conversion of the nitrosyl ligand by CO(g) from a state of single 

coordination with the metal to a state of multiple coordination occurs in 

both a metal surface reaction and a metal cluster reaction. 

Co-adsorption of nitric oxide and hydrogen has shown that atomic 

hydrogen preferentially adsorbs in the three - fold hollow sites on Ru(OOl). 

This conclusion was reached also for hydrogen adsorbed on the hexagonal 

surface, Ni(lll), based upon a multiple scattering analysis of the 

low-energy electron di f fraction (LEED) features(40). These features, due 

to varia t ions of the diffrac t ed cu rrent with va r ia t ions in the i ncident 

beam voltage, showed t hat hyd rogen was bound in t he t wo i nequi va 1 ent types of 
0 

ho llow sites \vi t h equal Ni -H bon d lengths of 1. 84 ± 0.06 A, or a metal- H di stan ce 
0 

al ong the surface normal of 1.1 5 ± 0. 1 A. These parameters are reaso na bl y 

c 1 o s e to t he Ni - H bon d 1 en gt h s i n the co mp o u n .d H 3 Ni ( C 5 H 5 ) 4 , VJ he re i n t he Ni at oms 
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form a tetrahedron and the hydride 1 i gands bridge the three triangular faces of 

the Ni 4 cluster. In_ this compound the Ni-H bond lengths are 1.716 

0 - 0 
to 1.678 A, and the H atoms are positioned 0.907 A above the 

Ni 3 faces, on the average (1l_, 42). However, M-H bond lengths in 

metal hydrides are not very sensitive to the degree of hydride coordi-

nation: 
0 

terminal M-H bond lengths vary from 1.60 to 1.78 A, M2H bond 
0 

lengths vary from 1.71 to 1.88 A, and average M3H bond lengths are 1.69 

and 1. 73 ~ in the two systems which have been studied (421. Th.ree~fold 

coordination of adsorbed hydrogen has been deduced also from EELS data 
0 

for a Pt(lll) surface, with Pt-H bond lengths of 1.76 A and a surface-
o 

hydrogen separation of 0.76 A (.g]_). 

Perhaps a more interesting aspect of the cluster hydride-surface 
11hydride11 structural comparison is the observation that interstitial 

hydrogen atoms have been identified in the transition metal compounds 

[HCo6(C0) 15 J- (42), [HNi 12 (C0) 21 J3- (42), [H2Ni 12 (C0)
21

J2- (~), and 

[Rh13 (C0) 24H3J2- (§_). While it has been well established that hydrogen 

diffuses into the bulk of metallic Pd, there is recent evidence that 

s ul .1s urfacc di ffos ion of l1yJrogen may be a more qenera ·1 !)henofil enon, 

occurri'ngalsoon Ni and Pt surfaces (~_1_). The characteristics of 

interstitial metal hydrides undoubtedly will provide a fertile area 

of comparison for inorganic and surface chemists. 

In conclusion, many a~alogies between metal surfaces and metal 

clusters have been discovered dur i ng t he course of the pres ent research. 

The comparisons range from the basic identification of su r face complexes 

such as adso rbed dioxygen, to t he na ture of bond fo rmation in a metal-aqua 

moie ty, to the dis pl acement and conversion of nitrosyl li gands by rea ct ion 

wi th carbon monoxi de. The broader goa l of t his r es earch ha s been t o i nvesti-
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gate the physical chemistry of the interaction of gases with Group 

VIII transition metal surfaces, with particular emphasis on inter

actions which are relevant to heterogeneous catalysis and electro

chemi stry. The experimental techniques employed in these investi

gations include thermal desorption mass spectrometry, low-energy 

electron diffraction, ultraviolet photoelectron spectroscopy, Auger 

electron spectroscopy, changes in the contact potential which result from 

adsorption, and high resolution electron energy loss spectroscopy. 

These techniques · have provided information directly o.n rates of 

adsorption and desorption, the kinds of two-dimensional adsorbate and 

substrate lattices which form, the identity of reaction products, and 

the energies of electronic and vibrational transitions of the metal

adsorbate complex. Based on these data, model~ have been proposed 

which describe explicitly the ty~es of adsotption sites which are 

occupied, the nature of adsorbate-adsorbate interactions, the chemical 

identity and structure of adso_rbed intermediates and the thermodynamic 

parameters involved in adsorption and desorption reactions. 

Chapters 1 and 2 present experimental investigations of ad

sorption of oxygen and hydrogen on the (111) surface of Rh. 

These chapters provide the groundwork for Chapter 3, which discusses the 

catalytic reaction between ad sorbed oxygen and gaseous hydrogen to pro

duce water, catalyzed by the Rh(lll) surface. These findings are clari-

fied and supported by the data of Chapter 4, which presents a study of 

oxygen and hydrogen co-adsorbed on Rh(lll). Chapter 5 discusses the 

adsorption of carbon monoxide on the Rh(lll) surface, which provides an in

teresting contrast to the interaction of CO with the Ru(OOl) surface. 

The ad sorp t ion of nitric oxide, and its co-a dsorption with CO, N, 
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0 and H on · Ru(OOl) are the subjects of Chapters 6, 7 and 8. These 

investigations concern primarily the vibrational properties of the 

adsorbed overlayers. 

Finally, chemisorption and hydrogen bonding are the topics of 

Chapter 9, which presents an analysis of the adsorption of H20 on 

Ru(OOl). A detailed description of the properties and nature of 

hydrogen-bonded clusters on the Ru substrate is proposed. Following 

the conclusions are several appendices which describe research in 

which the author of this thesis was not the principal investigator, 

and one appendix (Appendix 4) which describes the mechanical design 

and operation of an ultraviolet radiation source for use in angle-re

solved photoelectron spectroscopic studies. 
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The adsorption of oxygen on Rh(l 11) at 100 K has been studied by TDS , AES, and LEED. 
Oxygen adsorbs in a disordered state at 100 K and orders irreversibly into an apparent (2 X 2) 
surface structure upon heating to T ;;;io 150 K. The kinetics of this ordering process have been 
measured by monitoring the intensity of the oxygen (1, 1 /2) LEED beam as a function of time 
with a Faraday cup collector. The kinetic data fit a model in which the rate of ordering of oxy
gen atoms is proportional to the square of the concentration of disord ered species due to the 
nature of adparticle interactions in building up an island structure . The activation energy for 
o rdering is 13.5 ± 0.5 kcal/mole. At higher temperatures, the oxygen undergoes a two-step irre
versible disordering (T ;;;io 280 K) and dissolution (T ;;;io 400 K) process. Formation of the high 
temperature disordered state is impeded at high oxygen coverages. Analysis of the oxygen ther
mal desorption data, assuming second order desorption kinetics, yields values of 56 ± 2 kcal/ 
mole and 2.5 ± l 0-3 cm 2 s- 1 for the activation energy of desorption and the pre-exponential 
factor of the desorption rate coefficient, respectively, in the limit of zero coverage. At non-zero 
coverages the desorption data arc complicated by contributions from multiple states. A value 
for the initial sticking probability of 0.2 was determined from Auger data at l 00 K applying a 
mobile precursor model of adsorption. 

I . Introduction 

The interaction of oxygen with Group VIII transition metal surfaces is impor
tant in understanding both partial and total oxidative catalysis over these surfaces. 
However, the interaction is so complex that the experimental \VO rk reported to date 
leaves many questions to be anS\\ crcd before a consistent detailed atumic model for 
the oxygen+ metal system can be developed. In this paper, we report the results of 
a study of the interaction of oxygen with the Rh(l 11) surface based on low-energy 

a Su pported by the Army Research Office (D url1am) under Grant No. DAHC04-75-0l 70. 
h National Science Fo undation Pred oc t,Hal fellow. 
c Sherman FJ ird1ild Distinguished Scholar. Perrn:rncnt address: Nati o nal Bure:iu of St andar ds, 

Washington, DC 20234, USA. 
d Cam ille and Henry Dreyfuss Foundation Teachcr - Schobr, and A lfr~· d P. Sloan foundation 

Fellow. 
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e ~::~uon diffrac1j on (LEED), thermal desorption mass spectrometry (TDS). and 
Auger electron spectroscopy (AES). 

Tucker [1 ,2] has studied LEED patterns formed by oxygen on Rh{l 10) and 
Rh{I 00) surfaces. However, later studies have suggested that these early experi
ments were carried out on a contaminated surface [3]. The adsorption of small 
molecules, including oxygen, on Rh(I 00) and Rh{l 11) surfaces has been reported 
by Castner et al. [4]. The present study is a more detailed examination of the inter
action of oxygen with Rh(I 11) than has been reported previously. 

In section 2, a description of the experimental apparatus and procedures is pre
sented. The experimental data are presented in section 3, and their interpretation is 
discussed in section 4. 

2. Experimental details 

The ultra-high vacuum (UHV) apparatus, crystal preparation and cleaning proce
dures, and measurement techniques for the LEED data have been described else
where [ 5]. The system was equipped with a single-pass cylindrical mirror electron 
energy analyzer for Auger spectroscopy. It was equipped also with 4-grid LEED op
tics and a movable Faraday cup collector. Gases were admitted to the UHV cham
ber and exposed to the crystal by adjusting a variable leak valve until the desired 
steady state pressure was obtained, as measured with a Bayard --Alpert gauge. All 
oxygen exposures are reported in Langmuirs (Torr s X I 06

, L) , corrected for the 
sensitivity of the ion gauge to oxygen relative to nitrogen. Thermal desorption 
spectra were measured with the crystal rotated 185° from the quadrupole mass 
spectrometer {QMS), except for several line-of-sight measurements. The QMS was 
operated at an electron energy of 70 e V and an emission current of 2.0 mA in all 
measurements. Research grade 0 2 {>99% purity) fr om Matheson was used in all 
experiments. The measured pumping speed of the system was 980 l/s for CO and 
1750 l/s for H2 , using an estimated value for the system volume of 50 1. 

3. Experimental results 

3.1. Oxygen thermal desorption spectra 

Represent ative themial desorption spectra for oxygen on the cl ean Rh(l l 1) sur
face are shown in fig. I B. The crystal was exposed to 0 2 at temperatures below 
170 K and was heated to 1240 K at a rate of .-......24 K/s during each fl ash. The oxy
gen Auger intensity was recorded after each expo urc (fig. 1 A) to give an ind ication 
of the amount of oxygen which had been ad orbed, and it \Vas recorded 3fter each 
desorption experiment (fig. 1 C) to show that the crystal had rct urned to its original 
condition. We believe that the sma11 resid ual oxygen Auger feature remaining after 
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Fig. l. Thermal desorption of 0 2 from Rh(l 11 ). The Auger spectra were taken with Ve= 

2000 cYJe = 4.1-4.3 µA, Vmod = 1.2 cV, sensitivity= !OX. 

desorption is due to subsurface oxygen as will be discussed later. In fig. '.2 , the oxy
gen Auger intensity, taken as the peak-to-peak amplitude , ;md the yield of ther
mally desorbed 0 2 arc plotted as functions of 0 2 exposure. These data show clearly 
that at low oxygen exposures, an appreciable amount of oxygen adsorbs on the 
crystal and disappears upon hc:iting to 1240 K, but not by mcJ.ns of 0 2 desorption. 

We investigated the possib ility thJ.t atL) lllic oxygl' l1 (JI= 16 arnu) or vnbt ile rho
dium oxides (RhO : M= 119 a1n u; Rh0 2 : M= 135 amu; Rh 20 3 : M= 254 amu) 
were being evolved dur ing the thermal desorption. bu t no such species were ob-
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Fig. 2. Oxygen thermal desorption peak areas and oxygen Auger peak intensities as a function 
of 0 2 exposure. All values were normalized to an asymptotic value obtained by extrapolating 
intensity as a function of 1/E to 1/E = 0, where E = 0 2 exposure. T = 170 K. 

served. The appropriate mass peaks were monitored during oxygen desorption 
with the crystal directly in line-of-sight with the mass spectrometer and approx 
imately 1 cm removed. The rhodium oxide mass peaks were monitored with the 
resolution of the mass spectrometer fully degraded. Th.is effectively increased 
the sensitivity by a factor of three. However, no evidence for the evolution of 
atomic oxygen or volatile rhodium oxides from the crystal was observed. This pre
cludes the possibility that the absence of oxygen thermal desorption at low 0 2 

exposures is due to desorption of species with mass other than M = 32 amu. 
On the basis of the above experiments, it appears that competition between two 

modes of oxygen depletion occurs during thennal desorption of oxygen: dissolu
tion into the bulk and desorption as molecular oxygen, with dissolution being the 
predominant depletion mode at low coverages. On the basis of the Auger data of 
fig. 2, at least 40% of the saturation coverage of oxygen must adsorb before 0 2 

desorption is observed. TI1is "threshold effect" means that the thermal desorption 
peak areas can only be interpreted as effective desorption coverages, not as total 
relative oxygen coverages. Experimentally, it was observed that a high exposure to 
0 2 and subsequent heating could be followed by a low 0 2 exposure and heating, 
with no desorption resulting from the second exposure. This indicates that the 
desorption behavior at low exposures cannot be due to formation of a pe rmanent 
surface or subsurface oxide \vhich remains unl.hanged during the desorpt ion 111ea
surement. In repeating these expe riment s on t\\·o sep :.ir::i tc Rh(! I I) crystals, the 0 2 

exposure required to produce meastnablc 0 2 dcsorpti in varied only from 1.3 to 
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1.6 L. If oxygen is depleted by dissolution in to :::e bulk at low _coverages, one 
would expect the desorption threshold to be somev.:hat sensith·e to previous 0 2 

exposure and heating cycles , as was observed. 
It should be noted that the thermal desorption peak areas were es timated on the 

assumption that the rising background during the fi nal stages of heating could be 
represented by a straight line, the position of which was de tennined empirically. 

The validity of this procedure is supported by the observation tha t desorption spec
tra following low 0 2 exposures were straight lines as in the 1.2 L 0 2 exposure 
experiment shown in fig. 1 B. Backgrounds are shown as dashed lines in the desorp
tion spectra of this figure. It should be noted also that a small , sharp, first order 0 2 

desorption peak was observed consis tently at 158 K. The magnitude of this peak 
scaled approximately with exposure and was less than 10% of the area of the high 
temperature peak. This peak could be due ei ther to adsorption on the Ta support 
wires or to 0 2 desorption from molecularly adsorbed oxygen on the Rh(l 11) crys
tal. At "'150 K, an undissociated 0 2 desorption state has been seen for 0 2 adsorp
tion on Pt(l 00) [ 6] . 

The 0 2 thermal desorption spectra exhib it apparen t second order behavior; the 
peak shifts from "'1160 to 1038 K with increasing coverage. On the assumption 
that desorption obeys second order kinetics , the activation en ergy and pre-exponen
tial factor for each desorption peak were calculated using the method of Chan et al. 
[7]. This method involves measuring the peak width and the temperature at which 
the maximum rate of desorption occurs. The results are shown in figs. 3 and 4. The 
calculated kinetic parameters vary dramatically with coverage , which demonstrates 

60 

Q) 50 
0 
E 
'-
0 
;1 

*J' 40 

30 

0 .0 

• ... 

e E: DE TERM INE D FROM 

DE SORPT ION PEAK 1/2-W IDTHS 

& E~ DETERM INED FROM 1 
DE SOR PTI ON PEAK 3 /4-WIDTHS 

Ed '56± 2 kc al /mole 

__L~~~--'--~~-'-1 
0.2 0 .4 0 .6 1.0 

OXYGEN DE SO R PT ION, 

ARB ITRARY UNI TS 

Fig. 3. Effec tive oxyge n energy o f d c ~orpti on, £ci( 2 ), 3S a fu nct ion of OXY )C ' n desorp tion inknsi ty 
fo r seco nd-o rder desorp tio n kinetics. Erro r bars ,,·ere estim ated o n the l>3s is o f a \\ orst-c3se 
erro r o f 5 K in each peak temperature measurement. 



0 

-7 

·-8 

-9 

25. 

e l/~( 2 l DETERMINED FROM 

DESORPT ION PEAK 1/ 2 -WI DTHS 

Fig. 4. Effective second-order pre-exponential, v0(2 ), as a function of oxygen desorption inten
sity. Error bars were estimated on the basis of a worst-case error of 5 Kin each peak tempera
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that the desorption spectra do not represent a simple second order process. The 
effective pre-exponential factor, v0 (2), varies from 1.5 X 10-9 cm 2 s- 1 at high cov
erage to 2.5 X 10-3 cm2 s-1 at zero oxygen surface coverage, where the latter value 
has been obtained from a linear extrapolation of the logarithm of v0 (2

) to zero sur
face coverage. The effective energy of desorption, Eci <2>, may be extrapolated lin
early to a value of 56 ± 2 kcal/mole at zero surface coverage ; at high coverage, the 
measured value of Eci (2) was 29 kcal/mole. The errors in the kinetic parameters are 
based on the statistical scatter in the experimental d·ata with respect to a linear least 
squares fit to the data. 

The kinetic parameters which were c3Jculated by extrapolation to zero surface 
coverage are reJsonable for second order 0 2 desorption. At higher cove1:ages, 
the anomalous kinetic parameters are re lated to desorption peak broadening . 
This may be caused by the occurrence of unresolved site-dependent desorpt ion 
states, or by strong interactional effects within the overlayer. In either case, the 
original assumption of simple second order kinetics for a single state is clearly 
invalid. Therefore, the calculated kinetic parameters shO\vn in figs. 3 and 4 have no 
straightforward physical meaning, except in the limit of zero coverage: E~2 ) = 

56 ± 2 kcal /mnle and v&2> = 2.5 X 10-3 cm 2 s- 1
• 

For 0 2 exposures ~·2.4 L ;it a crystal temperature ~ 170 K, a v;:ilue of the stick
ing coefficient, S0 , \\.'as calculated rn the h;isis of the Auger data of fig . 2. The 
result is S0 = 0.16 ± 0.02, where the error is estim;itcd on the b;isis of the sc;,it ter in 
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Fig. 5. 0 2 thermal desorption spectra following 8.4 L 0 2 exposure to annealed 0+Rh(l11). 

the data relative to a linear least squares fit. Errors in absolute calibration of the 
Bayard-Alpert gauge could lead to a factor of two uncertainty in S0 . The value of 
S0 measured is very comparable to values of S0 reported for the other Group VIII 
transition metals. (See, for example, refs. [8-11] .) 

When oxygen is adsorbed on top of an annealed oxygen overlayer, the shape of 
the 0 2 thermal desorption peak changes distinctly, with the leading edge becoming 
much sharper and the peak maximum moving to lower temperatures. This effect is 
illustrated in fig. 5 and will be discussed more fully in a later section. 

3.2. Oxygen Auger spectra 

Adsorbed oxygen also exhibited behavior indicative of dissolution into Rh(l 11) 
at temperatures below those at which desorption occurred. A high-sensitivity study 
of the oxygen Auger in tensity as a function of annealing temperature showed a def
inite decrease at temperatures below the onset of desorption. Following exposure 
to 3.1 L 0 2 at temperatures below 140 K, the crystal was heated to successively 
higher temperatures, and the Auger spectrum was recorded after the crystal had 
recoo!Cd. Representat ive oxygen Au ger spect ra arc shown in fig. 6 for various final 
hcJting temperatures. The int ensity , measured as the peak-to-peak amplitude of the 
differential 510 cV oxygen transiti on relative to the 303 cV Rh transition , began to 
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Fig. 6. Oxygen Auger spectrum as a function of heating following 3.1 L 0 2 exposure. le= 
3.3 µA, Ve= 2000 eV, Vmod = 1.2 cV, sensitivity= 40X. 

decrease near 390 K and reached 50% of its original value upon heating to 800 K, 
where desorption begins for high oxygen coverages. This is illustrated in fig. 7B, 
where the normalized oxygen : rhodium Auger peak intensity ratio is plotted as a 
function of the temperature to which the crystal with the adsorbed overlayer was 
heated. A viable explanation for the systematic decrease in the 0 : Rh Auger peak 
intensity ratio above 400 K is that the oxygen penetrates the crystal at relatively 
low temperatures. This is supported by other data which will be discussed. 

The line shape of the oxygen Auger transition resulting from chcmisorption of 
oxygen on the Rh(l 11) surface was distinctly different from the line shape of the 
residual oxygen Auger transition following a high temperature anneal in vacuum, as 
shown in fig. 6. Chemisorbed oxygen exhibited a major peak at 510 eV and a smal
ler peak at 448 e V. The positions of these peaks were invariant upon heating to 
temperat ures up to the onse t of desorp tion, although the intensity decreased during 
the course of this treatment. The residual Auger signal shows a broad ma.ximum at 
-....515 e V. The oxygen Auger peak shown in fig . 6 after heating to 1250 K is typical 
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Fig. 7. Effects of annealing on oxygen overlayer following adsorption at T ~ I 20 K. (A) Inten
sity of oxygen (1, 1/2) spot as a function of annealing temperature. (B) Norm:ilized value of the 
oxygen : rhodium Auger peak intensity ratio as a, function of annealing temperature. 

of our Rh(l 11) surface and represents 0.3 ---0.6% of the intensity of the 303 eY Rh 
peak. The maximum 0 : Rh Auger peak intensity ratio observed was ~s<K. follow
ing a 1 2.2 L 0 2 exposure at T <; 1 70 K. Heating the crystal to 1660 K in vacuo did 
not change the residual oxygen Auger intensity. It was unaffected also by heating 
the crystal to 670 K in 3 X I 0- 7 Torr H2 for 1 min or to 500 K in 5 X 10- 7 Torr 
CO for 15 min. Furthermore, it was unchanged following a series of H2 or CO 
exposures at T <; 170 K and subsequent heating. It is interesting to note that in 
experiments on two separate crystals, this residual oxygen AES peak was absent or 
very small when the crystal was at room temper;_iture, but appeared or intensified 
when the crystal was cooled to near liquid nitrogen temperature. This phenomenon 
may be related to temperature-dependent surface segrega tion of bulk oxygen, 
although it was not studied in detail. 

If one assumes that this small residual oxyge n Auger int ensity is due to oxygen 
uniformly disiributcd th roughout the near su rf ace region of the Rh crystal, then 
the amount of di s. olved oxyg .. n present is on the order of I at <;( •. This number 
represents a crude upper limit, since it ign ores the effect of primary electron beam 
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attenuation and secondary electron emission in the bulk. The cak:..::ation assumes 
an escape depth of 10 A for 500 e V electrons [ 12] and a saturation surface cover
age of 4 X 1014 cm-2

. 

A study of the oxygen Auger intensity as a function of time showed that elec
tron beam damage could not account for the observed variation in oxygen Auger 
intensity with annealing temperature. At a beam voltage of 2000 e V and a beam 
current of 4.3 µA (measured using the commercial Varian gun ·control unit output), 
the net change in the 0 : Rh intensity ratio was less than 5% over a period of 60 
min. On the basis of these results, as well as the observed constancy in the 0 : Rh 
Auger intensity ratio at temperatures below 390 K (fig. 7B), it is concluded that 
electron stimulated desorption of oxygen cannot be invoked as an explanation for 
the results shown in figs. 6 and 7B. 

3.3. LEELJ studies of irreversible thermal ordering and disordering of oxygen on 
Rh( 111) 

The LEED pattern characteristic of the clean Rh (111) surface exhibited hexag
onal symmetry, as reported previously [2-5]. A (2 X 2) LEED pattern was ob
served for oxygen adsorbed on the Rh(I 11) surface. All 0 2 exposures were made at 
T ~ 120 K, and the intensity of the oxygen overlayer LEED pattern was observed 
to have a marked dependence upon the temperature to which the crystal was 
heated following exposure to 0 2 . A detailed study of the intensity of the oxygen 
overlayer LEED pattern as a function of heating temperature indicated that a com

plex, irreversible ordering-disordering phenomenon was occurring. No pattern other 
than the (2 X 2) formed as a result of oxygen adsorption following annealing at 
temperatures up to 1250 K. 

Experimentally, the crystal was exposed to between 1.0 and 8.5 L of 0 2 at 
T ~ 120 K. The crystal was then heated to successively higher temperatures. The 
intensity of the oxygen (I, 1 /2) beam was measured with the Faraday cup when the 
crystal had recooled to T ~ 105 K after each heating cycle, thus eliminating 
Debye-Waller effects in our intensity measurements. In fig. 7 A, we sh?w the 
intensity as a function of heating temperature following exposures of 1.0, 2.4 and 
8.5 L 0 2 . The data show that the ordering-disordering phenomenon is coverage 
dependent and appears to occur in at least two distinct stages: the oxygen orders 
between 150 and :280 K, then undergoes a disordering/depletion process at higher 
temperatures. Both processes are irreversible as indicated by the following two 
experiments: 

Experiment A. Following a 2.4 L 0 2 exposure, the crystal was heated stepwise 
to 467 K, wluch is just at the leading edge of the intensity plateau for the 2.4 L 
exposure in fig. 7 A. The crystal was then annealed at 280 K for ten minutes. The · 
oxygen overlayer LEED intensity increased from 63% to 69% of the value of the 
maximum ordered intensity as a result of this prolonged heating. \\'ith the electron 
beam off, this LEED intensity was stable to within 1% over a twenty minute period 



30. 

at 90 K, indi cating that electron impact effects are unimportant in the LEED mea

surements. 

Experiment B. The crystal was heated stepwise to 739 K following a 1.0 L 0 2 

exposure. The crystal was then annealed at 245 K for 8 min. When the crystal was 

re cooled to T ~ 105 K, the oxygen ( 1, 172) beam in tensity, le 1 , lfi), had increased 

from 33% to 39% of the value of the maximum ordered intensity. 

In both of these experiments, the small increases in 1(1,I/2 ) over long periods of 

heating are insignificant compared to the major effects which were observed upon 

heating the crystal to successively higher temperatures, and do not detract from our 

general conclusion that the order~ disorder transition is irreversible. 

It is important to note that, following an 8.5 L 0 2 exposure and subsequent 

stepwise heating, the intensity of the ordered oxygen LEED beams remained con

stant between 280 and 530 K, whereas the intensity of the oxygen LEED beams 

resulting from 1.0 to 2.4 L 0 2 exposures dropped sharply between 280 and 400 K. 

This indicates that the disorder/depletion process occurs in two steps, the first step 

being inhibited at high coverages. We propose that between 280 and 400 K the 

ordered layer disorders irreversibly , and that the extent to which disordering occurs 

depends upon the coverage of ordered material, i.e., upon the number of unfilled 

adsites remaining on the crystal surface after ordering occurs. This is followed by 

dissolution into the near surface region at temperatures between 400 and 800 K. 

Detailed studies of the high temperature disordering process will be reported in the 

following paper [ 13] , in which the energy of activation for the disordering process 

was measured to be 8.2 ± 0.3 kcal/mole. 

Examination of the 0 : Rh Auger intensity ratio as a function of heating tem

perature in fig. 7B supports this two-step model, since the 0: Rh Auger intensity 

ratio only begins to decrease at temperatures above 400 K following a 3.1 L 0 2 
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exposure. At 400 K, 10 , 1 / 2 ) for a 3 .1 L 0 2 exposure has already decreased to 76% 
of its maximum value due to irreversible thermal disordering. 

The result of exposing the crystal to 3.1 L 0 2 , heating successively to tempera
tures up to 775 K, then re-exposing to 3.1 L 0 2 is shown in fig . 8. Either the capac
ity of the crystal for fu rther adsorption was reduced greatly by the initial 0 2 expo
sure and heat treatment , or more oxygen was adsorbed but was prevented from 
ordering by the initial t reatment. On the basis of the oxygen AES intensity as a 
function of exposure and the desorption data of fig. 2, and on the basis of hydro
gen-oxygen coadsorption experiments to be discussed in a separate paper (14], the 
latter explanation is more plausible. 

3.4. Kinetic studies of oxygen ordering using LEED 

The kinetics of the ordering process between 150 and 280 K were studied in 
detail by monitoring the intensity of the oxygen (1, l /2) beam as a function of 
time , while the crystal was main ta ined at constant temperature(± 1.4 K) following 
exposure to 2.4 L 0 2 at temperatures below 120 K. The oxygen (1, 1(2) beam 
intensity as a function of time is shown in fig. 9, with the intensities norm alized to 
their asymptotic values. The asymptotic intensities were measured after each inten
sity - time curve had been recorded by heating the crystal to 280 K, recooling to the 
temperature of the kinetic measurement , and recording the intensity at that tern-
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Fig. 10. Integrated kinetic data as a function of time for six kinetic models. The integrated 
kinetic function for each model, f(N 0 ), corresponds to the appropriate function listed in the 
Table multiplied by a normalization factor for purposes of comparison. 

perature. In this way, our measurement of the asymptotic intensity relative to the 
kinetic intensity curves was unaffected by Debye ~\\'aller effects or changes in 
magnetic field due to variations in heating current. 

In treating the kinetic data, several different kinetic models were tested. The 
integrated kinetic functions are shown in fig. I 0 for six different kinetic models. It 
is apparent that the rate laws which are second order in concentration of disordered 
species, Nct, linearize the experimental data best. The goodness of fit of the experi
mental data, and the activation energy calculated for any particular kinetic model, 
are insensitive to the functional dependence of Ip, 1[2) on the concentration of 
ordered species, N 0 . We assumed therefore that Ip, l[i) is propurtional to N~, as 
kinematic SL~dttering theory predicts . The proportionJlity constant was calcul ated 
with the assumption that the maximum \·alue of Ip, 1[2) re presented 4 X 10 14 

atoms/cm 2 following a 2.4 L 0 2 exposure , i.e. , that the (2 X 2) pattern observed 
represents a p(2 X 2) structure r3ther tkm three independent p(2 X 1) domains 
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rotated 120° with respect to one another. (The pre-expone~!i:tl factor is the only 
kinetic parameter which depends upon the value of the proport ionality constant, 
and the goodness of fit of any given kinetic model to the kinetic ordering data is 
independent of the value of this constant.) 

In fitting the data to kinetic models, we assumed that 

No=Cif 12 , (1) 

N = c11;2 _ C'/1;2 
d 00 t ' (2) 

where I oo is the experimentally determined asymptotic value of I(l, 1; 2), It is the 
value of 1(1, 1[2) at any time t, and C is the proportionally constant. In addition, 
we assumed that the oxygen overlayer is completely disordered following adsorp
tion at T ~ 120 K, i.e., Nd= CJ!i, 2 at t = 0. It was shown that the linearity of fit 
of the data in the three lower plots in fig. 10 is sensitive to the assumption that 
Nd= 0 for Ir= loo. This supports the basic assumptions in the models, eqs. (1) and 
(2). 

r<>E 
u 

N 
Q 
x 

0 

s 

8 

240.6 K 

6 

4 229.6K 

2 

218 .1 K 

~,~:.·-•• - •• -•• -•• -•• -•• -. -1~----~---=-~~208.6K o.__ __ -'--~-'-~~'--~-'--~~~~.__~-' --~~ 
0 100 200 300 400 500 600 70 0 800 

TIME, S 

Fig. 11 . Integrated form of the kinetic data as a function of time for all data, for the particular 
case of the rate of ordering= K Na N{/2 , where K = K (O) exp(-Ea/kn by definition . In calculat
ing these values, it was assumed that!/ 12 = c-1 X 0 where C-1 = 2.1 X 10-14 cm 2 for the nor
malized data . Thus, 

1 [ N:/ 2 
1 (N!12 -Nf12 )~ 

[(No)= N oo Noo - Nr - 2f.:fl ?. In N !12 + A~F2 1J ' 
whcreN1 =the \'Jlue of Vo at time T, and l\ 'oo = 4 X 10 14 cm-2 . 
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The activation energies, Ea, and pre-exponential factors, K (O), calculated for five 
different models are given in table I. The errors in the kinetic parameters are esti
mated statisticaily on the basis of the scatter in the kinetic rates. Note that models 
(C) through (E), all of which have an NJ dependence in the rate law, yield values 
for the activation energy of ordering which are identical within the error of the 
measurement: 13.5 ± 0.5 kcal/mole. For models (A) and (B), the integrated kinetic 
data were not linear functions of time, as is apparent in fig. 10. Therefore, the rate 
of ordering of the oxygen at various temperatures was estimated by fitting empiri
cally a straight line to the last points in the kinetic plots, and the kinetic parameters 
given for these models are based on this approximation. In fig. 11, we show the 
integrated kinetic data as a function of time for all temperatures, assuming a rate 
law which is second order in Nd and half order in N 0 . This kinetic model is appeal
ing intuitively since the Nl/2 factor is consistent with an island growth model, 
although there is no other justification for choosing this model over one which has 
a different dependence on N 0 . It should be noted that model (E) is physically 
unreasonable under the assumption that the oxygen overlayer is completely dis
ordered following adsorption at T ~ 120 K. Inspection of the integrated form of 
the kinetic rate law for model (E) in table 1 shows that if 10 = 0, an infinite time is 
required for the ordering process to occur. 

The rate of ordering at each temperature was determined from the slope of a 
least squares fit to the integrated kinetic data. The fitted lines for this particular 
model are shown in fig. 11. The slight nonlinearity of the integrated data at low 
temperatures and short times may be due to the physical sharpening of the oxygen 
(I, 172) spot as ordering occurs. This effect was observed visually and may be 
thought of as an instrumental artifact related to the acceptance angle of the Fara
day cup. The Arrhenius plot for this kinetic ordering model is shown in fig. 12. It 
should be noted that although the kinetic data only span a 32 K temperature range, 
due to the narrow temperature range over which the ordering phenomenon occurs, 
they represent a 90-fold change in rate. 

A qualitative comparison of the intensity --voltage (/--JI) beam profiles of the 
oxygen (1, 1[2) LEED beam after the crystal had been heated to several different 
temperatures shows that the local atomic structure of the oxygen responsible for 
the ordered overlayer remained unchanged during the annealing process. Following 
an exposure to 2.4 L 0 2 at temperatures below 120 K, the Rh(l 11) crystal was 
heated successively to 279, 4 70 and 708 K, then recooled to T ~ 105 K. After each 
cycle, the int ensity of the oxygen (I, 1/2) beam WJS monitored as a function of 
voltage. The results are shown in fig, 13. It appears that the ordered (2 X 2) oxygen 
overlayer is undergoing depletion, not structural rearrangement, during the anneal
ing process. 

An upper limit for the cross section , Q, for di sordering of the (2 X 2) structure 
by electron impact was estimated by measuring the ch ange in /(I, 1/2) JS a function 
of time during electron bombardment with the LEED gun (62 eV, 0.7 µA, 1 rnm 2 

area) at 90 K. A l 4C/(. decrease in /(1, lf2) occurred after 2.300 sec under these con-
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~ _ lolN2 N112 -E0 tkT 
dt - K d a e 
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= 13.5±0.9kc,ol mole-1 
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Fig. 12. Arrhenius plot of - In K as a function of T 1 for the ordering data of fig. 11. Error 

bars were estimated on the basis of a constant temperature devi:.ition of ± 1.4 K during the 

ordering process, whereas in fact the te mperature oscillated ± 1.4 K about the mean tempera

ture. Thus, the error bars shown are worst-case values. 
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ditions. A 5% decrease in /( 1 , lj2) was observed after 1500 sec with the electron 
beam off, and the origin of this small effect is not understood. On the basis of these 
data, an upper limit for the value of Q was calculated to be 1 X 10-19 cm2

. To 
investigate the possibility that the slow decrease in 1(1, 112) in the absence of the 
electron beam was due to a slow reaction with background H2 at 90 K, /(1, 1; 2) was 
monitored as a function of time at a steady state pressure of 6 X 1 o-s Torr H2 • This 
caused the intensity of the oxygen (1, 1 /2) beam to decrease by 2% over a period of 
120 sec, a definite but small effect. It is concluded tJrnt background H2 at 1 X 
10-10 Torr pressure could not have caused the slight decrease in Io, 1; 2) in the 
absence of electron bombardment. These data demonstrate the stability of /(1, 1 ; 2) 

with time during the course of our experiments. 
We observed also that the ordering of the oxygen overlayer with temperature 

occurred in the absence of an electron beam. After exposing the crystal to 2.4 L 0 2 

at 140 K and heating to 280 K with the electron beam off, the electron beam was 
turned on, and Io, 112) immediately rose to a value which was maintained within 
1 % for 140 sec while the electron beam was on. Thus, the electron beam does not 
have an observable ordering effect. 

4. Discussion 

4.1. General behavior of oxygen on group VIII metals 

The chemisorptive properties of the Group VIII transition metals when exposed 
to oxygen have stirred much interest and investigation. This is due to the impor
tance of oxygen and oxygen-containing molecules as surface species in hetergeneous 
catalysis, and due to the complexity of oxygen chemistry on these metals. Oxygen 
is both chemically active with respect to most clean Group VIII metal surfaces, and 
the adsorptive behavior of oxygen is quite sensitive to the geometrical structure of 
the surface. Nickel, which fom1s epitaxial oxides readily, has been studied most 
extensively [15 ,16]; more recently, ruthenium [8,17,18], palladium [9,19,20], 
iridium [10,21,22] and platinum [6,11,23,24] have come under study with respect 
to the chemisorption of oxygen. Jn general, the following phenomena have been ob
served and are relevant to the present discussion: 

(i) At room 1cmperature, oxygen fo rms an apparent (2 X 2) structure on the 
hexagonally close packed surfaces Ni(l 11) [16J, Ir(l 11) [10], Ru(OOl) [8], 
Pd(lll) [9] and Pt(lll) [11]. On Ni(lll) [16] and Ru(OOl) (8], apparently it 
undergoes a reversible order-disorder transition at temperatures above 300 K. 
When oxygen is adsorbed at temperatures below room temperature on the Ir(l 11), 
Ru(OOI) and Pd(l 11) sur fa ces the crystal must be heated to approxim ately room 
temperature before the oxygen (2 X 2) p3ttern is observable. There is specul ation as 
to whether this "(2 X 2)" pattern represents a p(~ X 2) structure or a structure 
consisting of th ree independent p(2 XI) domains rotated 120° to each other. 
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Fig. 14. Energy levels of adsorbed oxygen species on Rh(l 11 ). 

All of these previous results are consistent with the observations reported in this 
paper, except the apparent reversibility of the order-disorder transition above 
300 K on other surfaces. The definite irreversible behavior on Rh(l 11) reflects the 
fact that activation energies for forward processes (see fig. 14) are less than activa
tion energies for processes occurring in the reverse direction. 

(ii) On any particular metal, the adsorption and desorption data differ signifi
cantly for different crystallographic orientations. Perhaps the most striking example 
is palladium: the Pd(l 11) surface shows a great tendency to dissolve oxygen into 
the bulk [9], whereas the (110) surface is reportedly inert to formation of bulk 
oxides [ 19]. On the Pt( I 00) surface, the sticking coefficient of oxygen varies by at 
least three orders of magnitude between the active (1 X 1) surface and the inert, 
reconstructed ( 5 X 20) surface [ 11]. Norton et al. [ 15] have observed from ultra
violet photoemission spectra that, at 295 K, oxygen adsorbs on Ni(l 11) into sites 
of constant electronic potential since the oxygen 1 s binding energy remains con
stant at 529.7 eV throughout chcrnisorption and nucleation processes, whereas, on 
Ni(l 00) and Ni(l I 0) surfaces, the 0 1 s binding energy decreases substantially during 
these processes until it reaches the value characteristic of NiO formation, 529.7 eV. 
These are but a few examples of the "structure sensitivity" of oxygen chemisorp
tion. 

(iii) Single crystal and polycrystalline surfaces of the Group VIII transition 
metals tend to form surface, subsurface, and bulk oxides to varying degrees. Both 
Pd( 111) and polycrystalline Pd surfaces reportedly have a high capacity for dissolu
tion of oxygen into the bulk (9 ,20]. Klein ct al. [ 17] and Reed et al. [ 18] report 
evidence for incorporation of oxygen into Ru( I 01) and Ru(l 00) crystals, respec
tively, at elevated temperature. Madey et al. [8] do not see evidence for this phe
nomenon on the Ru(OOl) surface , which is st ructurally similar to Rh(l 11). Evi
dence for growth of an epitaxial oxide at temperatures above 800 K has been ob
served on the Pt( 110) surface [24] , and the formation of near surface oxides on 
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Ir(llO) and Ir(lll) has also been observed [10,21,22]. Often the data show the 
presence of two types of chemisorbed oxygen, depending upon the oxygen cover
age and/or the temperature. There have been some data indicating adsorption of 
molecular oxygen at low temperatures [6,21]. The oxygen thermal desorption, 
LEED, and AES data presented in this paper are consistent with this general picture 
for oxygen chemisorption on the Group VIII metals, and they provide more insight 
into the detailed processes which occur on the Rh(l 11) surface than has been avail
able on most other surfaces. 

4.2. Kinetics of oxygen adsorption at 170 K 

The long linear initial region of the oxygen AES intensity as a function of 0 2 

exposure suggests that at low temperatures oxygen adsorption on Rh( 111) occurs 
with a constant sticking coefficient. This constant rate of adsorption is exhibited 
over 80% of the coverage range as the disordered oxygen layer is filled. This behav
ior implies that a mobile second layer of adsorbed oxygen is formed during adsorp
tion with high sticking coefficient and with a lifetime sufficiently long to permit 
migration to occur to fill first layer chemisorption sites. Such behavior is often 
found for low temperature adsorption processes, e.g., Xe on W(l 11) [25,26] and 
0 2 on W(l 11) [26]. 

4.3. Oxygen penetration into Rh( 111) 

The oxygen Auger data of figs. 6 and 7B show clearly that oxygen begins to 
penetrate the Rh(l 11) surface at temperatures below the onset of desorption. 
Therefore, during oxygen thermal desorption, part of the chemisorbed oxygen must 
be diffusing into the near surface and bulk regions of the Rh(l 11) crystal before 
desorption begins. One would expect the rate of oxygen dissolution to be limited 
by the rate of diffusion from the near surface region into the bulk. This rate of dif
fusion is apparently slow enough that, following exposures of ;(: 1.6 L 0 2 , the near 
surface region effectively reaches steady state saturation with respect to oxygen. The 
remaining chemisorbed oxygen desorbs as molecular 0 2 . Oxygen desorption from 
the near surf ace region may occur also. This phenomenon has been discussed by 
Conrad et al. [9] in terms of concentration gradients to explain their observations 
on the Pd(l 11) surface. Their results for the Pd(l 11) surface are strikingly similar 
to the present results for the Rh( 111) surface. Desorption of oxygen from the near 
surface region could account for much of the variation in 0 2 desorption parameters 
shown in figs. 3 and 4; if this is occurring during the desorption measurement, then 
the thcnnal desorption peaks at high coverage effectively are broadened by the 
desorption of 0 2 from multiple states. This is consistent with the shape of the 
desorption peaks of fig. 5 follo\\·ing oxygen adsorption on an annealed oxygen/ 
Rh(l 11) surface. Chcmisorbed oxygen may be Ct ntributing to the low temperature 
side of the desorption peak, and rela tively more chemisorbed oxygen would be 
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expected to desorb following oxygen exposure to an annealed oxygen covered sur
face than following exposure to a clean Rh(l 11) surface, since in the former case 
the near surface region would already have a high concentration of dissolved oxy
gen. Campbell et al. [20] have concluded that oxygen penetration into Pd polycrys
talline foils at high 0 2 pressures ( 4 X 10-1 to 2 X I 0-3 Torr) occurs from an oxy
gen saturated surface and that the rate of dissolution is limited by the process in 
which chemisorbed oxygen moves out of the surface layer into the Pd bulk. This is 
based on their observation that the rate of oxygen uptake on a relatively clean sur
face is independent of the oxygen pressure within the pressure range cited above. 

4.4. Thermal desorption of 0 2 from Rh( 111) 

Assuming second order desorption kinetics for oxygen, we find that the effective 
pre-exponential factor of the desorption rate coefficient varies over six orders of 
magnitude {1.5 X 10-9 to 2.5 X 10-3 cm2 s- 1), and that the effective activation 
energy of desorption varies by 27 kcal/mole (29 to 56 kcal/mole). Only the values 
of the desorption kinetic parameters near zero coverage are thought to have funda
mental significance since the analysis cannot be done for unresolved states [7]. In 
the limit of zero surface coverage, £~2 )= 56 ± 2 kcal/mole, and v&2 ) = 2.5 X 10-3 

cm 2 s-1 for oxygen desorption; it is possible that this limit represents 0 2 desorp
tion from the near surface region. Within the error of our measurement, this is the 
same vaiue as reported by Conrad et al. [9] for 0 2 desorption from Pd(l 11): 55 
kcal/mole for low oxygen coverages (e ~ 0.15) on "pretreated" Pd(l 11) surfaces. 
Other values of £~2 ) which have been reported for geometrically similar surfaces, 
assuming a constant value of the pre-exponential factor, are the following: 80 kcal/ 
mole for Ru(OOI) at low oxygen coverage [8] and 65 kcal/mole for Ir(l 11) in the 
limit of zero coverage [IO]. 

4.5. LEED data for oxygen on Rh( 111) 

The LEED data for oxygen on the Rh(l 11) surface support the following con
clusions: 

(i) The oxygen adsorbs as a disordered species at,...,., I 00 Kand orders into an appar
ent (2 X 2) structure between 150 and 280 K. The kinetics of the oxygen ordering 
process are second order with respect to the concentration of disordered species, 
which indicates, within the framework of an ordered island nucleation model, that 
three-adatom interactions may be important in this process. To the best of our 
knowledge, this is the 0rst experimental demonstration of such an effect. Three
body interactions have come under theoretical scrutiny recently in terms of inter
preting phase ·transitions in ordered overlayers. Einstein [27] has calculated three
adatom interaction effects for a c(2 X 2) ordered overJayer and concluded that, at 
low temperatures, these interaction energies may be an important factor in deter
mining island shapes at coverages below saturation. The activation energy for the 
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oxygen ordering process is 13.5 ± 0.5 kcal/mole, which is comparable to that esti
mated for the oxygen ordering process on Ir(l 11) at room temperature, 16-19 
kcal/mole [ 10]. The migration of oxygen on Ru also has been observed directly by 
field emission microscopy [ 17]. Boundary migration occurs above ......,250 K with an 
activation energy of 14 kcal/mole. The ratio of Ea/Fa) for the 0 /Rh{l 11) system, 
0.24 , is also comparable to the value of this ratio, 0.19, reported for oxygen on 
W(l 00) [28]. 

(ii) The structure of the ordered (2 X 2) oxygen overlayer remains constant dur
ing the disordering and depletion processes which occur above room temperature. 
We have measured 1-V profiles for several of the oxygen (2 X 2) beams and are per
forming currently a dynamical LEED calculation to determine the structure of 
the ordered oxygen overlayer. 

(iii) The ordered oxygen overlayer undergoes an irreversible disordering process 
between 280 and 400 K which is coverage-dependent. At high coverage (8.5 L 0 2 

exposure), apparently there is not a sufficient number of unoccupied adsites on the 
Rh(l 11) surface for the disordering phenomenon to take place. A detailed study of 
this disordering process will be reported in a subsequent paper [ 13]. 

(iv) Oxygen penetration into the bulk occurs between 390 and 800 K, based on 
LEED, AES, and thermal desorption data. The oxygen Auger peak shape is modi
fied significantly when penetration into the bulk occurs. The presence of bulk oxy
gen prevents thermal ordering of oxygen chemisorbed following thermal disordering 
and penetration. 

Thermodynamically, these data support the energy diagram shown in fig. 14. 
This energy diagram is drawn so that the transition from the ordered state to the 
high temperature disordered state is irreversible, which implies that E 3 must be 
greater than both £ 2 and £ 4 . The fact that the order- disorder transition is appar
ently reversible on Ni(l 11) and Ru(OOl) suggests that on these surfaces £ 2 may be 
similar to the energy of activation measured for £ 1 , assuming that £ 1 is a simple 
energy of migration ; and that the energy level of the high temperature disordered 
state relative to the ordered (2 X 2) oxygen state may be lower on Rh(l 11) than on 
the Ni or Ru surfaces. 
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The chemisorption of H2 on the (111) surface of Rh has been studied using thermal desorp
tion mass spectrometry and low-energy electron diffraction. No evidence for the formation of 
an ordered hydrogen overlay er has been detected between 100 and 400 K. Hydrogen adsorbs dis
sociatively following Langmuir [ (1 - 8)2 ] adsorption kinetics. Thermal desorption spectra at all 
coverages ~Mest that a mobile precursor is involved in the desorption step. In the limit of zero 
coverage, EiJ2 ' = 18.6 kcal/mole and v&2 ) = 1.2 X 10-3 cm 2/sec. No differences in H2 and D2 
desorption kinetics are observed, suggesting that zero-point energy effects do not play a major 
role in determining desorption rates. 

I. Introduction 

Rhodium is an active heterogeneous catalyst for a number of reactions involving 
hydrogen. Examples include the hydrogenation of olefins [1], deuterium exchange 
with hydrocarbons [2] and with NH3 [3], benzene hydrogenation [4], ketone 
reduction [5], catalytic reduction of CO to methane [6], and the oxidation of 
hydrogen [7 ,8]. For this reason, it is important to understand the dynamics of 
hydrogen chemisorption on and hydrogen desorption from rhodium. In this paper, 
we report the behavior of hydrogen on Rh(l 11 ), the most closely packed plane of 
this f cc metal. 

The structure of the Rh(l 11) surface has been determined previously using low

energy electron diffraction (LEED) [9 ,IO]. The Rh surface is unreconstructed and 
unrelaxed to within 5%. The effective Deb ye temperature of Rh(l 11) has also been 

measured using LEED and was found to be near 200 Kin the surface region [9]. A 

detailed study of adsorption of 0 2 on Rh(l 11) has been carried out recently [ 11] 
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* * * National Science Foundation Pred octoral Fellow. 

t Camille and Henry Dreyfus Foundation Teacher - Scholar, and Alfred P. Sloan Foundation 
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as well as a study of the catalytic reaction of H2(g) with adsorbed oxygen on 
Rh{l 11) [7]. Thermal desorption mass spectrometry has been used to study the 

nonreactive interactiqn of chemisorbed hydrogen and oxygen on Rh{l 11) [ 12]. A 
detailed study of the interaction of H2 with Rh(l 11) has not been reported pre
viously, however. Castner et al. [I 3] have reported H2 desorption spectra from 

Rh{l 11 ), in which the temperature at which the maximum rate of desorption 
occurs, disagrees by over l 00 K with the measurements reported in this study. This 
discrepancy is due to the fact that, in their work, the H2 adsorption was carried out 
at 300 K. Moreover, they did not analyze the kinetic desorption parameters. Earlier 
thermal desorption measurements for hydrogen adsorbed on polycrystalline Rh fila
ments [ 14] are in excellent agreement with our results. A further study of H2 

adsorption kinetics and H2 -D2 exchange on polycrystalline Rh has been reported 
recently [I 5] and it too agrees with our results where comparisons are possible. 

2. Experimental details 

The apparatus and the Rh(I I I) crystal preparation procedures have been 
described previously [7 ,9 ,I I] . Facilities were available for LEED, Auger spectro
scopy, and mass spectrometry. The Rh{l l I) crystal was cleaned by a combination 

of ion bombardment and 0 2 treatments followed by heating in vacuum to I 240 K. 
Subsequent experiments involving higher temperature heating (I 565 K) showed no 
effect _on the desorption spectra. All H2 pressures during adsorption were mea
sured with a Bayard-Alpert gauge and are reported using the appropriate gauge 

sensitivity S (SH
2
/SN

2 
= 0.5). The mass spectrometer was calibrated against the 

Bayard-Alpert gauge for both H2 and D2 (sensitivity for H2 , 141 A/Torr; sensi
tivity for D2 , 95 A/Torr). The assumed sensitivity of the mass spectrometer to HD 

was the mean of the H2 and the D2 sensitivity. The measured pumping speed of the 
vacuum chamber for H2 was 1750 l/s using an estimated system volume of 50 I. The 
pumping speeds for HD and D2 were assumed to be (2/3)112 and (1/2)112

, respec
tively, of that found for H2 • 

3. Experimental results 

3.1. H2 adsorption kinetics 

The rate of adsorption of H2 on Rh{l 11) at 175 K was measured by exposing 
the crystal to H2 and then carrying out thermal desorption measurements follow
ing evacuation of the system. The data have been fitted to two kin etic rate expres
sions for dissociative and non-dissociative Langmuir adsorption, as shown in figs. 
I A and I B, respectively. The linearity of the fit in fig. I A and the non-linearity of 
the fit in fig. 1 B indicate that the adsorpti on rate is proportional to (I - ())2

, and 
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Fig. 1. Langmuir plots for hydrogen adsorption on Rh(l 11). The data have been plotted in 
terms of kinetic rate expressions for dissociative adsorption (A) and non-dissociative adsorption 
(B). The expressions involve the coverage relative to saturation,(); the exposure, e; and the 
initial sticking coefficient, S0 . The parameter K = (2rrmkD 112 , where m is the molecular 
weight, k is the Boltzmann's constant, and Tis the gas temperature. 

this demonstrates the sensitivity for discrimination between the two models. The 
probability of adsorption of H2 at 175 Kon an empty site is 0.65 ± 0.03 , assuming 
a saturation coverage C5 = 1.58 X 1015 cm-2 (one H atom per surface Rh atom). 
It must be remembered, however, that inaccuracies in absolute ionization gauge 
calibration may lead to as much as a 50% error in this type of measurement. In fig. 
2, the fractional hydrogen coverage, (), has been plotted as a function of H2 expo
sure. 

In addition, in fig. 2, various theoretical curves are shown for comparison . In 
these representations, a parameter K is varied between 0.1 and 2.8. This parameter 
is defined by Kisliuk [ 16] as 

K = F'b/(Pa +Pb), 

where Pb is the probability of desorption of a precursor molecule from a site 
occupied by a chemisorbed atom, Pa is the probability of chernisorption at a site 
unoccupied by a chernisorpt ion atom, and Pb is the probJbility of desorption of the 
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Fig. 2. Hydrogen coverage as a function of exposure on Rh(l 11). Theoretical plots for a mobile 
precursor adsorption state are shown for various values of K (see defini1ion in text). 

precursor from a site unoccupied by a chemisorbed atom. As K increases, the migra
tion lifetime for the precursor is reduced due to its higher probability of desorption 
from an occupied site; and, in the limit of large K, the behavior approaches the 
Langmuir kinetics shown by the dashed line in fig. 2. We cannot distinguish experi
menta11y between dissociative adsorption with a mobile precursor corresponding to 
K?: 2 and the limiting dissociative Langmuir kinetics . The data shown in fig. 2 are 
thus consistent with a mobile precursor model in which the lifetime of the pre
cursor is very short but not necessarily zero. 

3.2. Thennal desorption of H2 

Thermal desorption spectra were measured over a wide range of hydrogen cover
ages, and representative desorption spectra are shown in fig. 3. At the lowest 
hydrogen coverages, approximately 3% of saturation, a single desorption peak near 
390 K is observed. As coverage increases, the peak shifts to lower temperatures and 
broadens. At the highest hydrogen coverages, the main desorption peak occurs at 
275 K. In addition, a small desorption peak near 150 K appears at 8 ~ 0.5. Two H2 

desorption state.s at ......,150 K and 300 K were also seen by Mimeault and Hansen 
[ 14] on polycrystalline Rh in a ratio of approximately 1 : 2. The lower ratio found 
here suggests that the low temperature state in our study on Rh(l 11) may originate 
from another crystal plane present on the crystal edge or from surface defects. 

The kinetics of H2 desorption in the main state shown in fig. 3 have been 
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Fig. 3. Experimental thermal desorption spectra for hydrogen from Rh(l 11). The heating rate 
is 6 .3 ± 0.5 K/sec. 

analyzed using the method of Chan et al. [ 17]. This method permits the calculation 
of the effective pre-exponential factor, v~< 2 ), and the effective activation energy for 
desorption, £~<2 >, for second-order kinetics at various coverages, using the desorp
tion peak temperature, Tp, and the desorption peak width at half-maximum. The 
results of this analysis are presented in fig. 4. It may be seen that extreme variations 
in both v~(2 ) and £~(2 ) are observed as the initial hydrogen coverage is increased. 

3.3. TJzermal desorption of H2 and D2 

The desorption spectra for hydrogen and deuterium are compared in fig. 5 for 
full coverages of each molecule adsorbed in separate experiments on Rh(l 11 ). Two 
observations may be made from the comparison of these data: 
(1) There is no discernible difference in desorption kinetics for H2 and D2 : the 
desorption traces are accurately superimposable. 
(2) The curves are equal in area. This is a result of the fortuitous ratio of mass 
spectrometer sensitivity for H2 and D2 (I .48) which cancels the ratio of pumping 
speeds (1.4) expected on the basis of kinetic theory. Tirns, the saturation coverages 
are identical for hydrogen and deuterium. 
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Fig. 4 . Effective kinetic parameters for desorption of H2 from Rh(l 11). 

3.4. Isotopic mixing between adsorbed hydrogen and deuterium 

The isotopic mixing between hydrogen and deuterium was studied by the simul
taneous adsorption of these two gases from an H2 /D2 gas mixture containing each 
isotopic species at a partial pressure of 2 X 1 o-8 Torr as measured with the Bayard
AJpert gauge. The gauge was then turned off during the main adsorption period to 
prevent isotopic mixing on the hot filament. The experimental desorption traces for 
successive experiments are shown in fig. 6A. We have computed the experimental 
value of the equilibrium coefficient, Keq• for tJ1e reaction H2 (g) + D2 (g) ¢ 2HD(g), 
using the isotopic intensities for desorption in the temperature region 200 to 350 K 
and by correcting for mass spectrometer sensitivity and for variation in mean life
time of each isotopic species in the vacuum chamber. The experimental values of 
the calculated K eq are shov. . .rn as dark points in fig. 6B . The theoretical K eq is 
plotted as the dashed line in fig. 6B [18]. Sy stematic errors are responsible for the 
high values of the points; however, there is a clear suggestion of the expected tem
perature dependence of Keq in the exper imental data. 
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3.5. LEtD study of H2 chemisurplion 

An attempi was made to observe the presence of extra LEED beams following the 
adsorption of H2 at I 00 K. In separate experiments, the crystal was exposed to 
16 Land 2 L of H2 , then heated to 400 Kin steps, and cooled back to"'] 00 K. No 
extra LEED beams were observed at any stage in these measurements, which were 
carried out at an incident eiecuon beam energy of 24 eV and at 0.4 µA beam 
current. The lack of observation of a new LEED pattern following adsorption of 
hydrogen on Rh(l 11) may be due to one of the following factors: 
(I) Hydrogen does not form ordered structures on Rh(l 11) under these experi
mental conditions. 
(2) Hydrogen forms an ordered (I X 1) overlayer. 
(3) Electron scattering from the ordered hydrogen overlayer is very small. 

It should be noted that the third explanation is unlikely in view of the fact that 
hydrogen causes the formation of an observable (2 X 2) LEED pattern following 
adsorption on Ni(l 11) at low temperature [ 19]. 

4. Discussion 

4.1. Kinetics of hydrogen adsorption 

The adsorption of H2 on Rh(I 11) at 17 5 K follows the expected kinetic rate 
law for dissociative chemisorption [20], namely, the rate of adsorption is propor
tional to (1 - 8)2

• This behavior suggests that the rate determining step in chemi
sorption invoives the interaction of a H2 molecule with two Rh sites leading to dis
sociative chemisorption. Although such behavior is commonly observed in the 
adsorption of diatomic molecules, it is not universal. For example, 0 2 chemisorp
tion on Rh(l 1 I) occurs via (I - 8) kinetics at 335 K, suggesting that dual Rh sites 
are unnecessary in the rate determining step. This is possibly a consequence of the 
transient existence of 0 2 molecular complexes at single sites [7 ,I I]. 

4.2. Kinetics of hydrogen desorption 

The thermal desorption of H2 from Rh(l 11) is complex as indicated by the 
desorption spectra of fig . 3. The meaningful P.arameters to be derived from the 
analysis of these spectra are the values of £~(2 ) and v~( 2 ) in the limit of zero 
coverage (fig. 4). These limiting values are in remarkably good agreement with the 
zero coverage H2 desorption p;:irameters measured by Mimeault and Hansen [ 14] 
for polycrystalline Rh [Rh(l 11 ): £~2 ) = 18.6 kcal/mole and v&2

) = 1 .2 X 10-3 

cm2 /sec; R)1(poly ): f!a2 > = 1 8.5 kcal /mole and v&2> = (1.3 ± 0.2) X 10-3 cm 2 /sec]. 
It is clear from fig. 4 tha t effects which reduce v~C 2 ) and £~(2>, the effective 

desorption parameters, occur as ccive ra t;e increa es. 'n1is may be seen in a com-
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parison of a series of theoretical thermal desorption traces generated using the zero 
coverag~ rate parameters with the full coverage experimental curve (fig. 7). This 
comparison illustrates clearly the failure of a simple second-order model having 
constant v&2> and £ii2>, in agreement with the results of fig. 4. 

Two explanations may be suggested to explain these results: 
(I) A mobile precursor state of H2 [21] may be involved in the desorption process. 
Desorption kinetics via this state would be expec ted to cause a drastic reduction in 
the values of v~( 2 ) and £~( 2 ) as the initial hydrogen coverage is increased. 
(2) Repulsive interactional effects between adsorbed II species would be expected 
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to produce a coverage dependent decrease in £~<2 > and, possibly , v~< 2 >. 
We have investigated the involvement of a mobile precursor state in desorption 

by employing the ideas of Go rte and Schmidt [21]. For a single precursor, H;, the 
sequence of elementary steps 

kd k. 
2 H(ads) i: H; ~ H2 (g) , 

a 
(I) 

is proposed. In the steady state approximation, where ka ~ k*, the rate of desorp
tion, Rd= -d8/dt, is given by 

- k*kd 82 - (2) 82 (-Ed) 
-Rd -k. (1 -8)2 - v Cs (1 - 8)2 exp kT . (2) 

We have integrated eq. (2) and computed theoretical desorption spectra for 
v(2 )Cs = v&2> = 1.2 X 10-3 cm2 /sec and Cs = 1.58 X 1015 cm-2 =the number of Rh 
atoms cm-2

• This procedure produces theoretical "thermal desorption peaks which 
are much broader than those shown in fig. 7. By analyzing these theoretical desorp
tion peaks, values of the effective pre-exponential factor, v~<2 >, and the effective 
activation energy may be determined [ 17] as was done previously with the actual 
experimental data. In the experimental data analysis, as shown in fig. 4, a break in 
the linear curves occurs at()::::::: 0.5. We believe that this is due to the onset of addi
tional complexities in desorption ultimately leading to the asymmetric desorption 
feature which develops its maximum at 275 Kat higher hydrogen coverages. We 
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have therefore employed the mobile precursor model only up to 8 = 0 .5 and have 
normalized the theoretical desorption data to this value by setting 8 = 1 in eq. (2) 
at the experimental value of 8 = 0.5. In fig. 8, comparison of the theoretical points 
and the linear least-squares fit to the experimental data taken from fig. 4 indicates 
that the rapid initial decrease in both Ea<2> and v~< 2 > may in fact be expected on 
the basis of the mobile p_recursor model. 

Repulsive hydrogen-hydrogen interactions may also be present leading to a 
decrease in E~ <2

) and possibly to the development of the asymmetry of the desorp
tion peak as 8 increases above "'0.5. It is not physically reasonable to attribute the 
entire coverage dependent desorption behavior to repulsive interactional effects, 
however [22). 

4.3. Comparison of adsorption and desorption kinetics 

Gorte and Schmidt [21] have pointed out that the mobile precursor state should 
be expected to participate in both adsorption and desorption processes although 
differences in the temperature of the two processes may of course influence the 
magnitude of the rate coefficients involved. In particular, the absence of evidence 
for a mobile precursor in low temperature adsorption implies that it will not be 
present in desorption at higher temperatures. In the work described here for H2 on 
Rh{l 1 1 ), the adsorption measurements suggest that the precursor model may be 
operative at 175 K, whereas the desorption measurements indicate more strongly 
that a precursor exists at .......,350 K. At the present time, we cannot explain why the 
desorption kinetic measurements are more strongly suggestive of the precursor than 
are the adsorption kinetic measurements. 

4.4. Comparison with hydrogen desorption kinetics from other metals 

For both f cc{l 11) and hcp(OOJ) surfaces (surfaces which expose a hexagonal 
arrangement of substrate atoms), there appear to be strong similarities in H2 desorp
tion behavior. Although details differ, for low hydrogen coverages, £~2 ) ~ 20 
kcal/mole and v~2 ) ~ 10-2 to 10-4 cm2 /sec are typical values for the desorption 
parameters [23], in good agreement with our limiting behavior on Rh{l 11) [21 ). 
As coverage increases, the appearance of two or more overlapping desorption peaks 
is a common feature of all hexagonal surfaces, although the degree of overlap varies 
from metal to metal. 

5. Summary 

The following fe atures of hydrogen chemisorpt io n on Rh(l 11) have been found: 
(1) Hydrogen adsorbs dissociatively following Langmuir [(1 - 8)2

] kinetics at 
175 K. The sensitivi ty of the mea surem ent of adsorption kinetics is in sufficient to 
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discriminate between strict Langmuir adsorption and adsorption via a short-lived 
mobile precursor state. 
(2) Ordered hydrogen superstructure formation is not observed by LEED. 
(3) Hydrogen thermal desorption is complex. Evidence exists for the presence of a 
mobile precursor state during desorption, leading to very large coverage dependent 
variations in v~( 2 ) and £~(2 ). At zero coverage, £~2 ) = 18.6 kcal/mole and vh2

) = 
1.2 X 10-3 cm 2 /sec. 

(4) No differences in H2 and D2 thermal desorption kinetics are observed, suggest

ing that zero-point energy effects do not play a major role in determining desorp

tion rates. 

Ackno\\·ledgments 

We thank Dr. C.-M. Chan for computing the theoretical thermal desorption 
spectra. One of us (J.T.Y.) acknowledges partial support from the Department of 

Energy, Division of Basic Energy Sciences. 

References 

[ 1] 0. Beeck , Disc. Faraday Soc. 8 (1950) 118. 
[2] J.R. Anderson and C. Kemball, Proc. Roy. Soc. (L.ondon) A223 (1954) 361. 
[ 3] C. Kem ball, Proc. Roy. Soc. (London) A214 (1952) 413. 
[4] G.C. Bond, Catalysis by Metals (Academic Press, London, 1962) p. 320. 
[5] G.C. Bond, ibid, p. 337. 
[6] G.A. Mills and F.W. Steffgen, Catalysis Rev. 8 (1974) 159. 
[7] J .T. Yates, Jr., P.A. Thiel and W.H. Weinberg, Surface Sci. 82 (1979) 45. 
[8] G.C. Bond, Catalysis by Metals (Academic Press, London, 1962) p. 447. 
[9 J C .-M. 01an, P.A. Thiel, J .T. Ya tes , Jr. and W 11. Weinberg , Surface Sci. 76 (1978) 296. 

[10] F.R. Shepherd, P.R. Watson, D.C. Frost and K.A.R. Mitchell, J. Phys. C, submitted; see 
also Proc. 7th Intern. Vacuum Congr. and 3rd Intern. Conf. on Solid Surfaces, Vienna, 
1977, p. A2725. 

[11 JP.A. Thiel, J.T. Yates, Jr. and W.H. Weinberg, Surface Sci. 82 (1979) 22. 
[ 12] P.A. Thiel, J.T. Yates, Jr. and W.H. Weinberg, Surface Sci., submitted. 
[ 13] D.G. Castner, B.A . Sexton and G.A . Somorjai , Surface Sci. 71 (1978) 519. 
(14] V.J. Mimeault and R.S. Hansen, J. Chem. Phys. 45 (1966) 2240. 
[15] S.M. Edwards, R.P.H. Gasser , D.P. Green , D.S. Hawkins and A.J. Stevens, Surface Sci. 72 

(1978) 213. 
[ 16] P. Ki sliuk, J. Phys . Chem. Sol ids 3 (1957) 95; 5 (1958) 78. 
[ 17) C.-M. Olan, R. Aris and W.H. Weinberg, Appl. Surface Sci. 1 (1978) 360. 
[ 18] R. Fowler and E.A. Guggenheim , Sta tistical TI1 ermodynamics (Cambridge University 

Press, London. 1956) p. 169. 
[ 19) J. Behm, K. Ouistman n and G. Er tl. Solid State Commun. 25 (1978) 763. 
(20] D.O. Hayward and B.M.W . Trapnell,Chemi sorpt ion (Butterworths, London, 1964) p. 92. 
[21] R. Gorte and L.D. Schmidt, s ~rface Sci. 76 (1978) 559. 
[22] E.D. Williams , S.L. Cu nningham and W.H . Weinberg, J. Chem. Phys. 68 (1 978) 4688. 



56. 

[23] For examples see the following references: 
Pd(lll): H. Conrad, G. Ertl and E.E. Latta, Surface Sci. 41(1974)435; 
Pt(lll): K. Christmann, G. Ertl and T. Pignet, Surface Sci. 54 (1976) 365; R.W. McCabe 
and L.D. Schmidt, Surface Sci. 65 (1977) 189; 
Ni(lll): K. Christmann, RJ. Behm, G. Ertl, M.A. Van Hove and W.H. Weinberg, J. Chem. 
Phys. 70 (1979) (to appear in May 1, 1979 issue); 
Ru(OOl): L. Danielson, MJ. Dresser, E.E. Donaldson and T. Dickinson, Surface Sci. 71 
(1978) 559. 



57. 

Chapter 3 
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The adsorption rate for 0 2 on Rh(l 11) at 335 K exhibits Langmuir (1 - e) kinetics rather 
than the expected (1 - e) 2 dependence. Adsorption occurs with a sticking coefficient near 
unity on empty sites, producing a mixture of ordered and disordered domains. Ate~ 0.5, the 
intensity of the (1, 172) overlayer beam increases in proportion to e 2 as expected for ordered 
oxygen island formation . Extensive ordering occurs only in the very last stages of monolayer 
formation . The reaction of the ordered-0 layer with H1(g) to produce H10 takes place rapidly 
above 275 Kin the 10-8 -10--6 Torr range and can be followed quantitatively by observation of 
the (1 , lfi) LEED beam intensity . The reaction accurately exhibits kinetics which are first 
order in H1 pressure, implying an efficient trapping mechanism for adsorbed hydrogen on the 
ordered-0 layer. The activation energy for reaction is 5 .3 ± 0.3 kcal/mole; each reaction event 
leads to a loss of order from a -300 A 2 domain. This suggests that near saturation coverage, 
extensive disordering occurs for small decreases in ordered oxygen coverage during reaction 
with H 2 (g) and is consistent with the massive ordering behavior seen in the final stages of oxy
gen adsorption. The reaction of H1(g) with disordered oxygen species follows approximate 
half-order kinetics in PH2 as expected for a mechanism which does not involve hydrogen atom 
trapping. 

1. Introduction 

Rhodium is an active catalyst for various types of reactions, in many cases rival
ing or exceeding Pt in activity. The classes of reactions catalyzed efficiently by Rh 
are the hydrogenation of olefins [ 1], deuterium exchange with hydroca rbons [2] 
and NH 3 [3], benzene hydrogenation [ 4], ketone reduction [ 5), methanation [ 6), 
nitrogen oxide reduction [7], and the oxidation of hydrogen [8] . Despite the 

a Supported by the Army Research Office (Durham) under Grant No. DAHC04-75-0l 70. 
b Sher man f 3irchild Distingui shed Scholar. 
c Nati onal Science found ation Predoctoral Fellow. 
d Camille and Henry Dreyfus Found:iti on Tea cher --Scholar , and Alfred. P. Sloan Fo undation 

fellow. 
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diverse catalytic activity of Rh, the catalytic properties of the metal in sfogle crystal 
form have not been examined previously using modern methods of surface science. 

In a previous paper [9] we have reported a study of adsorption of oxygen on 
Rh(I 11). It was found that oxygen adsorbs in a disordered layer at -100 K and 
undergoes an activated ordering process beginning near 200 K. On further heating, 
activated disordering begins near 300 K, followed by penetration of adsorbed oxy
gen into the bulk at temperatures near 400 K. This previous work [9] forms a 
sound basis for the investigation of the catalytic reduction of adsorbed oxygen on 
Rh(l 11) using H2(g), to produce H20. This reaction occurs at room temperature 
and at low H2 pressures which are readily accessible in an ultra-high vacuum system. 
We have employed a combination of Low-Energy Electron Diffraction (LEED), 
Auger Electron Spectroscopy (AES), and Thermal Desorption Mass Spectrometry 
(TDS) to determine the kinetic and structural features of this reaction. 

The structure [10,11] of Rh(Ill) and the effective Debye temperature [IO] 
have been measured previously using LEED. In addition, the structures of both 
Rh(I 10) [12] and Rh(lOO) [13] have been determined using LEED. In all cases, 
the Rh surfaces are unreconstructed, and unrelaxed to within 5%. The results of 
hydrogen chemisorption [14] and oxygen-hydrogen coadsorption [15] on 
Rh(I 11) will be reported elsewhere, as will a determination of the structure of 
oxygen on Rh(I 11) [ 16]. 

2. Experimental details 

The ultra-high vacuum apparatus consisted of an ion-pumped stainless steel cham
ber equipped with a titanium sublimation pump. The base pressure, following bake
out, was <I X 10-10 Torr. The system was equipped with a four grid post-accelera
tion display LEED apparatus containing a movable Faraday cup for LEED intensity 
measurements. The Faraday cup aperture subtended an angle of 4.6 X 10-3 stera
dians. In addition, the system contained a Bayard-Alpert gauge, a quadrupole mass 
spectrometer, a single pass cylindrical mirror Auger electron spectrometer , and an 
ion gun. The Rh(l 1 I) crystal was mounted on a rotatable manipulator using 0.025 
cm Ta heating wires welded to the back face of the crystal. AW /26%Re-W /5%Re 
thermocouple was used to monitor the crystal temperature. 

The preparation and At bombardment plus oxygen-cleaning procedure for the 
Rh(111) crystal (in which the crystal was heated to 1240 K in vacuum to remove· 
residual oxygen) have been described previously [9, 1 O]. In the present work, how
ever, the crystal was heated to a higher temperature ( 1565 K) in vacuum during 
cleaning. The Auger spectrum of the clean Rh(l 11) surface resulting from the 1565 
K treatment was identical to that obtained after the 1240 K treatment. A small 
residual 515 e V oxygen Auger peak showed the same temperature-dependence as 
discussed in a previous paper [9]. In separate experiments, in which an O~-clcaned 
crystal was ground to half its original thi<:kness , it was found that prior 0 2 treat-
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ments (2 X 10-7 Torr, 1230 K, plus repeated room-temperature 0 2 exposures) had 
effectively removed traces of dissolved boron from the entire bulk of the Rh single 
crystal disk [ 10]. Boron contamination in single crystal Rh is well known. All gas 
pressures and exposures reported here have been corrected for gauge sensitivities 
relative to nitrogen. 

3. Results 

3.1. Adsorption of 0 2 at 335 K 

The coverage-exposure relationship for 0 2 on Rh(I 11) at 335 K is shown in 
fig. 1. These date. were obtained by exposing the crystal to 0 2 (using a Bayard
Alpert gauge to measure exposure) and then using Auger spectroscopy to measure 
both the Rh (303-293 eV) and the 0 (510-497 eV) peak-to-peak amplitudes. The 
relative coverages of chemisorbed oxygen, (), were determined using the O/Rh 
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intensity ratio, correcting the data slightly for systematic variations in attenuation 
of the rhodium signal by the overlayer. This was done by plotting the rhodium 

Auger amplitudes as a function of the oxygen Auger amplitudes and determining 
the linear least squares fit to these data. The individual O/Rh Auger amplitude 
ratios were thus corrected by a factor determined from the linear fit. The fractional 
oxygen coverage was then computed for each of the 0 2 exposures. This procedure 
effectively compensates for small variations in electron emission current during the 

Auger measurement as well as for attenuation of the Rh Auger transition by an over
layer of adsorbed oxygen. When 8 = I, a 22% attenuation of the Rh (293 eV) peak 
was observed. It was shown that electron impact on the oxygen layer did not cause 
measurable loss of the 0 Auger signal in times equivalent to those used in this mea
surement. 

The experimental data have been fitted to a Langmuir model as shown by the 
plots of fig. 1. In this type of construction , the criteria for acceptance of a pro
posed model are a linear representation of the data and an intercept of zero , i.e. the 
origin represents one point on the line. A comparison of a (1 - 8) and a (1 - ())2 

model for the rate of oxygen adsorption clearly favors the (1 - e) model, fig . I B, 
in view of the nonlinearity of fig. 1 A. A plot of the oxygen coverage as a function 
of exposure on Rh(l 11) is shown in fig. 2 , where the solid line is a least squares 
(1 - e) fit to the data. In order to calculate an approximate value for the sticking 
coefficient for 0 2 on an empty site, a model describing the overlayer lattice struc
ture is necessary. As will be discussed later , either a (2 X 2) overlayer or a surface 
containing three (2 X I) overlayer domains will yield the (2 X 2) LEED pattern 

observed. 
Assuming a saturation coverage of 4.0 X I 0 14 atoms/cm 2 [(2 X 2) overlayer], 

the sticking coefficient on an empty site in the Langmuir model is 0.44. For three 
(2 X 1) domains, the saturation coverage is 8.0 X 1014 atoms/cm 2

, and the sticking 
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coefficient on an empty site is near unity. It must be remembered that absolute 
errors of 50% are possible in a measurement of this type. 

The 0 2 coverage-exposure relationship, shown in fig. 2, differs from similar 
measurements on Rh(l 11) previously made at T~ 170 K. The 170 K plot dis
played a long initial linear region. This may be due to an adsorption mechanism in 
which initial adsorption at low temperatures occurs on both covered and uncovered 
sites with high sticking coefficient, followed by filling of the vacant sites from the 
mobile second layer [9]. 

3.2. LEED behavior upon 0 2 adsorption at 335 K 

In view of the fact that oxygen forms a (2 X 2) overlayer, we have studied the 
intensity of the (1, 1 /2) LEED beam,lc1 , 112 )> as a function of oxygen exposure, and 
the result is shown in fig. 3. An initial ordering region is observed below 1 .5 L 0 2 

exposure, followed by a region in which the intensity decreases. At exposures above 
3 L, a final ordering region is observed in which a twenty-fold increase in the 
(1, fTL) beam intensity is observed. It should be noted, by comparison with the 
experimental adsorption kinetics curve, that the final ordering region occurs over a 
wide exposure range very near the oxygen saturation coverage. This observation 
implies that a massive cooperative ordering effect takes place in the final stages of 
chemisorption, induced by the addition of a small number of oxygen atoms to a 
nearly saturated layer at this temperature. 
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By orienting the Faraday cup slightly off of the center of the (1, r/T) beam, it 
was apparent that sharpening of the (I, ff1) beam is a major cause of the final 
intensity increase. Thus, in fig. 4, the relative attenuation of the (1, I7L) beam cur
rent when the detector is at the edge of the (1, I /2) beam during 0 2 exposure 
appears to be greater in the final ordering region than in the initial ordering region. 

We have examined the quantitative relationship between lo, 112 ) and oxygen 
coverage in the initial ordering region. The results are shown in fig. 5. Here the 
intensity is plotted as a function of () 2

• Up to a relative coverage of ,..._,0.45,10 , l/2) 

increases linearly with () 2
, as shown by data from three separate experiments 

carried out over a five-fold range in adsorption rate, which is proportional to P02 . 

This behavior agrees with theoretical predictions for electron diffraction from two
dimensional periodic structures in either kinematic or dynamic theories [17]. How
ever, above () :::: 0.45, significant departures from this behavior are observed. At a 
value of () near 0.65, a sharp maximum in Io, 112 ) occurs and a subsequent 65% 
decrease in measured intensity is observed prior to entering the final ordering 
region shown in fig. 3. 

It was considered important to establish whether the complex behavior of 
/(1, 1; 2 ) was accompanied by changes in either the local adsorption site symmetry 
or a surface phase transition [conversion from a (2 X 2) overlay er to a three-fold 
degenerate (2 X 1) lattice]. Therefore, as shown in fig. 6, the intensity-voltage 
(1-V) characteristics of the (I, f{I) beam were studied at two different oxygen 
coverages corresponding to the exposures labeled A and B in the inset. There is no 
detectable change in the /- V characteristics of this LEED beam in going from the 
initial ordering region to the final ordering region. Also, the 1-V curves are identical 
to those of the ordered structures produced by heating an oxygen overlayer which 
had been adsorbed at ,..._,100 K. These curves have been described previously [9]. 
On this basis, we conclude that the ordered LEED structure produced on Rh(I 11) 
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originates from a single overlayer lattice structure and is independent of tempera

ture or coverage. 

3.3. Use of LEED intensity to measure the rate of change of oxygen coi'erage in 
the high coPcrage region 

As shown by the data in fig . 7, the rate of change of intensity of the (1, 1TI) 
beam is directly proportional to the rate of change of coiw age in the final ordering 
region. In fig. 7, the adsorption of 0 2 at 6.1 X 10-8 Torr has been interrupted in 
three separate experiments. When P02 = 0, the (1, 1 /2) beam ceases to intensify. 
This proves that the intensification observed in the final ordering region is not con
trolled by a slow thermal process . A second expe riment imolving P02 = 2.6 X 10-8 

Torr produces an intermediate rate of intensification of I (1, 112 )· In these three 
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experiments, the slope is directly proportional to P02 and hence to the rate of oxy
gen adsorption. These data suggest that in this region, 10 , 112 ) may be used to study 
the rate of change of surface oxygen coverage in the ordered layer. Separate experi
ments involving use of an interrupted primary electron beam (Ve= 62 eV;Je = 0.7 
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µA) indicate that there is no kinetic effect which can be related to electron impact 
processes during 0 2 adsorption. 

3.4. Onset temperature for the reaction of ordered oxygen with H2(g) 

An ordered oxygen layer was produced on Rh(l 11) by adsorption of 0 2 (8.2 L) 
at 100 K, followed by heating in vacuo to 300 K. This produced the characteristic 
(2 X 2) LEED pattern [9]. The crystal containing the ordered layer was cooled to 
90 K, and H2 (g) was admitted to a pressure of 4 X 10-7 Torr. The crystal was 
heated successively to various temperatures, then cooled back to 90 K where the 
intensity of the (1, ~i2) LEED beam was measured. As shown in fig. 8, the first evi
dence of loss of ordered oxygen occurs at 275 K. At higher temperatures, a mono
tonic drop in 10 , 1;2 ) is observed; complete removal of ordered material has 
occurred near 400 K. This result is indicative of an activated process for the reac
tion of ordered oxygen with H2(g), since coadsorption studies of oxygen and 
hydrogen on Rh(l 11) show that the two species coexist on the surface below 275 
K [9]. 

3.5. Reaction of H2(g) with ordered oxygen on Rh( 111) 

We have investigated the kinetics of the reaction of an ordered oxygen overlayer 
on Rh(l 11) with H2 (g) by measurements of 10 , 112 ). as shown in fig . 9 . The 
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Fig. 9. Reaction of ordered oxygen with H2 in various regions of oxygen coverage at T = 335 
K on Rh(l 11). The 0 2 exposures were carried out at Po

2 
= 6.1 X 10-8 Torr to the various 

points labeled a. 

ordered oxygen layer was produced by exposure to 0 2 , and the adsorption was 
interrupted at various points (labeled a) as shown. Following periods of 100 to 200 
s, H2(g) was admitted at point b, and 10 , 1; 2 ) was monitored. In the two experi
ments carried out in the middle of the final ordering region, long linear plots of 
10 , 1;2 ) as a function of time were obtained. However, for the experiment in which 
the 0 2 exposure was halted during the initial ordering region, non-linear behavior 
was observed, as shown. Also, at higher values of 10 , 1 ;2 )~ reaction of ordered oxy
gen with H2 (g) yields a slightly nonlinear curve as shown by the experiment at high
est 10 , 1ji )- It is interesting to note also that the initial slopes of the three curves in 
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Fig. 11. Kinetics of reaction of ordered oxygen with H2 (g) on Rh(l 11) at T = 335 K. 

the final ordering region decrease as the initial value of I increases. We have not 
attempted to fit these typical curves to models, but have been satisfied rather to 
employ the initial slope of the linear curve as a measure of the depletion rate for 
adsorbed ordered oxygen on Rh(l 11 ). 

Fig. 10 demonstrates the use of the intensity of the (I, 1 /2) oxygen beam to 
measure the kinetics of depletion of ordered oxygen by reaction with H2(g). A 
sequence of typical experiments is shown for various values of PH 2 at 335 K. Start
ing at identical values of 10 , lfi), each experiment results in a linear region of 
intensity loss. In the log-log plot of fig. 11, the initial rates of intensity loss are 
plotted as a function of PH 2 for 26 experiments. It is clear that the reaction rate is 
proportional to the first power of PH 2 over almost a 100-fold range in PH 2 , and that 
the data cannot be fitted to half-order kinetics in PH 2 . 

3.6. Actil'ation energy for the reaction H2(g) + O(ads., ordered) 

We have employed the technique discussed above to determine the temperature 
dependence of the H2(g) + O(ads., ordered) reaction on Rh(l 11 ). Fig. 12 illustrates 
the method. Oxygen was adsorbed at 317 K until the intensity,10 , }ji), rose to the 
same value as in previous experiments, at which point adsorption was interrupted. 
The crystal temperature was adjusted to a higher temperature in a time period of 
""'20 s and then hydrogen was admitted. At this point it was impossible to monitor 
the decrease in intensity of the (1, 1 /2) spot due to the effects of a strong magnetic 
field resulting from the heating current an d also due to a re duction of beam intens
ity at elevated temperatures (Dcbye --\VJller effect). Foll owing an appropriate reac
tion time, the heating current was interrupted, and the crystal was cooled rapidly 
to 317 K which resulted in the rise in beam intensity beyond 370 sec in fig. 12. The 
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Fig. 12. Typical measurement of temperature dependence of reaction of H2 with ordered oxy-
gen on Rh(l 11). The dashed Jines represent a geometrical construction based upon the experi
mental data (solid lines). 

geometrical construction shown by dashed lines was used to deduce the rate of 
intensity change during reaction. Although this method is subject to some error 
due to the time required to reach constant elevated temperature initially c----20 s), 
and the time required to cool finally to near the initial temperature ( '"'"'80 s), these 
effects are somewhat compensating. TI1ese sources of error become less serious at 
temperatures below the temperature of the experiment shown in fig. 12, which is 
the maximum temperature employed ( 457 K). 

It has been shown previously that a "high-temperature" disordering process 

--
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to ro te of disordering : 

Heot crystal in vacuo I 
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Heat ing 
current off 
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Fig. 13. Typical measurem.ent of temperature-dependent disordering rate for ordered oxygen 
overlayer on Rh(l 11). The dashed lines represent a geometrical construction based upon the 
experimental data (solid Jines). 
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Fig. 14. Arrhenius plots of rates of disappearance of oxygen (1, 1/2) beam intensity from 
Rh(l 11). The activation energies and their uncertainties are based upon a linear least-squares 
fit to the data. Process A is the activated oxygen disordering. Process Bis the activated H1 reac
tion with ordered oxygen. 

occurs for ordered oxygen layers on Rh(l 11) above "-'300 K [9]; thus, the Joss of 
.intensity discussed above for reaction of H2(g) with the ordered oxygen layer con
tains a contribution from thermal disordering which must be subtracted. In order 
to measure the kinetics of the "high-temperature" disordering effect , a procedure 
similar to that shown in fig. 12 was employed. This is shown in fig. 13, where heat
ing in vacuo was carried out to induce the disordering process. 

Arrhenius plots for these two processes are shown in.fig. 14. Process A, the acti
vated thermal disordering of the ordered oxygen overlayer, exhibits an Ea = 8.2 ± 
0.3 kcal mole- 1

. Process B, the activated reaction of ordered oxygen with H2 , is the 
main contributor to the rate process indica ted by the upper dashed line. When the 
small correction due to the contribution from Process A is made, the solid line 
results. This yields an activation energy of 5.3 ± 0.3 kcal mole- 1 for the reaction 
between H2(g) and ordered oxygen . 



71. 

3. 7. Use of Auger spectroscopy to measure the rate of removal of adsorbed oxygen 
by H1(g) 

It was feasible to employ Auger spectroscopy to carry out crude measure
ments of the rate of reaction of total adsorbed oxygen on Rh(l 11) with H2{g). The 
spectrometer was arranged to scan the peak maxima for chemisorbed oxygen between 
510 e V and 497 e V rapidly . (Typical spectra for chemisorbed oxygen on Rh(l 11) 
are shown in ref. [9] .) As inidicated in the bottom of fig. 15, the peak-to-peak am
plitude decreased systematically upon admission of H2 • Semi-logarithmic plots of 
the Auger intensity as a function of time for various values of PH 2 were generally 
linear near the initial region as shown in typical results displayed at the top of fig. 
15 . The measured rates are associated with the loss of all chemisorbed oxygen from the 
surface when this method of measurement is employed. A log-log plot of the kinetic 
results for 29 experiments over a 100-fold range of hydrogen pressure is shown in 
fig. 16. The scatter in the data is related to the difficulty of det ermining the best 
linear fits to the semi-logarithmic data, as exemplified in fig. 15. Two regions are 
evident in the plot of fig. 16. Below a hydrogen pressure of ,..._,10- 7 Torr, the data 
best fit a one-half order kinetic expression as shown by the solid line . The dashed 
line clearly indicates that a fit to first-order kine tics in hydrogen pressure is inap-
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Fig. 16. Kinetics of reaction of total surface oxygen on Rh(l 11) with H2(g) at T = 335 K. 

propriate in the low pressure region. The second region of fig. 16, above ""10- 7 

Torr hydrogen pressure, suggests a conversion to a reaction process which exhibits 
first-order kinetics in the hydrogen pressure. 

3.8. Detection of deuterated water by reaction of H 2-D2 mixture with adsorbed 
oxygen on Rh( 111) 

In order to distinguish between Eley-Rideal and Langmuir- J-linshelwood 
mechanisms for the interaction of hydrogen with adsorbed oxygen on Rh(l 11 ), 
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fig . I 7. Water liber;ition upon hc;iting Rh(l 11) :ind O(ads) in H2 - D2 mixture. The curves were 

m;asurcd in PH 2 = Po 2 = 5 X 1 o-s Torr. 
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a series of experiments involving a 1 : I mixture of H2 and D2 were carried out. 
For an Eley-Rideal mechanism, no HDO products would be expected. A high 
coverage of chemisorbed oxygen was adsorbed on Rh(I 11) (oxygen exposure = 11 
L, T = 335 K). The H2-D2 mixture was admitted to a pressure of 1 X 1 o-6 Torr; 
this caused the background production of all three isotopic water molecules within 
the vacuum system. Following stabilization of the partial pressure of each isotopic 
water species, the Rh(l 11) crystal was heated with a reproducible temperature 
program, and thermal evolution of the three isotopic water molecules was observed 
on top of their large background levels in the vacuum system. The "desorption 
spectra" are shown in fig. 17 , corrected for background effects. It is evident that all 
three isotopic water molecules are produced , suggesting that dissociative adsorption 
of H2 precedes reaction with chemisorbed oxygen (Langmuir-Hinshelwood mecha
nism). 

4. Discussion 

4.1. Kinetics of02 adsorption on Rh(lll) 

The observation at 335 K of an 0 2 adsorption rate proportional to (1 - 8) is 
unexpected for the dissociative adsorption of a diatomic molecule into a mobile 
chemisorbed layer, where a (I - 8)2 dependence would be appropriate [18]. 
Several general explanations for this observation may be suggested: 
(I) The dissociation of 0 2 on Rh{l 11) does not require the presence of neighboring 
pairs of empty atomic lattice sites but can occur at a single position. 
(2) The rate controlling step for adsorption of 0 2 involves the interaction of an 0 2 

molecule with a single atomic site . Subsequent dissociation is not rate controlling. 
(3) Molecular oxygen is the chemisorbed species at 335 K. 

We can eliminate the third explanation on the basis of two observations: (a) 
themial desorption mass spectrometry of oxygen from the (111) surface of Rh [9] 
indicates that 0 2 desorbs above '"'-'800 K with an activation energy of '"'-'56 kcal 
mole- 1 in the limit of zero oxygen coverage. This large activation energy, as well as 
the observation of second order desorption kinetics, precludes the possibility of 
desorption from an undissociated state ; (b) the occurrence of irreversible dissocia
tion above the temperature of adsorption (335 K) may be excluded by virtue of the 
observation of invariant LEED/- V curves for adsorbed oxygen on Rh(l 11) from 
280 to 700 K [9]. 

A more attractive model involves the interaction of an 0 2 molecule with a single 
atomic site during adsorption and possibly dissociation [suggestions (1) and (2) 
above]. This is , in fa ct , likely , based on the inte ratomic 0 - 0 dist ance (1.21 A) in 
0 2 compared to the Rh - Rh nearest ne ighbor spacing (2.69 A). A number of 
"peroxo" dioxygcn complex es involving 11 -bondcd o:! and t ransiti on metal atoms 
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have been reported and studied spectroscopically [ 19,20]. Typical 0-0 distances 
in these ionic peroxo complexes are 1.4-1.5 A, and they exhibit 0 2 vibrational 
frequencies near 860 cm-1

. Non-ionic peroxo complexes with metal atoms isolated 

in inert matrices have been studied for several transition metals (Ni, Pd , Pt), and 
exhibit 0 2 vibrational features near 1000 cm-1 [21]. We do not believe that the 
postulated peroxo surface complexes are stabilized for long times.during 0 2 adsorp
tion on Rh(l 11 ), but instead may exist as intermediates for lifetimes long enough 

to control the adsorption kinetics yielding a (1 - e) dependent rate. The involve
ment of end-on "superoxo" 0 2-M complexes as intermediates formed prior to 
dissociation on the Rh(l 11) surface cannot be excluded. 

4.2. LEED behavior upon 0 2 adsorption 

A complex intensity behavior for the (1, 1/2) LEED beam occurs as oxygen 
coverage increases at 335 K. The expected 02 dependence of intensity is observed 

for e ~ 0.45 as shown by the data in fig. 5. This behavior is expected for island for
mation with net pairwise attractive forces operating [22]. However, above this 
point in coverage, the measured intensity increases more rapidly than 82 and then 

decreases sharply above e = 0.65. The final ordering region is associated with sharp
ening of the (I, 1 /2) LEED beam, suggesting that for the more diffuse beams 

encountered at lower exposures, the Faraday cup may have collected only a frac
tion of the beam current. Thus, the complex intensity--exposure behavior exhibited 
in fig. 3 may be due in part to coverage-dependent beam sharpening effects. We do 
not believe that conversion from a (2 X 2) to three (2 X I) overlayer domains [both 
yielding a (2 X 2) LEED pattern] is occurring as coverage increases , due to the ob
served invariance of the LEED I- V beam profiles over the entire coverage range 

(fig. 6). 
Jn summary, we propose the following general picture for the intensity-expo

sure behavior observed for 0 2 adsorption on Rh(l 11 ): 
(I)() ~ 0.45: island growth with net pairwise attractive interactions; 
(2) 0.45 $ e $ 0.65: three- or more-body attractive interactions giving accelerated 
ordering; 
(3) 0.65 $ e $ 0.90: net many-body repulsive interactions giving loss of order; 
(4) 0.90 $ e $ I: final filling in of empty sites with optimally ordered overlayer. 

It is of interest to note that Matley et al. [23] observed very similar intensity
exposure behavior for 0 2 adsorption on Ru(OOI) ; at the maximum point in the ini
tial ordering region , a break in the work function-coverage relationship was ob
served suggesting that two binding sites for adsorbed oxygen may occur at cover
ages beyond that corresponding to the break point. However, oth er me:isu rements 
(thermal desorption , st icking coefficient, and LEED) could not detect the change in 
binding suggested by the break in the work- function curves. 

From the viewpoint of this paper , the fin:il o rde ring region of fig. 3 is of central 
importance. We have demonstrated three ch aracteristics of the LEED int ensity 
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behavior in this region: 
(1) The rate of change of intensity is related to the 0 2 adsorption rate, and not to 
the existence of slow thermal processes. 
(2) In a limited part of the final ordering region, the rate of change of intensity is 
directly proportional to the rate of 0 2 adsorption, and hence to the rate of change 
of oxygen coverage. 
(3) Small changes in () lead to very large changes in the degree of order in this 
region. 

Thus, we have demonstrated that the observation of the intensity of the (1, 1/2) 
LEED beam is a very sensitive method for studying the kinetic behavior of the · 
almost fully oxygen-covered Rh(l 11) surface. 

4.3. The reaction of Hi(g) and ordered adsorbed oxygen on Rh( 111) 

Below 275 K, and at a H2 pressure of 4 X 10-7 Torr, there is no detectable reac
tion of hydrogen with ordered oxygen (fig. 8). However, the oxygen ad_sorbate is 
able to undergo local site-to-site motion at temperatures above ""'150 K, as judged 
by studies of thermal ordering by LEED [9]. We therefore believe that the reaction 
between H2 and ordered oxygen above 275 K proceeds via an activated process 
which does not involve directly the mobility of adsorbed oxygen. 

In fig. 11, it is seen that the rate of reaction of H2 with ordered oxygen is first 
order in PH

2
• This result can be understood by means of a simple kinetic scheme in 

which the following reactions are involved: 

SH2 

H2 (g) + 2 * ~ 2 H(ads) , 

k3 

H(ads) + O(ads) ~ OH(ads) + * , 
k4 

k5 

OH(ads) + H(ads) ~ H2 0(g) + 2* . 
k6 

(I) 

(2) 

(3) 

We assume in reaction (1) that the sites (*)active for dissociative adsorption of H2 

behave as "trap sites" within the ordered oxygen overlayer, and that from these 
sites the back reaction, k 2 , is unlikely. We assume further that reactions k 4 and k 6 

are unlikely. Using the steady-state approximation, where the quantities in square 
brackets are surface concentrations, 

d [OH]/dt = k 3 [HJ [OJ - ks [OH] [HJ ~ 0, 

d [HJ/dt = 2FH
2
SH

2 
- k 3 [HJ [O] -- ks [OH] [HJ ~ 0, 

(4) 

(5) 

where F H
2 

is the incident H2 flux, and SH
2 

is the re active sticking coefficient for 
l-1 2 on an ordered oxygen layer. 
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From eqs. ( 4) and (5), we obtain the rate of H20 production, R H 2o, 

Rtt2o =ks [OH] [H] = Ftt
2
Stt2 . (6) 

According to eq. (6), H2 adsorption is rate determining for H20 production, and 
first-order kinetics in the hydrogen pressure are predicted. Rtt

2
o is dependent on 

the oxygen coverage only insofar as the sticking coefficient , Stt
2

, depends on oxy
gen coverage. The postulate that trap sites within the ordered oxygen overlayer 
effectively trap and dissociate adsorbing H2 molecules and prevent the hydrogen 
recombination step, k 2 , suggests that Stt

2 
is proportional to the ordered oxygen 

coverage. 
A schematic view of both a (2 X 2) and a (2 X 1) domain for oxygen adsorbed 

on Rh(l 11) is shown in fig. 18, where the oxygen adsorbate atoms, shown with 
their effective covalent radii, are located arbit rarily in on-top sites on the 
Rh(I 11) lattice . For either the (2 X 2) or (2 X 1) case, a number of hydrogen-trap 
sites are geometrically possible for the small H2 molecule. 

The activation energy for the disappearance of the ordered oxygen layer by 
reaction with H2(g) is 5.3 ± 0.3 kcal mole- 1 (fig. 14). According to eq. (6), the 
elementary step associated with this activation energy must be the initial adsorption 
of reactive H2 • The measured activation energy is higher than expected for dissocia
tive adsorption of hydrogen on a clean Rh(l 11) surface where H2-D2 isotopic 
mixing is observed at temperatures as low as ,...., 150 K [ 14] . Thus, it seems 
that the "trap sites" envisioned wi thin this ordered oxygen overlayer are not only 
effective in stabilizing the dissociation fragments from H2 but also raise the activa
tion energy for the H 2 dissociation above that found for clean Rh(l 11). 

The rate data of fig. 11 permit a calculation of the cross section for the deple
tion of ordered oxygen by reaction with H2(g). Let a0 be the coverage of the 

2x1 2x2 

fig. 18 . Schema tic view of a ( 2 X 2) and a (2 X 1) oxygen doma in. The lo ca tio n o f the o xygen 
atoms on the Rh(l 11) substrate has been selected arb itrar ily . Either a ( 2 X 2) or three degener
ate (2 X 1) dom ains co uld y ield the observed (2 X 2) LEE D patte rn. 



ordered oxygen. Then, 

-da0 /dt = k 1FH
2
ao, 
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(7) 

where k 1 is the rate coefficient for the hydrogen-induced disordering process. From 
the LEED intensity measurements, 

(8) 

The data of fig. 11 indicate that at 335 K, k1 is 1.09 X 10-17 cm 2
• From the 

data of fig. 14,Ea is 5.3 kcal mole-1 for the process. Thus, we may write 

k1=1.09X10-17 cm2 =A exp(-E3 /kT), 

A= 3.14X10-14 cm 2 = 314 A2
• 

(9) 

{10) 

This large value for A means that for every successful reaction event an ordered 
oxygen domain of '"'-'300 A 2 area is destroyed. The (2 X 2) structure shown in 
fig. 18 occupies an area of only 25 .1 A 2 , so that disordering of '"'-'12 of these 
domains must occur upon the removal of a single adsorbed oxygen atom by reac
tion with H2 • This picture is entirely consistent with the conclusion reached from 
0 2 adsorption studies, that extensive ordering takes place for very small increases 
in oxygen coverage in the final ordering region (fig. 3). 

4.4. Further kinetic studies of the reaction of H 2(g) with adsorbed oxygen on 
Rh(l 11) 

Kinetic studies of the reaction of Hig) with ordered oxygen using LEED have 
been especially informative regarding the nature of this reaction. However, we 
know that at temperatures near 335 K, we are dealing with a mixture of ordered 
and disordered adsorbed oxygen on Rh{l 11) [9]. Therefore , as shown in fig. 15, we 
have employed Auger spectroscopy to measure the total rate of oxygen depletion 
during reaction with H2 • It is clear from the data at the top of fig. 15 that the rate 
of total oxygen depletion during reaction exhibits complex behavior, as evidenced, 
for example, by the induction period seen at lowest hydrogen pressures. Similar 
induction periods have been observed for the reaction of H2 {g) with adsorbed oxy
gen on Pt{l 00), using XPS to monitor the oxygen coverage [24]. We have chosen 
to use the linear section of these curves to deduce the rate of reaction . As shown in 
fig. 16 at the lower values of PH

2
, approximate half-order kinetics in PH

2 
are ob

served over a ten-fold range of PH
2

• This is in distinct contrast to the accurate 
first-order PH

2 
kinetics observed for the depletion of ordered adsorbed oxygen. A 

kinetic model to explain this behavior is advanced below. We assume that the reac
tion of disordered oxygen dominates the overall rate and that a measurement of 
the kinetics of total oxygen removal is, to a good approximation, a measure of the 
kinetics of depletion of disordered oxygen. For disordered oxygen , the elementary 
reac tion sequence is again give n by eqs. {l )-(3). We assume in re ac tion { 1) that the 
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sites ( * ), which are active for dissociative adsorption of H2 , clo not behave as trap
sites but instead permit the reverse reaction, k2 , to occur. In addition, reactions 
k4 and k 6 are considered to be unlikely just as in the model for the reaction kinet
ics of ordered oxygen. Using the steady-state approximation, 

d [OH]/dt = k 3 [H] [O] - ks [OH] [H] ~ 0 , 

d [H]/dt = 2FH2SH2 - k2 [H] 2 - k3 [H] [O] - ks [OH] [H] ~ 0. 

From these expressions, 

[OH] = k3 [O]/ks , 

[H] = -k3 [O] + _!_ f 4k~ [0] 
2 + 8FH2SH2]

112 

k2 2 l k~ k2 J 
Two limiting cases (a) and (b) exist: 

(a) [8FH 2SH2/k2 ] ~[4kH0]2/k~] (high pressure limit). 

Then, 

[H] = (2SH 2/k2) 112 F/f; . 
(b) [8FH2SH2/k2] ~ [4k1[0]2/kn (low pressure limit). 

Then, 

We obtain for the rate of H20 production, RH
2
o, 

RH
2
o =ks [OH] [H] = k3 [O] [H] . 

Substituting the value of [H] in the high pressure limit, 

and in the low pressure limit 

RH20 = FH2SH2. 

(I 1) 

(I 2) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 

This treatment predicts that first-order kinetics in PH
2 

will be obtained at lower 
pressures while one-half order kinetics will occur at high pressures. We see just the 
opposite behavior experimentally (fig. 16). 

A rational explanation for this behavior is that the 10-8 -10-7 Torr region 
should be considered a high pressu re limit for the reaction of disordered oxygen, 
and therefore in this range the reaction exhibits half-order kinetics in PH

2
. The 

low pressure region is therefore below our range of observation , i.e., below 10-s 
Torr hydrogen pressure. 
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The reason for the conversion to first-order kinetics above "'2 X 10-7 Torr H2 

pressure may lie in the fact that the rate of removal of ordered oxygen is propor
tional to Ptt

2
, whereas the rate of removal of disordered oxygen is proportional to 

Ptt2 • Hence, as Ptt2 increases, a proportionally greater contribution from the reac
tion involving ordered oxygen occurs. 

It can be shown as follows that our kinetic measurement indicates the coexis
tence of appreciable amounts of disordered and ordered oxygen at 335 K. Let 
ed denote the fractional coverage of disordered oxygen, and 80 denote the frac
tional coverage of ordered oxygen. Then 

dedfdt = -kctPU;ed, 

d8o/dt = -koPtt28o. 

Below PH
2 

= 2 X 10-7 Torr, from the data of fig. 16, 

kd = 21.5 sec-1 Torr-112 . 

Also, from fig. 11, 

ko = 1.48 X 104 sec-1 Torr-1 • 

From eqs. (20) and (21 ), 

de di dt _ _3 ( 1 ) e d -
1
-- 1.45 X JO 112 -. 

d8 0 dt P1-t
2 

Bo 

(20) 

(21) 

(22) 

If we assume that at the value of PH
2 

where the kinetics switch from one-half 
order to first-order in Ptt

2
, the rates of reaction of disordered and ordered oxygen 

are equal, then we may calculate ed/8 0 • Letting Ptt
2 

= 1 X 10-7 Torr, the break
point, we obtain for the ratio of disordered and ordered oxygen 

(23) 

This calculation, while not to be considered too literally, suggests that significant 
amounts of both disordered and ordered oxygen coexist on the Rh(l 11) surface at 
335 K, and that the complex kinetics observed in fig. 16 may therefore be due to 
the differing contribution of the disordered and ordered oxygen to the overall reac
tion as Ptt

2 
is varied. 

5. Summary 

The following features of the adsorption of 0 2 on Rh(I 11) and its subsequent 
reaction with.H 2 have been determined: 
(I) Oxygen adsorbs on Rh(I 11) following Langmuir kinetics in which single Rh 
atomic sites are involved in the rate-determining step at 335 K. 
(2) Initially, an oxygen islan~-growth mechanism exists, yielding a (2 X 2) LEED 
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pattern which may originate from either a (2 X 2) or three (2 X I) ordered domains. 
At intermediate 0 2 exposures, complex interactional effects produce maxima and 
minima in the LEED intensity-exposure relationship. 
(3) At oxygen coverages near saturation, the addition of small numbers of adsor
bate atoms results in massive ordering, suggesting that a close balance of attractive 
and repulsive forces between adsorbate atoms is made finally net repulsive by the 
filling in of the last empty sites to yield the best-ordered overlayer. 
( 4) A significant structural factor exists in the catalytic reaction of adsorbed oxy
gen and H2(g) and Rh(l 11). The kinetics of the reaction of ordered and disordered 
oxygen are entirely different, with ordered oxygen exhibiting trap sites for 
adsorbed hydrogen atoms. Reaction of oxygen adatoms with H2(g) causes extensive 
disordering of the ordered layer, consistent with observation (3) above. 
(5) The activation energy for the reaction of Hi{g) with ordered oxygen is 5 .3 kcal 
mole- 1 and reflects the activation energy for H2 adsorption on the oxygen-covered 
Rh(lll). 
(6) The Langmuir-Hinshelwood reaction mechanism is operative for the reaction 
of H2 (g) with adsorbed oxygen on Rh(l H) to yield H20. 
(7) LEED intensity measurements have been shown to be an effective way to moni
tor the kinetics of a catalytic reaction involving an ordered adsorbate as a reac
tant. 
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The co-adsorption of oxygen and hydrogen on Rh(l 11) at temperatures below 140 K has 
been studied by thermal desorption mass spectrometry, Auger electron spectroscopy, and low
energy electron diffraction. The co-adsorption phenomena observed were dependent upon the 
sequence of adsorption in preparing the co-adsorbed overlayer. It has been found that oxygen 
extensively blocks sites for subsequent hydrogen adsorption and that the interaction splits the 
hydrogen thermal desorption into two states. The capacity of the oxygenated Rh(l 11) surface 
for hydrogen adsorption is very sensitive to the structure of the oxygen overlayer, with a dis
ordered oxygen layer exhibiting the lowest capacity for hydrogen chemisorption. Studies with 
hydrogen pre-adsorption indicate that a hydrogen layer suppresses completely the formation of 
ordered oxygen superstructures as well as 0 2 desorption above 800 K. This occurs with only a 
20% reduction in total oxygen coverage as measured by Auger spectroscopy. 

I. Introduction 

It has been shown recently that the properties of a chemisorbed layer of oxygen 
on Rh(l 11) are complex, involving activated, irreversible order-disorder transitions 
of the adsorbed overlay er, as well as activated dissolution of a large fraction of the 
oxygen into the subsurface region of the crystal [I]. 

The kinetics of the interaction of hydrogen gas with chemisorbed oxygen on 
Rh(l 11) have been studied in detail as well [2]. It has been found that an ordered 
overlayer of oxygen [(2 X 2) LEED pattern] reacts efficiently above 275 K with 
hydrogen gas via a kinetic rate law involving PH

2 
rather than P/..fi. The activation 

energy for this reaction is 5.3 kcal/mole. A possible model to explain these kinet
ics involves the presence of trap-sites for hydrogen within the ordered oxygen over
lay er. Because of this unusual phenomenon, we have carried out a thermal desorp-

t Supported by the National Science Foundation under Grant No DMR77-14976. 
*National Science Foundation Predoctoral Fellow. 
** Sherman Fairchild Distinguished Scholar. Permanent Address: National Bureau of Stan

dards, Washington, DC 20234, USA. 
***Camille and Henry Dreyfus foun dat ion Teacher - Scholar. 
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tion study of the interaction of chemisorbed hydrogen and ' oxygen on Rh(l 11), 
and the results of this investigation are reported here. In. addition to using thermal 
desorption mass spectrometry, we have employed Auger spectroscopy and LEED 
as auxilliary tools in this work. 

In section 2, a description of the experimental apparatus and procedures is pre
sented. The experimental dat;;t are presented and discussed in section 3, and the 
results are summarized in section 4. 

2. Experimental details 

The experimental apparatus and cleaning procedures for the Rh(I 11) crystal 
have been described in detail elsewhere [ 1-3]. It should be noted that the experi
ments described here were performed on two Rh(I 11) crystals which were heated 
to different maximum temperatures (I 240 and 1565 K) in the course of cleaning. 
The characteristic features of the Auger spectra from these two clean Rh(l 11) sur
faces were identical, as were the adsorption and desorption properties of pure oxy
gen and hydrogen. The crystal was exposed to gases while it was being cooled with 
liquid nitrogen. The temperature of adsorption in all experiments was between 90 
and 140 K, unless otherwise specified. All gas exposures are reported in langmuirs, 
L, where 1 langmuir = 1 X 10-6 Torr s. Gas pressures during adsorption experi
ments were measured with a Bayard-Alpert ionization gauge, and all exposures 
reported have been corrected for the sensitivity of the gauge to either hydrogen 
or oxygen relative to nitrogen. 

3. Experimental results 

3.1. Hydrogen and oxygen adsorption on clean Rh( 111) 

The relationship between gas exposure and surface coverage for both oxygen and 
hydrogen has been reported in detail elsewhere [ 1,4], and these results are sum
marized in fig. 1. At 170 K, oxygen adsorbs with .a constant sticking coefficient up 
to about 80% of saturation coverage, as evidenced by the initial linearity of the 
curve in fig. 1 a. In contrast to this, hydrogen chemisorbs via langmuir kinetics, fol
lowing a (1 - 8)2 rate law as shown in fig. 1 b. 

Thermal desorption mass spectrometry has been applied to the study of pure 
H2 desorption from Rh(l 11) [ 4]. It has been found that in the limit of zero hydro
gen coverage, the activation energy for second-order desorption is 18.6 kcal/mole, 
and the pre-exponential factor of the desorption rate coefficient is 10-3 cm2 /s. 
However, upon increasing the initial hydrogen coverage the thermal desorption 
peak broadens and shifts to lower temperature yielding, at satu ration, an asym
metric main desorption peak and a low temperature shoulder as shown in spec-
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Fig. 1. Relationships between coverage and exposure for oxygen and hydrogen on clean 
Rh(l 11). The peak-to-peak amplitudes of the differential 510 eV oxygen Auger transition as a 
function of 0 2 exposure are shown in (a). The linear part of the curve at exposures below 4 L 
implies a mobile precursor model for the adsorption kinetics. The thermal desorption yield of 
H2 is shown as a function of H2 exposure in (b). The data fit a model for dissociative adsorp
tion in which the lifetime of the precursor is very short or zero [ 4]. The curve shows the the
oretical adsorption kinetics for a model with no mobile precursor. 

trum (a) of fig . 2. The coverage-dependent behavior of the main desorption peak is 
consistent with H2 desorption via a mobile-precursor intermediate [4,5]. 

The results presented below are divided into two major sections (3.2 and 3.3) 
on the basis of the order of chemisorption of oxygen and hydrogen. It has been 
found that the order of chemisorption is of major importance to subsequent 
desorption of various products. 

3.2. Oxygen adsorption followed by hydrogen adsorption 

3.2.1. Thermal desorption of hJ·drogen 
A series of H2 thennal desorption spectra from Rh(l 11) pre-covered with vary-
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Fig. 2. Thermal desorption spectra for hydrogen from Rh(l 11) which was pre-exposed to oxy
gen, as indicated, followed by 16 L of H2 . 

ing coverages of oxygen is shown in fig. 2. The Rh crystal was exposed to oxygen at 
temperatures between 100 and 140 K, under which conditions the oxygen adsorbed 
as a disordered layer [1]. It can be seen that systematic changes in the nature of the 
H2 desorption spectra occur as the pre-exposure to 0 2 increases. The heating rate 
used in these experiments was 44 ± 6 K/s and was linear within the given limits of 
uncertainty between crystal temperatures of 150 and 550 K. The crystal was heated 
to 1240 K following each them1al desorption experiment, and the desorption spec
trum of hydrogen from the clean Rh(l 11) surface produced by this thermal clean
ing was reproducibly similar to that shown in spectrum (a) of fig. 2. lt can be seen 
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Fig. 3. Thermal desorption yield of hydrogen relative to the amount which desorbs following 
a 16 L exposure of H2 on clean Rh(l 11), as a function of the amount of oxygen pre-adsorbed. 
These data correspond to the experimental spectra of fig. 2. 

that pre-adsorbed oxygen blocks adsorption of hydrogen and causes the hydrogen 
to desorb in two distinct states at approximately 200 and 380 K. Qualitatively simi
lar behavior has been observed previously for the co-adsorption of oxygen and 
hydrogen on the (111) surface of W [ 6]. 

The relative coverage of hydrogen is shown as a function of oxygen pre-exposure 
in fig. 3. The fractional oxygen coverage is shown on the upper abscissa. Within 
experimental error, it can be seen that over most of its range, the saturation hydro
gen coverage decreases linearly with increasing oxygen cover~ge, suggesting that site 
exclusion by adsorbed oxygen occurs in low temperature co-adsorption. 

3.2.2. Influence of annealing of the oxygen layer on subsequent hydrogen 
chemisorption 

Our previous studies of oxygen chemisorption on Rh(l 11) have shown that ma
jor changes occur in the oxygen overlayer upon heating. The initially disordered 
oxygen begins to order at approximately 150 K; near 300 K, thermally induced 
disordering takes place, followed by oxygen dissolution above 400 K [ 1]. These 
effects are also discernible by means of H2 co-adsorption experiments as shown in 
fig. 4. A Rh(l 11) surface saturated with oxygen was heated to temperatures be
tween 230 and 700 K for 1-2 sec, then recooled and exposed to 16 L H2 • The ther
mal desorption spectra of hydrogen which resulted from these co-adsorbed over-
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Fig. 4. Thermal desorption spectra of H 2 from an annealed overlayer of oxygen on Rh(ll 1). 
The Rh(l 11) surface was saturated with oxygen (12 L), then annealed to the temperature 
indicated and re-exposed to 16 L of H 2 at T < 180 K in (a) through (h). In spectrum (i) the 
annealed oxygen-covered surface was re-exposed to 5 L of 0 2 , foll owed by 16 L of H2 at 
T< 180K. 

layers are shown in fig. 4 . It is obvious that the desorption spectrum of H2 is 
extremely sensitive to the effects of annealing the oxygen overlayer, even to tem
peratures as low as 230 K. 

The dominant effect seen in fig. 4 is the development of a major hydrogen 
desorption feature at 280 K. This feature first becomes prominent for oxygen 
layers annealed above approximately 350 K and therefore may be associated with 
the onset of oxygen dissolution into Rh [1], freeing addit ional sites for hydrogen 
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Fig. 5. Amount of hydrogen which thermally desorbs, relative to desorption from clean 
Rh(l 11), as a function of the temperature to which a pre-adsorbed overlayer of oxygen is 
heated. These data correspond to the experimental data of fig. 4. 

chemisorption. This effect is seen also in fig. 5 where the saturation coverage of 
hydrogen is shown as a function of the annealing temperature of the oxygen over
layer. A monotonic increase in hydrogen capacity extends over the temperature 
region associated with oxygen ordering and also the region associated with oxygen 
penetration into the bulk. However, at the plateau on this curve, the surface exhib
its a decreased capacity (0.6) for hydrogen adsorption compared to clean Rh(l 11 ). 

It has been demonstrated that an oxygen overlayer on Rh(l 11) may be depleted 
by two mechanisms: (1) Solution of oxygen above 400 K, and (2) desorption of 
oxygen above 800 K [ 1]. The thermal desorption results in fig. 5 suggest that 
approximately equal quantities of adsorbed oxygen disappear by means of these 
two reactions as judged by the capacity of the surface to chemisorb H2 following 
completion of each reaction. 

3.2.3. Water production 
Very small amounts of water were detected by thermal desorption following co

adsorption of hydrogen ar.d oxygen. FolJowing the co-adsorption of hydrogen and 
oxygen, desorption of water (M = 18 amu) was observed near 295 K upon heating 
the crystal at a linear rate of 5 .9 ± 0.4 K/s. The yield of water as a function of oxy
gen exposure is shown in fig. 6. The maximum yield of H20, at 0.5 L 0 2 exposure, 
represents only 0.1 % of the integrated intensity of the H2 desorption peak result-
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Fig. 6. Production of water from a co-adsorbed overlayer of hydrogen and oxygen on Rh(l 11) 
which results from heating the crystal. The maximum rate of H 2 0 desorption occurred at 
295 K. 

ing from a 16 L H2 exposure, corrected for relative mass spectrometer sensitivities 
and the calculated difference in pumping speed between H 20 and H 2 • The yield of 
H20 fall s to near zero at 1.6 L 0 2 exposure. Obviously, the amount of H20 which 
was produced as a result of the low temperature co-adsorption of hydrogen and 
oxygen was very small relative to the major effects illustrated in figs. 2 and 4. 

3.2.4. Thennal desorption of oxygen 
When a clean Rh(l 11) surface was exposed to 12 L 0 2 followed by 20 L H2 , 

the desorption spectrum of oxygen was essentially unchanged in peak area and peak 
shape relative to oxygen desorbing from clean Rh(l 11) [ 1]. This co -adsorption 
sequence is similar t o the treatment of the Rh( 111) surface prior to the desorption 
spectrum of H2 shown in curve U) of fig. 2, where major changes in the desorption 
characteristics of H2 are evident. This result is not surprising since all hydrogen has 
desorbed prior to 0 2 desorption. The results demonstrate again, however, that 
extensive oxygen depletion (to form water) does not occur in the co-adsorption 
(transient) experiment. In contrast, the continuous reaction of chernisorbed oxy
gen with H2(g) at approximately 10-7 Torr leads to extensive oxygen depletion 

above 280 K in several hundred sec [2]. 

3.3. Hydrogen adsorption followed by oxygen adsorption 

3.3.1. Thermal desorption of oxygen 
Pre-adsorption of hydrogen on RJ1(1 l l) did not prevent the subsequent adsorp-



91. 

> 

490 500 510 
V, eV 

520 

""-._Oxygen on 
Rh (Ill)+ H (ads) 

Oxygen on 
clean Rh(lll) 

530 540 

Fig. 7 . Differential Auger spectra following a 12 L exposure of 0 2 to clean and hydrogcn
covered (20 L exposure of H 2 ) Rh(l 11). The peak-to-peak amplitude of the 510 eV oxygen 
transition on the hydrogen-saturated surface is 80% as intense as the transition on the clean sur
face . The magnitudes of the two spectra shown are normalized to the 303 eV Rh transition. 

tion of oxygen, as demonstrated in fig. 7 by the peak-to-peak amplitude of the oxy
gen 510 eV differential Auger transition relative to the major 303 eV Rh transition. 
The Auger data were measured on a Rh(l 11) surface which was saturated with hy
drogen (20 L) and then exposed to an amount of oxygen which would saturate the 

clean surface (12 L). At saturation, 8CYfo as much oxygen is adsorbed on the hydro
gen-covered surface as on the clean Rh( 111) surface. 

The amount of oxygen which de sorbed upon heating was quite sensitive to pre
treatment of the Rh(l 11) surface with hydrogen, however. In a series of experi
ments, the Rh(l 11) crystal was treated with a range of H2 exposures, then exposed 
to 12 L of 0 2 • The results of the thermal desorption of oxygen from these surfaces 
are shown in fig. 8, where the oxygen desorption peak areas are displayed as a func-
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Fig. 8. Amount of oxygen which thermally desorbs follo\l..ring a 12 L exposure of 0 2 as a func
tion of the amount of hydrogen which is pre-adsorbed . The values for the oxygen thermal 
desorption yield are shown relative to 0 2 desorption from clean Rh(l 11) following the same 
oxygen exposure. 

tion of the preadsorbed hydrogen coverage. In the limit of saturation of the surface 
with hydrogen, the desorption yield of oxygen drops to 7% of its value on the clean 
Rh(l 11) surface. No evolution of water was observed during thermal desorption 
from these co-adsorbed overlayers, as shown by the triangular datum point of 
fig. 6. 

3.3.2. Observation of ordered oxygen LEED patterns 
Oxygen adsorbed on clean Rh( 111) at 100 K causes formation of a sharp (2 X 2) 

LEED pattern when the crystal is heated above 150 K, as has been described in 
detail elsewhere [ 1]. Similar experiments were performed to determine whether the 
ordering behavior of oxygen is modified on a Rh(l 11) surface pre -exposed to H2 , 

as follows: the clean Rh crystal was exposed to 20 L of H 2 and then to 12 L of 
0 2 • The crystal was heated sequentially to various temperatures up to 700 K, and 
recooled to at least 1 25 K after each heating cycle. The LEED pattern was exam
ined each time after the crystal had re cooled, both visually and with a Faraday 
cup positioned appropriately. No evidence for formation of the ordered oxygen 
(2 X 2) lattice \Vas found at any temperature when a pre-exposure to hydrogen was 
carried out, even after the hydrogen had been desorbed from the surface. 

3.3.3. 17zermal desorption of hydrogen 
Thermal desorption of hydrogen from a RJ1(1 I I ) surface treated as described 

above caused small changes in peak shape [spect ra were similar to curve (b) of 
fig . 2] and a 10--30% attenuat ion of t he 2 amu desorption peak area, relative to 
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desorption from clean Rh( 111 ). This may be due either to displacement of hydro
gen or production of water during the oxygen exposure. The temperature at which 
the maximum rate of desorption occurred was unchanged to within ±15 K. 

4. Summary 

Several features of the oxygen-hydrogen interaction on Rh{l 11) are prominent 
in the experiments reported here. It has been found that the order of addition of 
hydrogen and oxygen to Rh{l 11) profoundly affects subsequent thermal behavior 
of the mixed adsorbate system. 

4.1. Oxygen adsorption followed by hydrogen adsorption 

(I) Oxygen blocks sites extensively for subsequent H2 chemisorption. The hy
drogen which does chemisorb is split into two states, one of which desorbs at 
slightly higher temperatures than observed for pure hydrogen. A site exclusion 
mechanism, induced by oxygen chemisorption, is indicated by comparison of cover
ages of the two adsorbates. 

(2) It has been shown that the capacity for hydrogen adsorption on oxygen
covered Rh{l l I) is very sensitive to the structure of the oxygen overlayer. A dis
ordered oxygen overlayer exhibits the lowest capacity for H2 chemisorption, where
as oxygen ordering by annealing leads to enhanced hydrogen capacity. Partial pene
tration of oxygen into the bulk above 400 K leads to further enhancement of the 
capacity of the surface to adsorb hydrogen. 

(3) Interactional effects between the co-adsorbed species are not due to the reac
tion of hydrogen and oxygen to form H20 since the yield of H20 is very small com
pared to the mutual effect of the co-adsorbed adatoms on each other. 

4.2. Hydrogen adsorption followed by oxygen adsorption 

(1) The various thermally induced processes observed for pure oxygen overlayers 
on Rh{l 11) are significantly influenced by the pre-adsorption of hydrogen. 
(a) Pre-adsorbed hydrogen prevents completely the ordering of oxygen which is 
subsequently adsorbed. 
{b) The maximum coverage of oxygen on a saturated overlayer of hydrogen is 
reduced only by approximately 20%, and co-adsorption in this manner reduces the 
coverage of hydrogen by only 10-30%. 
(c) Desorption of molecular oxygen above 800 K is suppressed extensively by hy
drogen pre-adsorption. 

These results are consistent ·with a model in which only a part of the total 
adsorbed oxygen can thermally desorb, a large fraction penetrating into the bulk 
of the Rh crystal [I] . 
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The adsorption of CO on Rh(l 11) has been studied by thermal desorption mass spectro
metry and low-energy electron diffraction (L EED). At temperatures below 180 K. CO adsorbs 
via a mobile precursor mechanism with sticking coefficient near unity. The activation energy 
for first-order CO desorption is 31.6 kcal/mole (vd = I 0 13 · 6 s- 1 ) in the limit of zero coverage. 
As CO coverage increases, a (..j3 X ..j3)R30u overlayer is produced and then destroyed with 
subsequent formation of an overlayer yielding a (2 X 2) LEED pattern in the full coverage limit. 
These LEED observations allow the absolute assignment of the full CO coverage as 0.75 CO 
molecules per surface Rh atom. The limiting LEED behavior suggests that at foll CO coverage 
t\VO CO binding states are present together. 

1. Introduction 

The adsorption of CO on the hexagonally close-p:icked surfaces of the Group 
VIII transition metals appears to follow a general pattern [l-12] which may be 
characterized as follows: (I) The CO is associatively adsorbed, and the energy of 
adsorption is between 27 and 35 kcal/mole . (2) The CO forms ordered hexagonal 
arrays which are highly symmetrical with respect to the substrate and which com
press continuously as coverage increases. (3) A second low-temperature desorption 
peak or shoulder appears in the thermal desorption spectra at high CO coverages , 
although there is some disagreement concern ing the existence of a second peak on 
Pt(J 11) [10-12]. This desorption behavior may be attributed partly to repulsive 
adsorbate - adsorbate interactions and partly to the population of lower energy 
binding sites at high coverage , but the origin of multiple CO desorption st ates on 
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these metals is not understood completely. This general pattern has been observed 
for adsorption of CO on Ni(l 11) [1,2), Ru(OOl) [3,4], Rh(l 11) [5,6), Pd(l 11) 
[7], Ir(l 11) [8,9] and Pt(l 11) [10-12]. A summary of LEED results is given in 
table 1. All of these metal surfaces are distinguished by the formation of hexagonal 
lattices at high coverage and low temperature, and in many cases the CO molecules 
may be in low-symmetry binding sites, i.e., the registry of the overlayer with 
respect to the substrate is not preserved. At high CO coverages on Pt(l 11), Norton 
et al. [13] have observed distinct O(ls) and C(ls) features in the X-ray photoelec
tron spectrum which they attribute to two distinct forms of bound CO at satura
tion coverage. Furthermore, on Ni(lll) [14,15], Pt(lll) [16,17] and Pd(lll) 
[18], two CO stretching frequencies are observed at saturation coverage, suggesting 
that two forms of CO binding may exist. 

The adsorption of CO on the Rh(l 00) [ 6] and Rh(l 10) [ 19] surfaces, and on 
polycrystalline Rh surfaces [20] has also been studied. In the present paper, we 
report a more thorough study of the adsorption of CO on Rh( 111) than has been 
reported previously, using low-energy electron diffraction (LEED) and thermal 
desorption mass spectrometry. The adsorption of CO on Rh( 111) follows the gen
eral pattern outlined above , but with subtle distinctions which are discussed below. 

In section 2, the experimental apparatus is described. In section 3, the experi
mental data are presented and discussed, and the results are summarized in sec
tion 4. 

2. Experimental details 

The experimental apparatus and the procedures used in cleaning the Rh(l 11) 
crystal have been described elsewhere [21 ,22]. It should be noted that the experi
ments described here were performed on two separate Rh( 111) crystals which were 
heated to different maximum temperatures (1240 and 1565 K) in the course of 
cleaning. The characteristic features of the Auger spectra from these two clean 
Rh(l 11) surfaces were identical, as were the adsorption and desorption properties 
of pure H2 and CO. 

The base pressure, following bakeout, was <l X 10-io Torr. The system was 
equipped with a four-grid post-acceleration display LEED apparatus containing a 
movable Faraday cup for LEED intensity measurements. The Faraday cup aperture 
subtended an angle of 4.6 x 10-3 steradians. 

All gas exposures are reported in langmuir (1 langmuir = 1 L = I X 1 Cf 6 Torr s), 
corrected for the sensitivity of the Bayard-Alpert ionization gauge to CO relative 
to N2 . Research grade CO from Matheson was used in all experiments. The pumping 
speed of the system for CO was measured to be 980 l/s , assuming a system volume 
of 50 /. 
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3. Experimental results and discussion 

3.1. Thermal desorption of CO 

Representative thermal desorption spectra for carbon monoxide on the c1ean 
Rh( 111) surface are shown in fig. 1. The crystal was ex posed to CO at T:;;;; 180 K 
and was heated to 635 K at a linear rate of 5.7 ± 0.6 K/s during each flash, while 
monitoring the intensity of the M = 28 amu peak mass spectrometrically. These 
spectra show a single desorption peak, with the peak temperature decreasing 

from 490 K at low coverage to 470 Kat high coverage. A low temperature shoulder 
develops at 8/8max ~ 0.5, where (}/(}max is the relative coverage. The coverage data 
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Fig. 1. Thermal desorption spectra of CO on Rh(l 11) at Tads< 180 K, heating rate= 5.7 ± 0.6 
K/s. The spectra shown correspond to the following exposures and coverages: 

Spectrum Exposure Coverage, Spectrum Exposure Coverage, 
(L) O/Omax (L) e/emax 

a 0.19 0.05 g 1.4 0.49 
b 0.29 0.09 h 1.9 0.63 
c 0.38 0.12 2.9 0.83 
d 0.57 0.20 j 3.8 0.87 
e 0.76 0.25 k 9.5 0.94 
f 1.0 0.34 
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Fig. 2. CO coverage as a function of exposure, Tads.;;; 180 K. Forvaluesofe/emax.;;;; 0.75, the 
solid line is a linear least-squares fit to the data. Above e/emax = 0.75, the solid line is an 
empirical fit to the data. 

as a function of exposure shown in fig. 2 were obtained by integration of the 
desorption peaks represented in fig. 1, where baselines of the desorption spectra 
were taken as empirically determined straight lines. The number of adsorbed CO 
molecules per surface Rh atom, e, shown as the right-hand ordinate in fig. 2, is 
based on LEED data to be discussed later. 

The relationship between coverage and exposure of fig. 2 is linear up to 8/8max = 

0.75 , implying that adsorption occurs via a mobile precursor. For values of 
8/8max ~ 0.7 , the data is fit best by a straight line with S 0 = 0 .76 ± 0.04. A compa
rison to a Langmuir adsorption mode] with S0 = 1 is shown by the dashed line. It 
may be seen that below 8/Bmax::: 0.5 , the two models are indistinguishable. How
ever, the full range of the data favors clearly the mobile precursor model of adsorp
tion. 

On the assumption that desorption of CO from Rh( 111) follows first-order 
kinetics , the activation energy and pre-exponential factor of the desorption rate 
coefficient were calculated for each desorption spectrum in the range () /8max ~ 
0.25. The method of analysis involves measuring the peak width and the tempera
ture at which the maximum rate of desorption occurs [23]. The results are shown 
in fig. 3, where the straight Jines represent empirical least-sq uares fits to the data. In 
the limit of zero coverage. the activation energy of desorption. Ed, is 31.6 ± 1 kcal/ 
mole, and the pre-exponential factor , vd, is 1013

·
6

±:
0

·
3 s- 1

. The stated uncertainties 
in the values of the kinetic parameters at 8 = 0 are based upon statistical analyses of 
the scatter in the data relative to the linear least-squares fits of fig . 3. 

Both these adsorption parameters are re asonable for first-order desorption and 
are comparable to values reported for CO adsorbed on other Group VIII meta] sur
faces [ 1-12]. In part icular , the value of Ed is id entical within experimental error to 
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Fig. 3. Energy of activation and pre-exponential factor for desorption rate coefficient of CO 
from Rh(l 11) at low coverages. The lines are linear least-squares fits to the experimental data. 
In the limit of zero coverage, Ed= 31.6 ±I kcal/mole, T~ 180K. and vd = I0 13 ·6±0.3 s-1. 

The error bars shown were estimated from the experimental uncertainty in determining the 
peak half-width and the peak temperatures. 

that reported for low coverages of CO on Rh(J 10), 31 kcal/mole [ 19], and also to 
that reported for CO adsorption on polycrystalline Rh, 32 kcal/mole [20]. Both of 
the latter values of Ed were calculated with the assumption that vd = 10 13 s-1

. 

It should be noted that the rapid drop in Ed, given by Ed= 31.6 - 550 kcal/ 
mole from the linear regression analysis, cannot be explained in terms of repulsive 
dipole - dipole interactions at higher covera.ges, which would only contribute 
approximately -28 kcal/mole to the drop in Ed with increasing coverage [24,25]. 
For e > 0, the desorption parameters of fig. 3 have no straightfonvard physical 
meaning, and may be due to overlap of the two unresolved desorption features at 
low coverage which hecome more evident at higher coverages. However, the con
struction in fig. 3 is useful in estimating limiting kinetic parameters at zero cover
age; and it may be used empirically even at high coverages. 

3.2. LEED data 

A progression of LEED patterns due to the formation of ordered CO overlayers 
was observed with increasing CO coverage on Rh(l 11) at T ~ 125 K. At low expo-
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sures to CO, a diffuse ring forms inside the Rh beams and then sharpens into a 
(y3 X y3)R30° pattern. As the exposure is increased, the (y3 X y3 )R30° spots 
blur. and then a split (2 X 2) pattern appears and becomes sharp. Further exposure 
to CO causes the split spots to coalesce into the half-order beams of a (2 X 2) pat
tern which gradually increase in intensity as saturation is approached. 

In figs. 4A and 4B are shown the intensities of the (y3 X y3)R30° and (2 X 2) 
LEED beams as functions of exposure to a constant background pressure of CO. 
These spectra were recorded by positioning the LEED Faraday cup appropriately 
and monitoring the cup current during the exposure. The incident electron beam 
was defocused. and a beam current Je, of 0.1 µA was used to obviate electron beam 
damage. Incident beam voltages, Ve, of 27 and 24 eV were used in the experiments 
of figs. 4A and 4B, respectively. The shape of the curve of fig. 4A and the position 
of the peak maximum were invariant, within experimental error, over a three-fold 
range of CO background pressures (3 X 10-9 to 10 X 10-9 Torr). Further, the for
mation of both these patterns was independent of whether the electron beam was 
on during the exposure. For example, in one experiment the electron beam was 
turned off after 2.7 L CO exposure and turned on again after 3.8 L CO exposure , 
while recording an intensity-exposure curve for the (2 X 2) pattern as shown in 
fig. 4B. In the absence of the incident electron beam, the intensity of the half-order 
beam had risen to the same value as in fig. 4B at 3.8 L exposure, where the inten
sity was monitored continuously with the beam on. This indicates that in our 
experiments, the formation of the (2 X 2) ordered CO overlayer on Rh( 111) does 
not result from electron beam damage during the exposure , as has been reported for 
formation of the (2 X 2) CO structure on the hexagonal Ru( 00 I) surface [ 3]. 
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As can be seen in fig. 4A, the (y3 X y3)R30° pattern reaches its maximum 
intensity at an exposure of 1.5 L of CO. The optimum absolute coverage for a 
(v3 X y3)R30° structure with one admolecule per unit cell is e = 1/3. This is in 
good agreement with the results of the thermal desorption experiments shown in 
fig . 2, relative to the absolute coverage at saturation. 

The intensity-exposure curve for the (2 X 2) pattern (fig. 4B) exhibits a small 
peak at an exposure of I L, well before the growth in intensity due to the forma
tion of the final (2 X 2) structure. · There are two reasonable possibilities for the 

source of this peak. First, the initial diffuse intensity of the (v3 X y3)R30° pat
tern may spread as far as the position of the (2 X 2) beam (a· defocused incident 
electron beam was used for these measurements), causing a spurious increase in 

intensity at the (2 X 2) beam position. Second, a very faint, true (2 X 2) pattern, 
corresponding to a coverage of e = 1/4, may form prior to the (y3 X v3)R30° pat

tern. If this second possibility is the correct one, it would be worthy of further 
study as a source of information about the nature of the CO-CO interaction. 

As noted previously [ 6] , the continuous convergence of the split {2 X 2) beams 

with increasing coverage indicates that the CO molecules form a hexagonal struc

ture with its unit cell rotated 30° from the Rh unit cell. The splitting of the (2 X 2) 
spots results from the continuous contraction of the size of the CO unit cell as cov

erage increases. The usual alternative analysis of a (2 X 2) LEED pattern as due to 
three domains of a {2 X I) structure thus is precluded in this case. At saturation 
coverage, the CO unit cell is a (jy3 X ~y3)R30° structure with one atom per unit 

cell, which is equivalent to a (2 X 2) structure with three atoms per unit cell. This 
structure has a optimum coverage of e = 3/4 . This fact has been used to correlate 
the relative coverages determined from thermal desorption with absolute cover

ages as shown in fig. 2. Of course , the coverage determined from the LEED pattern 
corresponds to that of a perfectly ordered overlayer on a perfect surface. Applica
tion of this value to a real system will be uncertain to the extent that adsorption on 
surface defects and local disorder (as at domain boundaries) are important. 

If the CO molecules occupy distinct binding sites on the Rh surface, the satura
tion {2 X 2) structure would have high symmetry. Two possible (2 X 2) structures 
for CO on Rh{l 11) are shown in fig. 5 . In the structure of fig. SA , two molecules 
per unit cell are in three-fold sites and one is in an on-top site [ 6]. A structure with 
one CO molecule per unit cell in a bridged site and two in positions slightly dis
placed from three-fold sites is also possible , as shown in fig. SB. No a priori deter
mination of the correct CO overlayer structure can be made on the basis of these 
LEED results. However , it is possible to postulate structures , as shown in fig. 5 , that 
involve CO in two distinct adsorption sites which should be detectable by various 

surface spectroscopies. 
A comparison of the LEED and spectroscopic data for CO on Rh{ 111 ), Pt{l 11) 

and Ru(OOI) is of interest. Both on Pt(I 11) [IO] and Rh{l 11) , the CO overlayer at 
saturation is in registry with the substrate , whereas this is not the case , for example, 
for CO on Ru{OO I) [ 4]. On Pt(} 11 ), two disti nct CO stretching modes have been 
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A 8 

Fig. 5. Two possible orientations of the {2 X 2) CO overlay er with respect to the rhodium sub
strate. The diameter of the Rh atoms , shown as open circles, is 2.69 A. The diameter of the CO 
molecules, shown as shaded circles, is arbitrarily shown as their nearest neighbor distance of 
3.11 A. (A) One-third of the CO molecules are in on-top sites, two-thirds in three-fold sites . (B) 
One-third of the CO molecules are in bridge sites, two-thirds in low-symmetry sites. 

observed [ 16], whereas on Ru(OO 1) only a single mode has been observed which 
shifts to higher frequency with increasing coverage [26.27]. Based on the LEED 
results, CO on Rh( 111) should be more similar to CO on Pt( 111) than CO on 
Ru(OO 1) insofar as its surface vibrational structure is concerned. The spectroscopic 
data which suggest the existence of two discrete states on Pt(l 11) [ 13, 16, 17] im

ply that two states may be found on Rh(l 11) also, consistent with the saturation 
structures postulated in fig. 5. 

The formation of a highly symmetrical CO overlayer at saturation coverages on 
Rh( 111) indicates that the CO-Rh interaction is stronger, relative to the CO--CO 
repulsion on Rh , than the CO-Ru interaction is , relative to the CO-CO repulsion 
on Ru, where "coincidence lattices" are formed at saturation. This is consistent 
with the observation that the absolute coverage at saturation.() , is 0.75 on Rh and 
is 0.65 on Ru at low temperature. These coverages correspond to CO- CO spacings 
of 3.11 A on Rh and 3.35 A on Ru at saturation. The minimum CO.....:CO distance 
observed on Rh(l 11) is somewhat smaller than observed on the hexagonal surfaces 
of other metals [1 - 10], but in good agreement with the value of 3.17 A for CO on 
Rh(l 00) at room temperature [ 6]. The CO- Rh interaction is strong enough to 
cause formation of CO lattices which are more closely packed at saturation than on 
Ru(OOI) and in which the CO molecules are located in highly symmetrical adsorp
tion sites. The balance between substrate- adsorbate attraction and adsorbate
adsorbate repulsion on Rh(l 11) is thus in subtle cont rast to the balance of these 
interactions on the structurally similar Ru(OOI) surface. 
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4. Summary 

The major conclusions of our work may be summarized as follows: 
(1) CO adsorbs on Rh(l 11) at T~ 180 K via a mobile precursor state with a stick
ing coefficient near unity. 
(2) Thermal desorption mass spectrometry has been used to measure, in the limit of 
zero coverage, Ed= 31.6 kcal/mole and vd = 1013

·
6 s- 1 with first-order desorption 

kinetics. · 
(3) As CO coverage is increased, a (y'3 X y'3)R30° LEED pattern is produced and 
reaches a maximum intensity at the optimal coverage of one CO molecule per three 
Rh atoms. 
(4) Beyond e = 1/3, the (y'3 X y'3)R30° LEED pattern converts to a split (2 X 2) 
pattern which in the saturation limit develops into a (2 X 2) pattern corresponding 
to 0.75 CO molecules per Rh atom. 
(5) The surface structures corresponding to the (2 X 2) overlayer may involve two 
CO binding states having different site conformations. 

Acknowledgment 

Major support of this research was derived from the Army Research Office under 
Grant No. DAHC04-75-0l 70. Additional support was made available by the National 
Science Foundation (P .A.T. and E.D.W.) , and the Alfred P. Sloan and Camille and 
Henry Dreyfus Foundations (W.H.W .). One of us (J .T .Y .) acknowledges partial sup
port of equipment facilities from the Department of Energy , Division of Basic 
Energy Science. 

Note added jn proof 

We have shown recently that the maximum in the diffracted beam intensity at 
1 L in fig. 4B is due to a p(2 X 2) supersuucture corresponding to a fractional cover
age of CO of 0.25. 
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Chapter 6 

THE ADSORPTION OF NITRIC OXIDE ON Ru(OOl) 

1. Introduction. 

2. Experimental Methods. 

3. Experimental Results 
arid Discussion. 

4. Surrunary 

[This chapter was published as a paper by P. A. Thiel~ W. H. Weinberg 
and J. T. Yates~ Jr. in Chemical Physics Letters 67 (1979) 403.] 
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Abstract 

The influence of chemisorbed nitrogen and oxygen atoms on the sub

sequent adsorption of NO on Ru(OOl) at 150 K has been investigated by high 

resolution electron energy loss spectroscopy. The presence of the NO 

~issociation products can block adsorption of_ one of the two states of 

molecular NO which are populated on the clean Ru surface. 



109 .. 

1. Introduction 

The adsorption of nitric oxide on the Group VIII transition metals 

is a complex phenomenon, partly because molecular NO and its dissociation 

products can be adsorbed simultaneously on a given surface. For ex

ample, ultraviolet photoemission ·spectroscopy (UPS) has shown that ad

sorption of molecular NO is preceded in coverage by dissociation of NO on 

Ru(lOO) at 370 K (!_}. The situation is further complicated by the 

possibility that two distinct types of molecular NO adsorb on some surfaces. 

This has been observed in the case of adsorption of NO on Pt(lll) by 

electron energy loss spectroscopy (EELS) (2), and on Ir(lll) using UPS 

(l,i). 

Previously, we have reported inelastic electron scattering measurements 

which show that two states of molecular NO are adsorbed on the hexagonally 

close-packed Ru(OOl) surface at 150 K (_~). These states have been observed 

subsequently in XPS.and UPS spectra (~). Molecular nitric oxide undergoes dis

sociation and conversion from one molecular state to another as the surface is 

heated. This has been explained in terms of a model in which the molecular NO can 

occupy two distinct types of sites on this surface. The dissociation 

products occupy the same sites as one of the molecular states of NO. In 

this paper, we present additional data from electron energy loss spectros

copy and thermal desorption mass spectrometry which provide further 

evidence that the two-site model is valid. 

In Sec. 2, the experimental methods are presented; in Sec. 3, the 

experimental data are presented anddiscussed; and in Sec. 4, the results 

and conclusions are summarized. 
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2. Experimental Methods 

The experiments were performed in a stainless steel vacuum system 

with a base pressure of 5 x 10-11 torr. The mechanical polishing and 

chemical cleaning procedure used in preparing the Ru(OOl) crystal have 

been reported e 1 sewhere (~,z_,!l). Occasionally, the oxygen c 1 eani ng 

treatment and the NO exposures resulted in the formation of a tenacious 

surface oxide, as judged by the presence of a 64 to 74 meV loss (and gain) 

feature in the inelastic scattering spectrum (!l,2_). Heating the Ru crystal 

for total periods of up to 30 minutes at 1580 - 1660 K was required to 

remove this surface oxide. The crystal was exposed to NO through a di

rectional beam doser. Exposures of NO, ENO' are reported in units of 

torr-s, where the pressure refers to the NO pressure in a gas storage bulb 

behind a glass capillary, and the time refers to the time of exposure. 

Relative coverages of NO are based on thermal desorption peak areas of N2 

and NO. Thermal desorption spectra were taken with a model UTI lOOC, with 

an emission current of 2.0 mA. Isotopic N15o16 was used in the thermal 

desorption experiments to circumvent interference between N~4 desorption 

from the Ru crystal and background CO, both of which cause mass peaks at 

28 amu. 

The electron spectrometer used in these energy loss measurements 

has been described fully (10). The energy of the incident electron beam 

was 4 eV. The full-width at half-maximum of the elastic peak varied from 

14 to 16 meV, with 5 x 105 cps of elastic electrons reflected specularly 

from the clean surface. The energies of the loss features are accurate 

to within approximately ± 1 meV (± 8 cm- 1). 
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3. Experimental Results and Discussion 

The frequencies of the two main loss features which are due to the 

N-0 stretch of NO adsorbed molecularly on Ru(OOl) are shown in Fig. 1 as 

functions of coverage (exposure) of NO at approximately 150 K. Within 

the framework of the site-dependent model which has been proposed for this 

adsorption sys tern · (~,_!_!) , the 1 oss f ea tu re at 171 - 189 meV (1379 - 1525 cm -l) 

is due to the N-0 vibration of NO adsorbed at a site of two- or three-fold 

coordination. At coverages greater than approximately 1/3 of saturation, 

a loss feature appears at 221-2-26 meV (1783-1823 cm-1) which is due to 

NO bound linearly at an on-top site. These two forms will be referred to 

as "bridged" and "linear" NO, respectively. The frequency assignments are 

consistent with the infrared spectra of homogeneous metal clusters con

taining nitrosyl 1 igands in various coordination states (12 - 15). 

A third loss feature at approximately 1150 cm-l has been observed 

also~ This feature is observed as a "transient", i.e., it apparently 

represents an adsorbate which is unstable on the Ru(OOl) surface at 120 K 

or above. The closest spectral analogy is to be found in the infrared 

spectra of cobalt complexes which contain the hyponitrite ligand, N2o2. 

These spectra are characterized by absorption bands between 925 and 1195 

cm-l (~). However, a firm assignment of the transient feature fo the 

experiments reported here must await further clarification. 

At lower energies, a feature at 64-71 meV (516-576 cm-1) is ob

served also when linear NO is present on the surface. This is probably 

due to the Ru-N stretch of the linear form of NO (.!l). At temperatures 

where dissociation products and molecular NO are both present on the Ru(OOl) 

surface, this Ru-NO loss feature overlaps the Ru-0 feature, which falls in 

the same frequency range (~,~_). 
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Experimentally, thermally-induced dissociation of NO occurs at higher 

temperatures as the relative coverage increases. Within the framework of 

the two-site model of NO adsorption, this can be understood as follows: 

Upon heati_ng, the bridged NO produces dissociation products which occupy 

multiple coordination sites on the Ru(OOl) surface. This is accompanied 

by conversion of the bridged form of NO to the linear form. At high NO 

coverages, dissociation is impeded due to the site competition between bridged 

molecular NO and its dissociation products. The two-site model is thus 

consistent with the observed coverage dependence of the activated dis-

sociation of NO (§_). It has been inferred from UPS data that there is a 

coverage-dependent activation barrier for dissociation of molecular NO on 

the (111) surface of Ni also (l§). 

Energy loss spectra are shown in Figs. 2 and 3 where the Ru(OOl) 

surface was treated sequentially as follows: (a) It was exposed to NO at 

150 K; (b) rt was heated to a temperature sufficient to dissociate the 

adsorbed NO; and (c) The surface prepared in (b) was exposed again to NO 

at 150 K. The initial relative (to saturation) coverage of NO in Fig. 2(a) 
A -1 • is eNO = 0.15. The peak at 1379 cm is due to bridged NO. The spectrum 

of Ftg. 2(b) follows heating the surface to 250 K. In this spectrum, the 

peak at 64 meV (516 cm- 1) is due to chemisorbed oxygen. When this surface 

was then exposed to 43 torr-s NO at 150 K, spectrum (c) of Fig. 2 resulted, 

-1 with peaks at 1412 and 524 cm . It can be seen, by comparison with Fig. 

3(a), that the presence of the dissociation products resulting from the 

small initial NO coverage does not significantly influence the subsequent 

adsorption of NO, on the basis of energy loss spectra. The dissociation 

products do not prevent the NO from adsorbing into the bridged state, 
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where it would adsorb also at low coverages on the clean Ru(OOl) surface (5). 

At a higher initial coverage of NO, eNO = 0.32, the results are quite 

different. The vibrational spectrum of the initial surface is shown in 

Fig. 3(a), with peaks at 1395 and 1113 cm- 1. Spectrum (b) of Fig. 3 fol-

lows heating to 311 K, which again leaves a surface where only chemi

sorbed nitrogen and oxygen atoms are present. The spectrum of Fig. 3(c) 

was taken after the surface with dissociation products had been exposed to 

43 torr-s of NO at 150 K. It can be seen that the higher coverage of ni

trogen and oxygen atoms resulting from the higher initial coverage of NO 

almost completely prevents subsequent adsorption of molecular NO into the 

bridged state. Rather, adsorption of linear NO occurs after this exposure, 

in contrast to the behavior shown in spectrum (c) of Fig. 2. Further ex

posure of this surface ·to NO leads only to a growth in the intensity of 

the feature at 222 meV (1791 cm-1), which is due to linear NO, as shown 

in Fig. 3(d). 

The experimental data of Figs. 2 and 3 provide strong support for the 

two-site model of adsorption ·of NO (~,11_). The dissociation products of 

NO occupy the same sites on the Ru(OOl) surface as the bridged state of 

molecular NO. When the initial coverage of dissociation products is suf

ficiently high, as in Fig. 3, the surface is poisoned with respect to 

subsequent adsorption of bridged NO. At a lower initial coverage of N 

and 0 adatoms (Fig. 2), the NO can adsorb first into the (vacant) bridged 

sites, which are energetically preferred. This is consistent with previ

ous results in which adsorption of NO at 280 K yielded a vibrational 

spectrum which showed only evidence for the presence of chemisorbed 

oxygen and 1 inear NO on this surface. (.!_!_). 
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These conclusions are reminisce~t of those drawn from previous UPS 

studies of the adsorption of NO on · Ru(lOO) at 370 K, in which dissociation 

of NO was shown to precede adsorption of molecular NO in coverage·(l). 

ThiS adsorption sequence . has also · been postulated . to .occur on polycrystalline 

Rh at room temperature on the basis of CO titration experiments . (!?_). 

At an initial relative coverage of NO of 0.15, dissociation of the 

bridged NO is complete by 250 K, as shown by spectrum (b} of Fig. 2. If 

one assumes that the (coverage-independent) value of the pre-exponential 

factor of the rate coefficient is io13s-1, then the activation energy 

for dissociation of this state is approximately 16 kcal/mole. 

Thermal desorption experiments indicate that there is a minimum 

relative coverage below which no desorption of molecular NO occurs. 

Thermal desorption spectra of molecular N15o16 which follow exposure to 

various amounts of N15o16 at 150 K are shown in Fig. 4. The heating rate 

used in the desorption experiments was 21 ± 1 K/s. The maximum amount of 

N15o16 which desorbed represented only 5% of the total N15 whi.th .desorbed 

as mass 30. (This relative intensity may be subject to slight error due 

to preferential adsorption of N15o16 at the walls of the vacuum chamber.} 

The molecular N15o16 desorbs as a single first-order peak at 480 K, from 

which it follows that the value for the activation energy for desorption 

is 31 kcal/mole, assuming that the pre-exponential factor of the desorption 

rate coefficient is 1013s-1. Below eNO = 0.5, no molecular N15o16 desorbs. 

The onset of desorption of molecular NO at intermediate relative coverages 

of NO has also been observed on Ni(lll) (_!~_), polycrystalline Rh (_~_z_), 

Ru(lOO) (~) and Ru(lOl) (_!2.). In our experiments. desorption as molecular 

NO may occur only when the coverage-dependent activation energy for 
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dissociation (_~) becomes comparable to the activation energy for desorption. 

Another perspective is that desorption of some molecular NO above eNO = 0.5 

may be necessary to free sites on the surface required for dissociation of 

the remaining NO. 

4. Summary 

The major conclusions from this investigation of NO adsorption on 

Ru(OOl) may be summarized as follows: 

(1) Bridged NO dissociates with an activation energy of approxi

mately 16 kcal/mole at low relative coverages. 

(2) At a sufficiently high coverage of dissociation products, the 

Ru(OOl) surface is poisoned with respect to subsequent adsorption 

of bridged NO. Rather, adsorption into the linear state of NO 

occurs. 

(3) Desorption of molecular NO begins to occur only at intermediate 

coverages, following adsorption at 150 K. This may be related 

to the coverage dependence of the activation energy for dis

sociation of bridged NO. 
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Figure Captions 

Fig. 1: Energies of the .nitrogen-oxygen vibrations of the two major 

states of ·molecular NO on Ru(OOl) at 150 K as functions of 

exposure and cover.age. The error bars show the typi'ca 1 un

certainty in each individual frequency .assignment, approximately 

± 1 meV (± 8 cm-1). In the proposed model, the lower curve 

represents the frequencies observed for bridged NO, and the 

upper curve represents the . frequencies observed for linear NO. 

Fig. 2: A series of energy loss spectra of mqlecular NO and its dis-

sociation products adsorbed on·Ru(OOl). 
.A 

(a) Follows an exposure of ENO = 22 torr-s (eNO = 0.15) at 

T = 150 Kon clean Ru(OOl). 

(b) Follows heating the . surface represented in (a) to 250 K. 

(c) Follows exposing the surface represented in (b) to 43 torr-s 

NO at 150 K. 

Fig. 3: A series of energy loss spectra of molecular NO and its dis

sociation products adsorbed on Ru(OOl). 

(a) Follows an exposure of sNO = 55 torr-s (5NO = 0.32) at 

150 Kon clean Ru(OOl). 

(b) Follows heating the surface represented in (a) to 311 K. 

(c) Follows exposing the surface represented in (b) to 43 torr-s 

NO at 150 K. 

(d) Follows exposing the surface represented in (c) to 43 torr-s 

NO at 150 K. 

Fig. 4: Thermal desorption spectra of N15o16 following adsorption of 

N15o16 on Ru(OOl) at 150 K. The baselines of the desorption 

spectra are displaced relative to one another for clarity. 
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Chapter 7 

A DETER~INATION OF ADSITE SYMMETRY ON SURFACES VIA 
ELECTRON ENERGY LOSS SPECTROSCOPY: 

CO-ADSORPTION OF CO AND NO ON Ru{OOl) 

1. Introduction 

2. Experimental Methods 

3. Results and Discussion 

4. Synopsis 

[This chapter was published as a paper by P. A. Thiel~ W. H. Weinherg 
and J. T. Yates~ Jr. in The Journal of Chemical Physics ~ (1979) 
1643.] 
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. ABSTRACT 

Electron energy loss spectroscopy has been used to study the 

vibrational energies of NO and CO co-adsorbed on the Ru(OOl) surface. 

Adsorption of CO competes directly with adsorption of one of the two 

molecular states of NO. This is interpreted in terms of the geometry 

of the adsorption sites for CO and NO and is consistent with models 

proposed previously for adsorption of CO and NO separately on the 

Ru(OOl) surface. 
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1. Introduction 

The adsorption and dissociation of NO on the Ru(OOl) surface, as 

studied by high resolution electron energy loss spectroscopy (EELS), has 

been reported recently (J:._). The vibrational spectra of CO adsorbed on 

this hexagonally close-packed surface have been measured also (l,l). In 

this work, we report vibrational measurements of co-adsorbed overlayers 

of CO and NO on Ru(OOl) which demonstrate directly the occurrence of site 

competition between the two adsorbates. Furthermore, these data support 

and clarify the models of adsorption site geometries proposed previously 

for the single adsorbates (1 - 5). 

The characterization of CO and NO co-adsorbed on the platinum group 

metals is important in elucidating the mechanisms involved in the oxi

dation of CO and simultaneous dissociation/reduction of NO over these sur-

faces. Few previous studies of the interaction between CO and NO on clean, 

well-characterized surfaces have beeh reported. On Pt(lll) and Pt(llO), 

Lambert and Comrie(~_) have inferred from thermal desorption data that 

gaseous CO displaces molecular NO from the surface and also causes a con-

version between two thermal desorption states of molecular NO. The high 

temperature state, which undergoes conversion and displacement, is the 

only one which is reactive in the oxidation of CO. Similarly, Campbell and 

White (ZJ report that adsorbed CO inhibits the oxidation of CO by NO at 

low temperature on polycrystalline Rh. They attribute this to the occupation 

of sites by CO which are required for NO adsorption and dissociati.on. Conrad 

et a). (8) have used UV-photoelectron spectroscopy to observe dj,rectly the 

di sp 1 a cement of mo 1 ecul a r NO by gaseous CO from Pd (110) and po 1 ycrys ta 11 i ne Pd 
surfaces. Thus, it appears that adsorption of molecular NO and CO is compet
itive on these surfaces, at a temperature below that at which oxidation of 

CO occurs. The present study shows directly that a competitive mechanism 
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is operative in co-adsorption on Ru(OOl) also~ 

2. · Experiment~l Method~ ·· 

The experiments were performed in a stainless steel vacuum system 

with a base pressure of 5 x io-11 torr. The mechanical polishing and 

chemical cleaning procedures used in preparing the Ru(OOl) crystal have been 

reported previously(l-5). The crystal was exposed to NO through a di

rectional beam doser and was exposed to CO by backfilling the vacuum 

system with gaseous CO. Relative coverages of NO are based on thermal 

desorption peak areas of N2 and NO, and absolute coverages of CO are based 

on combined thermal desorption data and LEED observations · (~,~). All 

exposures were performed with the crystal at temperatures between 120 K 

and 180 K, unless otherwise specified. 

The electron spectrometer used in these energy loss measurements 

has been described fully elsewhere (_~). The energy of the incident 

electron beam was 4 eV. The full-width at half-maximum of the elastic 

peak varied from 13 to 16 meV, with 5 x 105 cps of elastic electrons 

reflected specularly from the clean surface. The counting rate in the 

elastic channel decreased by a factor of 20 with increasing exposure to 

NO. A similar effect was also reported in the vibrational spectra of 

pure NO on Ru(OOl) (_!__). The energies of the loss features are accurate 

to within approximately ± 1 meV (± 8 cm- 1). 

3. Results and Discussion 

Energy loss spectra of NO and CO adsorbed separately on Ru(OOl) 

are sho~n in Fig. 1. The energy loss spectra shown in Fig. l(A), for 
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various coverages of NO at 120 K s T ~ 180 K, are con~istent with a 

model in which molecular NO adsorbs in two sites of different symmetry 

(lJ. The energy loss feature at 174-189 meV (1404-1525 cm-1) is 

assigned to the N-0 vibration of NO adsorbed at a site of two- or three

fold coordination, in analogy with doubly- and triply-coordinated nitrosyl 

ligands in homogeneo~s metal clusters (l,lQ_,]JJ. This form will be 

referred to as "bridged". The loss feature at 221 - 226 meV (1783 -1823 cm- 1) 

can similarly be assigned to NO bound linearly in an on-top site (]1_.). 

This form will be referred to as "linear". At low coverages, the NO adsorbs 

in the more strongly bound bridged form; at coverages greater than approx-

imately 1/3 of saturation, the on-top site becomes populated. 

A transient feature at approximately 1154 cm-l occurred in 

some spectra. This feature was noted previously {_!) and apparently repre

sents an adsorbate which is unstable at 120 K < T < 180 Kon Ru(OOl). 

In several cobalt complexes, the presence of .the hyponitrite ligand, 

N2o2, is characterized by infra red bands between 925 and 1195 cm -l, 

depending upon the nature of the anion and the other 1 igands ( 13). The 

exact nature of the transient species on the Ru(OOl) surface will require 

further clarification, however. 

A low energy feature at 66-71 meV (533-576 cm-1) is observed also. 

The frequency range for the Ru-0 stretch of atomic oxygen on Ru(OOl), de

termined in separate studies (~,i), is 64 - 74 meV (516 - 596 cm-1). However, 

in inorganic complexes the Ru-N vibration of those nitrosyl ligands with 

N-0 frequencies above 1800 cm-l is reported to occur in the range 

570 - 638 cm-l (~,~). In our spectra, the intensity of the 1 ow energy 

feature correlates with the appearance and growth in intensity of the 
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loss feature above 1780 cm-1, whith is d~e to linear NO [Fig. l(A)J. 

This suggests strongly that~ at T s 180 K, the vibrational feature at 

66-71 meV is due to the .Ru-NO stretch of linear NO. This assignment is 

supported by the fact that, at T ~ 150 K, Umbach, et al. see no 

evidence for dissociation of NO on Ru(OOl) using X-ray phntoelectron 

spectroscopy (_!_§). At higher temperatures, where dissociation products 

and molecular NO are both present on the Ru(OOl} surface, the Ru-NO loss 

feature is unresolved from the Ru-0 feature in our experiments. 

Experimentally, thermally-induced dissociation of NO occurs at 

higher temperatures as the relative coverage increases. Withtn the 

framework of the two-site model of NO adsorption, this can oe understood 

as follows: Upon heating, the bridged NO produces dissociation products 

which occupy multiple coordination sites on the Ru(OOl) surface. This 

is accompanied by conversion of the bridged form of NO to the linear 

form. This conversion _is i nhi bi ted by the presence of a high 

initial coverage of linear NO. At high NO coverages, dissociation is 

impeded due to this site competition. The two-site model is thus con

sistent with the observed coverage dependence of the activated dissociation 

of . NO (1_). 

Previous low-energy electron diffraction (LEED) data for CO on 

Ru(OOl) (_~_) indicate that adsorbed CO forms coincidence lattices at 

absolute coverages, eCO' greater than 1/3, in which many of the CO 

molecules are in low-symmetry adsorption sites. A (13" x /J)R30° LEED 

pattern is observed at eCO = 1/3, however, and presumably corresponds to 

CO molecules adsorbed in sites of high symmetry. 
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The energy loss spectra for this system, represented in Fig. l(B), 

show a single C-0 stretching frequency which shifts with increasing 

coverage. At an adsorption temperature of 180 K, the frequency of the 

C-0 vibration at saturation coverage is 252 meV (2033 cm- 1). The energy 

loss feature at approximately 55 meV (444 cm- 1) is assigned to the Ru-CO 

stretching vibration, and the feature at approximately 106 meV (855 cm- 1) 

is the first harmonic of this vibration. The C-0 vibration occurs in 

the frequency range commonly assigned to CO bound linearly to a single 

metal atom, in spite of the observation of coincidence lattices in the 

LEED structure. This may be evidence that the Ru(OOl) surface is 

electronically and geometrically homogeneous with respect to adsorption 

of CO at high coverages, where CO-CO repulsive interactions predominate 

in the formation of the ordered overlayer (~,l_,~), although recently 
an alternative model has been proposed with CO bound exclusively in 
on-top sites which is also consistent with the LEED data (5b). 

In Fig. 2, vibrational spectra are shown for four experiments in which 

the Ru surface, with four different initial coverages of CO, was exposed 

to various amounts of NO (!Z). It is apparent that for initial absolute 

cove~ages of CO, e~0 , less than 0.3 [Fig. 2(A) and (B)J, the subsequent 

adsorption of NO occurs with an attenuation of intensity of the linear 

NO loss feature [1791 - 1831 cm-l in Fig. l(A) and (B)J relative to the 

loss spectra of NO on clean Ru(OOl) which were obtained after equal NO 

exposures [Fig. l(A)J. Qualitative comparison of the intensities of the 

loss features in Fig. 2(A) and (B) suggest that adsorption of NO may be 

accompanied by some displacement of CO from the surface for e~0 ~ 0.3. 

The observed variations in energy of the vibrational loss features may be 
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due to changes in coverage of the . individual adsorbates and/or interac~ions 

between different adsorbates. At e~0 ? 0.3, adsorption of NO occurs only 

in the bridged sites [1395-"1460 cm-1 in Fig. 2(C) and (D)J. The fact that 
NO can adsorb into the linear sites only below eco ~ 0.3 is evidence that 
the CO molecules in the (/3 x /3)R30° lattice are adsorbed in the on-top sites. 

In Fig. 3, vibrational spectra are shown for three experiments in 

wh.i ch . exposure to NO was fo 11 owed by exposure to CO., the . reverse of the 

exposure sequence of Fig. 2. The spectrum of Fig. :3(A) is to be compared 

with the spectrum of Fig. l(A) which follows a 120 torr-s (lZ_) NO exposure. 
It can be seen in Fig~ 3(A) that exposure to CO causes displac~ment and/or 

conversion of the NO which would have yielded the loss feature at 1783 cm-l 

(linear NO) in the absence of exposure to CO. In Fig. 3(B), the conversion/ 

displacement is obviously more difficult due to the higher initial coverage 

of NO relative to the saturation coverage of NO on the clean surface, 

"' eNO = 1. Qualitative comparison of the relative peak intensities of 

Figs. 3(A) and (B) implies also that less CO adsorption occurs for the 

higher value of g~o· 

Finally, the energy loss spectra of Fig. 3(C) clearly show that 

conversion · from linear _!Q_ bridged NO occurs during adsorption Qf_CO. 

Whether displacement of NO by CO from the surface occurs also cannot be 

determined on the basis of these data. The surface represented by the 

spectrum at the bottom of Fig. 3(C) was prepared by exposing the Ru(OOl) 

crystal to NO at 280 K. At an exnosure temperature between 120 K and 

180 K, this 120 torr-s exposure (__!_.?) would have resulted in the spectrum 

of Fig. l(A) and a relative surface coverage of e~0 = 0.6. Exposure at 

the higher temperature allows dissociation of bridged NO to occur, 

resulting in the exclusive population of the linear molecular NO state 

at this coverage. This is consistent with the thermally activated 
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dissociation experiments reported previously (!)~ where dissociation of 

low initial coverages of NO was complete by T = 316 K. Exposure to CO 

of the surface of Fig. 3(C), where only linear NO and dissociation pro

ducts are present, results in the growth of the 1508 cm-1 loss feature 

(b~idged molecular NO), th~ · growth of the 2057 cm-l feature (adsorbed CO), 

and a decrease in the intensity of the 1823 cm-l feature (linear molecular 

NO) relative to the other two. The 548 cm-l feature (Ru-0 and Ru-NO 

stretchin·g vibrations) becomes almost obscured by the 411 cm-l feature 

{Ru-CO vibration) as the CO exposure increases. 

The model proposed here for the competitive adsorption of CO and 

NO on Ru(OOl) has a close analogy in the reactions of two metal cluster 

compounds. The compound Os3(co) 12 , which has 12 linear, singly-coordinated 

CO ligands, reacts with gaseous NO to form Os 3(co) 9(N0) 2, in which three 

of the carbonyl ligands on one Os atom have been replaced by two singly

coordinated nitrosyl ligands. This compound can be reacted further with 

CO(g) to form Os 3(C0) 10 (N0) 2, in which both nitrosyl ligands are now 

two-fold coordinated (bridged), and an Os-Os bond has been broken (~). 

The reaction sequence is illustrated in Fig. 4. This reaction proceeds 

similarly for the Ru 3(co) 12 cluster (l:.2). The conversion of the nitrosyl 

ligand by CO(g) from~ single to~ multiple coordination state with the 

metal ~thus seen~ both heterogeneous and homogeneous~ systems. 

4. Synopsis 

The data presented in this paper demonstrate the validity of the 

two-site model for adsorption of NO on Ru(OOl) proposed earlier (:!_). 
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Adsorbed CO competes directly with NO for the adsites which are occupied 

by the linear form of NO. Adsorption of NO, followed by exposure to 

gaseous CO, causes at lea~t partial conversion from the linear to bri~ged 

form of NO as adsorption of CO occurs. Adsorption of CO, followed by 

0 exposure to gaseous NO, prev~nts adsorption of linear NO at eCO ~ 0.3. 

The fact that some NO can adsorb into the linear sites only below e~0 = 0.3 

is evidence that the CO molecules · in the (13" x 13")R30° overlayer are 

adsorbed in the on-top sites~ · 
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Figure Captions 

Fig. 1: Electron energy loss spectra of CO and NO adsorbed separately 

on the Ru(OOl) surface, for various coverages. eCO is the 

absolute coverage of CO (number of CO admolecules per substrate 

unit cell), and eNO is the coverage of NO relative to saturation. 

The CO exposures, €C
0
,are reported in Langmuirs (L), where 

1 L = 1 x 10-6 torr-s. The energies of individual loss 

f t 
. . -1 ea ures are given in cm . 

Fig. 2: Electron energy loss spectra of the Ru(OOl) surface following 

exposure to CO and subsequent exposure to NO, at 120 K s T s 

180 K. The energies of the individual loss features are given 
. -1 
in cm 

Fig. 3: Electron energy loss spectra of the Ru(OOl) surface following 

exposure to NO and subsequent exposure to CO at the temperatures 

indicated. The energies of the individual loss features are 
. . -1 

g1 ven in cm . 

Fig. 4: Illustration of the reaction of Os 3(co)12 with NO(g) and subse

quent reaction with CO(g) (12). 
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Chapter 8 

ADSITE SYMMETRY AND VIBRATIONAL STRUCTURE OF 
NO AND H2 CO-ADSORBED ON THE Ru(OOl) SURFACE 

1. Introduction 

2. Exper1mental Methods 

3. Results and Discussion 

4. Synopsis 

[This chapter was published as a paper by P. A. Thiel and Ti. H. fleinberg 
in The Journal of Chemical Physics 73 (1980) 4081.] 
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Aostract 

The co-adsorption of molecular nitric oxide and hydrogen on Ru(OOI) 

has . been studied using electron energy loss spectroscopy. Previous work 

has shown that molecular nitric oxide occupies sites of single- and 

multiple- (probably three-fold) coordination. Competitive adsorption 

between hydrogen and the latter-form of molecular NO is interpreted in 

terms of hydrogen preferentially adsorbing into three-fold syrrnnetric 

sites. This is consistent with experimental results and theoretical 

calculations for other surfaces. 
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1. Introduction 

In recent years significant progress has been made in the identi

fication of adsorption sites which are preferentially occupied by atomic 

adsorbates on metal surfaces. Hy using surfaces which are crystallograph

ically well defined, one can limit the number and type of high-symmetry 

sites which are available (in the absence of adsorbate-induced reconstruc

tion), thus making the problem tractable. The most definitive experiments 

in this area have utilized profiles of the intensity as a function of 

incident energy {I-V profiles) of low-energy electron diffraction (LEED) 

beams {l-_!J, normal coordinate analyses of vibrational transitions ob

served in electron energy loss spectroscopy (EcLSJ {i-2_), and analyses 

of order-disorder phase transitions {lQ_-Jl). The results of such exper

iments to date, considering only the hexagonal surfaces of the Group 

VIII transition .metals, indicate ·that hydrogen adsorbs in the three-fold 

hollow sites in an ordered (2x2) superstructure on Ni (111) (l,§..,1Q), and 

also at saturation coverage on Pt(lll) (2_). From data available for 

other types of systems, hydrogen apparently occupies the two-fold bridge 

sites at maximum coverage on W(lOO) (i, _§_, ]_) and the hollow four-fold 

sites on Ni(lOO) (JI). In the present study, the co-adsorption of 

molecular nitric oxide and hydrogen on Ru(OOl) was studied using EELS 

and thermal desorption mass spectrometry (TDS). The results are inter

preted in terms of a site-competitive model, and the three-fold hollow 

sites are found to be the preferred adsorption sites of hydrogen on the 

Ru(OOl) surface. 
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2. Experimental Methods 

The experimental chamber was a stainless steel ultrahigh vacuum 

-11 system with a base pressure of 4 x 10 torr. The Ru crystal was cut 

from a boule supplied by Materials Research Corporation, which was orien

ted to within 1° of the (001) plane, as determined by Laue back-reflection 

X-ray diffraction, and then cut with a rotating wire saw. The crystal . 
-8 was cleaned in vacuum by heating repeatedly to 1370 K in 5 x 10 torr 

o2, followed by several minutes of annealing in vacuum at 1570 K. lhis 

· cleaning procedure has been suggested by previous authors (_J].J, and it 

was verified in our laboratory in a separate vacuum system equipped with 

LEED optics and a single-pass cylindrical mirror energy analyzer for 

Auger electron spectroscopy (Ji,~). Occasionally, the oxygen cleaning 

treatment and exposures to nitric oxide resulted in formation of a 

tenacious surface oxide, as judged by the presence of a 64 to 74 meV 

loss (and gain) feature in the inelastic scattering spectrum (~, ]_§). 

Heating the Ru sample for total periods of up to 30 minutes at 1580-1600 K 

was required to remove this oxide. The crystal temperature was moni-

tared with a 95% W/5% Re vs. 74% W/26% Re thermocouple spotwelded to the 

edge ot the Ru disk, and the calibration scale of Sandstrom and Withrow 

(Jl) was used to correlate thermocoup .le voltage with temperature below 

273 K. The crystal could be cooled using liquid nitrogen to approximately 

150 K within 10 to 20 minutes after annea)ing at 1570 K. Unless other-

wise specified, the temperature of the crystal during adsorption in all 

cases was between 120 Kand 180 K. It was heated resistively by passing 

current through the two parallel Ta support wires, 0.025 cm in diameter, 
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which were spotwelded on the back face of the crystal. An effusive molecular 

beam system(_!§_) was used to expose the sample to NO . . Exposures of NO, 

ENO' are exoressed in units of torr-s, which is the product of the pres

sure in a gas storage bulb behind a glass capillary and the time of 

exposure. Thermal desorption peak areas of N2 and NO provided a calibra

tion ot the coverage of NO relative to saturation, §No· A similar pro

cedure was used for the measurement of relative hydrogen coverages. 

Thermal desorption spectra were measured with a quadrupole mass spectra-

meter, model UTI lOOC, using an emission current of 2.0 mA. The sample 

was exposed to H2 by backfilling the entire vacuum system with the gas, 

and these exposures are reported in units of Langmuirs (1 L = 1 Langmuir 
-6 = l x 10 · torr-s), corrected by a factor of two to compensate for 

the senstivity ot' the ionization gauge for H2 relative to N2 U2). 

The electron spectrometer used in the energy loss measurements is 

based on the Kuyatt-Simpson hemispherical deflector design (20), and a 

comp I ete description is ava i I ab I e e I sewhere ( 21). ·1 he energy of the 

incident beam of electrons was 4 eV, and the angle of incidence was 62° 

from the surface normal. In the specular direction, the count rate in 

the elastic channel was b x lo5 cps. ·1he half-width of the elastic peak 

varied from 10 to lb meV. The energy assignments of the loss features 
. - l have an accuracy of approximately± l meV, where I meV = 8.066 cm . 

3. Results and Uiscussion 

The vibrationa·1 spectra of nitric oxide chemisorbed on Ru(OOl) have 

been reported and discussed previously (2L, 23, 24). They are character-

ized by two loss features in the range expected to encompass the nitro-
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gen-oxygen stretching mode of molecularly adsorbed NO, i.e., between 

1350 and 2000 cm-l, in analogy with the infrared spectra of metal com

pounds containing nitrosyl ligands (25, 26, 27). The frequencies of 

both transitions increase with increasing coverage, as shown in Fig. 1. 

The high-frequency vibration, which appears at coverages greater than 

approximately one-third of saturation, varies in energy from 1783 to 

1823 cm-1. Since it is in the region usually associated with a terminal 

and linear M-N-0 (formally NO+) configuration (25, 26, '{]_), this vibra.tion 

is reasonably assigned to molecu~ar NO linearly bound to a single Ru atom. 

The vibration at lower energies, which varies from 1379 to 1525 cm-l, 

is due to a form of molecular NO which is populated first, at lowest 

coverages (cf., Fig. l·). In general, frequencies between 1525 and 

1750 cm-l are due to bent nitrosyls (formally NO-) with M-N-0 angles 

between 119° and 177°, where M is a transition metal atom. Altho~gh 

correlations between vibrational frequencies and bonding configurations 

are not exact due to (at least in part) the variable electronic influence 

of the other ligands in the metal complex (~, 26, 28), it is apparent 

that the energy range observed for bent nitrosyl ligands (1525-1750 cm-1) 

does not overlap the energy of the low-frequency vibration observed in 

the chemisorption experiments (1379-1525 cm- 1). The low-energy vibration 

of molecularly adsorbed NO may be assigned more satisfactorily to 

"bridged" NO adsorbed at a side of two- or three-fold coordination. In 

support of this assignment, each of the nitrosyl ligands in the compound 

Ru 3(C0) 10 (N0) 2 is bound to two metal atoms, and the N-0 vibrational fre

quencies lie between 1533 and 1500 cm-l, depending slightly upon the 
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solvent or matrix _(29, 30, _ll). In the compound (C5H5)lo3(N0) 2, the 

nitrosyls are both bound to three cobalt atoms, and a strong absorption 

band due to the N-0 stretching frequency is found at 1405 cm-l (32). The 

three-fold symmetry of the Ru(OOl) surface, combined with the infrared 

frequencies discussed herein, suggests that the low-frequency state of 

molecular NO is adsorbed at a site of three-fold or, less probably, two

fold coordination. 

In separate experiments, X-ray photoelectron spectroscopy (XPS) and 

ultraviolet photoelectron spectroscopy (UPS) have shown the existence of 

two discrete states of molecular NO adsorbed on Ru(OOl) also ~). 

Other features, observed at 1154 cm-l, 533-576 cm-l, and 516-596 cm-l 

are assigned .to an unidentified molecular species [possibly N2o2 (ll)J, 

the Ru-NO stretch of the linear NO, and the Ru-0 stretch of atomic oxygen 

(resulting from NO dissociation at elevated temperatures), respectively. 

A thorough discussion of these assignments has been given previously 

There is strong evidence that the bridged molecular NO, nitrogen ad

atoms and oxygen adatoms occupy identical types of surface sites. In 

previous experiments, it was found that the nitrogen and oxygen adatoms 

which are the dissociation products of NO can prevent subsequent ad

sorption of the bridged molecular NO (24), and that approximately twice 

as many adsorption sites are occupied by the dissociation products as by 

molecular NO (33). Ku, et al. (34) similarly concluded that N and 0 

adatoms occupy identical adsorption sites on a Ru(lOl) surface following 

dissociative adsorption of NO at 363 K, based on the observation that 
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exposure to o2 or to NO caused the same sequence of LEED patterns to form 

at this temperature. Selective titration experiments supported their con-

clusion and led them further to posit that the N and 0 adatoms exist 

separately on the surface as islands (34). 

The adsorption site of oxygen in a (2x2) overlayer superstructure 

has been determined on three hexagonal surfaces: Ni(lll) (_g_,_!l); Rh(lll) 

(~_); and Ir(lll) (~_). I-V profile analyses (~,_l,!!_) and also, in the 

case of Ni(lll), an order-disorder phase transition analysis(.!_!), have 

located the oxygen adatom at three-fold hollow sites in all cases. [For 

the sake of the present discussion, no distinction will be made between 

the two kinds of three-fold sites present on a (111) surface of an fee 

crystal.] If this trend extends to the {_001) surface of Ru also, the 

arguments given above lead to the conclusion that the bridged molecular 

NO is three-fold coordinated. The validity of the assumption that oxygen 

adsorption on Ru {_001) is ana 1 ogous to adsorption on Rh (Jll} is supported 

by the closeness of the metal-oxygen vibrational frequencies observed on 

these surfaces: 516-596 cm-l (~,16) and 520 cm-l (.35}, respectively. 

These frequencies are incompatible with oxygen coordinated to a single 

metal atom, for which a Ru-0 vibrational frequency of 800-950 cm-l is to 

be expected, by inspection of the infra.red spectra ofmetal-oxy complexes 0_§_). 

Spectrum (a) of Fig. 2 represents a typical EEL spectrum of the 

clean Ru(OOl) surface. Spectrum (b) represents a clean surface which 

has been exposed to 20 L H2. Note that no new vibrational features are 

detectable. Spectrum (c) follows exposure of the surface of (b) to 

55 torr-s NO, and is to be compa red with spectrum (.d), where the clean 
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Ru(OOl) surface was exposed to the same amount of NO as in (c). Pre-

exposure to a saturation coverage of H2 obviously inhibits adsorption of 

some of the bridged NO and favors adsorption into the linear sites. A 

similar effect was noted for other exposures of NO. 

These results are at variance with those reported by Umbach, et. al. 

(33), who concluded that pre-adsorbed hydrogen could essentially block 

adsorption of molecular NO in the linear state, which they designate 

as the v2 state, based on XPS data. The reason for this discrepancy is 

unclear, particularly since other available data indicate a good car-

relation between these EELS and XPS experiments (22 - 24,33). -

The absence of a loss feature which can be attributed to a Ru-H 

stretching mode [Fig. 2(b)J is surprising in view of the recent report 
-1 

that the symmetric Pt-H stretch occurs at 550 cm on Pt(lll) (_~_). In ad-

dition, a feature at 1230 cm-l was attributed to the asymmetric stretch of 

hydrogen adsorbed at a site of three-fold symmetry, from an analysis of 

dipole-allowed and dipole-forbidden excitations ~ (_~_). In transition metal 

hydrides, hydrogen atoms bound to a single metal atom cause absorption 

at 2200 - 1600 cm- 1 in the infrared spectra, whereas edge-bridging hydro

gen atoms are characterized by weak and broad absorption in the 1400 -
-1 800 cm range (l.Z_). This is compatible with the aforementioned assign-

ment of a triply coordinated hydrogen atom at an even lower frequency. 

The Ru-H loss feature (s) in the present case may be unobserved due to 

a low dynamic dipole moment for this vibration. 

In Fig. 3, thermal desorption spectra are shown following adsorption 

of hydrogen on a clean Ru(OOl) surface [Fig. 3(a)J, and a surface with 
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pre-adsorbed nitric oxide [Fig. 3(b)J. The data of Fig. 3(a) are in 

good agreement with previously reported spectra for this adsorption 

system (38 - 40). The data of Fig. 3(b) indicate that a preexposure 

to nitric oxide of 55 torr-s [Fig.2(d)J does not prevent adsorption 

during subsequent exposure to hydrogen, since 40 to 60% 

as much hydrogen desorbs in the experiment represented by Fig. 3(b) as 

from a saturated overlayer of hydrogen on the clean surface. This is 

consistent with the results of EELS experiments such as those shown 

in Fig. 4. Here, the surface was exposed to 55 torr-s of NO [Fig. 4(a)J 

to populate the bridged state, then to hydrogen [Fig. 4(b)J. Within 

experimental error, the results are identical when deuterium is used 

rather than hydrogen, as shown in Fig. 4(c). This precludes the 

possibility that any of the vibrations in Figs. 4(b) or (c) involve 

hydrogen atoms. The fact that the intensity of the loss feature which 

is associated with the linear NO has increased in Fig. 4(b) indicates 

that the hydrogen has displaced some of the bridged NO into the linear 

sites. The observation that hydrogen adsorbs competitively with the 

briaged molecular NO (Figs. 2 and 4) is thus consistent with its occupy-

ing the threefold sites, as it does also on the Pt(lll) (2_) and Ni(lll) 

(1,.§.,lQ) surfaces. 

It should be noted that UPS data indicate a significantly different 

type of bonding between hydrogen and Ni (.1]_, 42) than between hydrogen 

and Pd (11_, 42), Ir (43) or Pt (42). For the latter group of metals, 

this difference manifests itself as a large attenuation of photoemission 

from the d-band, indicating that hydrogen interacts primarily with the 
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sp-band of Ni and the d-band of the other metals. In spite of this 

difference, recent ab initio calculations for hydrogen adsorption on 

Ni(lll) (44) and Pd(lll) (45) surfaces predict that the hydrogen atoms 

prefer the three-fold symmetric sites in both cases, and the results 

of these calculations are supported by comparison with experimental 

energy loss and photoemission data (8, _11, .1_1, 42, 44, 45). 

4. Synopsis 

Hydrogen adsorbs dissociatively and competitively with the bridged 

form of molecular NO on Ru(OOl), based on data from electron energy 

loss experiments. This is interpreted in terms of site competition for 

the three-fold hollow sites between these two species. This interpre

tation is consistent with all supporting data, as well as with models 

proposed for hydrogen chemisorption on other surfaces. 
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Figure Captions 

Fig. l: Energies of the nitrogen-oxygen vibrations of the two major 

states of molecular NO on Ru(OOl) as functions of exposure and 

coverage (24). The error bars show the typical uncertainty in 

Fig 2: 

each individual frequency assignment, ap.proximately ± l meV 
-1 

(± 8 cm ). The lower curve represents bridged NO, and the 

upper curve represents linear NO. 

(a) Representative EEL spectrum of the clean Ru(OOl) surface. 

(b) Vibrational spectrum following a 20 L exposure of H2. 

(c) Vibrational spectrum following an NO exposure of 55 torr-s 

on the hydrogen pre-treated surface of (b). 

(d) Vibrational spectrum following an NO exposure of 55 torr-s 

on a clean Ru(OOl) surface, for comparison with (c). 

Fig. 3: Thermal desorption of hydrogen from Ru(OOl). The spectra, taken 

in digital form, have been smoothed empirically. 

(a) Desorption following various exposures of H2 on clean Ru(OOl). 

(b) Desorption following an H2 exposure of 30 L on a surface 

which had been pre-treated with an NO exposure of 55 torr-s. 

Fig. 4: Electron energy loss spectra of the Ru(OOl) ~urface follo~ing 

sequential exposure to NO [spectrum (a)] and then either H2 

[spectrum (b)J or D2 [spectrum (c)J. 
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Chapter 9 

THE ADSORPTION OF WATER ON 
THE (001) SURFACE OF RUTHENIUM 
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3. Results and Discussion 

3.1. Vibrational Spectra at 95 K 

3.1.1 The v0H Mode 

3.1.2 The Intramolecular Deformation Mode, vs 

3.1.3 Relative Intensities of the v0H and vs Features 

3.1.4 Librational and Translational Modes 

3.1.5 AREELS and the Scattering Mechanism 

3.2 Thermal Desorption Data 

3.3 Changes in Work Function 
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3.5 Heating Experiments 
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Abstract. 

The properties of H20 adsorbed on Ru(OOl) at 95 K have been 

studied using a variety of techniques. The geometrical properties 

of the overlayer, deduced from LEED and ESDIAD (]J data, indicate that 

layered, hydrogen-bonded clusters of H20 molecules form which have 

specific orientation with respect to the hexagonal metal substrate. 

The vibrational, electronic and thermodynamic properties of the first 

two layers of H20 molecules are distinct from the properties of ice 

multilayers. At an adsorption temperature of 165 K, only the first 

two layers are adsorbed, and the H2o lattice is more well-ordered than 

at 95 K, which is an effect analogous to the irreversible vitreous-to-

cubic phase transition which occurs at about this temperature in bulk 

ice. The inelastic electron scattering mechanism has been investigat

ed and angle-resolved scattering experiments have enabled the resolution 

of overlapping vibrational features with different angular distribu

tions of intensity. The scissoring mode frequency of chemisorbed wa

ter at 1510 cm-l is indicative of bonding via electron donation from 

the 3a1 and/or lb1 molecular orbitals of H20 to the metal, and thismay 

be related to the large H--0-:-Hbond angle of 116 + 10° which was derived 

from ESDIAD results {_!). 
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1. Introduction 

The properties of H20 adsorbed on metallic surfaces are 

interesting from several points of view. Firstly, the inter-

action of water with metal surfaces is of fundamental importance in relation 

to electrochemical processes, and vacuum techniques provide the only direct 

means available for spectroscopically characterizing the water-metal 

interface without tnterference from the 1 i quid me di um. Chemically, H20 

is isovalent with H2S and may serve also as a reference molecule in 

future studies of ·H2S adsorption, which is important as an agent of 

hydrogen embrittlement and catalyst poisoning. 

There are relatively few reported investigations of water adsorp

tion on clean metal surfaces. Those which are most important to the 

discussion of the present results include the electron-stimulated desorp

tion ion angular distribution (ESDIAD) and thermal desorption mass spec-

trometry _(TOMS) measurements of Madey and Yates (JJ, who examined H
2
0 

adsorbed on Ru(OOl). Also, very recently, Ibach and Lehwald (~) _ahd 

Sexton (]) have used electron energy loss spectroscopy (EELS) and TDMS 

to investigate water adsorbed -on Pt surfaces. In all cases there is 

evidence that interactions occur between water molecules at submonolayer 

coverages, which is not surprising in view of the well-known prop~nsity 

of H2o molecules for hydrogen-bond formation (e.g. 4 - 7). 

In the present investigation, we have studied the adsorption of 

H20 on Ru(OOl) using EELS, TOMS, low-energy electron diffraction (LEED) 

and ultraviolet photoelectron spectroscopy (UPS). Strong intermolecular 

interactions (i . e. hydrogen bonds) are evident in the vibrational 
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and geometric properties of this adsorption system. in addition, 

the present investigation contains several unique features. It is the 

first detailed report of the scattering mechanism of the vibrational modes 

of H20 molecularly adsorbed (~) on a metal surface, from which both di

polar and nondipolar scattering mechanisms are evident. This investigation of 

the scattering mechanism has facilitated the assignment of overlapping 

features with different angular distributions of intensities. It is 

also the first report of an irreversible phase trans.formation of wate.r~ 

analogous to the vitreous --rcubic transformation of bulk ice, but studied 

on a molecular scale. Finally, it is one of the few cases in which EEL has 

been able to clarify a model proposed previously on the basis of ESDIAD and 

TOMS data (1). Thus, a ·uniquely detailed description of the properties of 

this adsorption system has been obtained. 

2. Experimental 

The experiments were performed on Ru(.001) single crystals which 

were oriented, cut and polished as described elsewhere (_2-). Two 

separate stainless steel, ion pumped, ultrahigh vacuum systems were used 

in these experiments. The high resolution electron scattering experi

ments were performed in a chamber with a base pressure of 4 x 10-11 Torr; 

after a typical series of water exposures the residual pressure rose to 

-10 b a maximum value of 2 x 10 Torr. The crystals were exposed to gas y 

backfilling the entire vacuum chamber through a leak valve. Water was 

prepared by distillation at atmospheric pressure, followed by repeated 

freeze-thaw cycles under vacuum to remove impurities. Mass spectrometric 

analyses of the water prepared and introduced into the chambers in this 
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manner indicated that initial displacement and/or fragmentation, possibly 

at chamber walls and ionization filaments, produced significant quanti

ties of CO and H2. After prolonged exposure to H20, the CO was even

tually reduced to undetectable levels and the H2 was at a constant level 

attributable to fragmentation of H20 in the ionizer, i.e. the ion 

current at M = 2 amu was approximately 2% of the ion current 

at M = 18 amu, corrected for initial base pressure levels. All ~f the 

experimental results reported here were performed after the vacuum 

chamber had been "conditioned" in this manner. The LEED and Auger 

electron spectroscopy (AES) experiments were performed in a separate 

system with a base pressure of 6 x 10-11 Torr, using a second Ru(OOl) 

crystal. Both chambers were equipped with quadrupole mass spectrometers 

for monitoring gas pudty and performing TOMS experiments; comparison 

of coverage-dependent TOMS features revealed that exposures of H2o and 

CO within the two systems were approximately equivalent (±10%). Gas exposures 

were monitored with a nude Bayard-Alpert ionization gauge. All gas 

exposures are reported in units of Langmuirs, where 1 Langmuir= 1 L _ 

1 x 10-6 Torr s, corrected for the ionization cross section of the gas 

relative to nitrogen (l_Q). In the case of H2o, the relative cross section 

is 0.9. 

The crystals were spotwelded to two parallel Ta wires, 0.010 11 in 

diameter, and were heated resistively by passing current through these 

wires. The temperature was monitored using a 95 %W/ 53Re vs. 74 %W/ 26%Re 

thermocouple, 0.003 11 in diameter, spotwelded to the edge or face of the 

crystals. Temperature was correlated with thermocouple voltage below 



163. 

273 K using the .calibration data of Sandstrom and Withrwow (1.1_). Both 

crystals were cooled conductively with liquid nitrogen reservoirs. In 

the experimental system for EELS, the sample manipulator was a differ

entially pumped, rotatable cold finger(~), and the sample cooled from 

1600 K to 100 K within five minutes, so that adsorption of background 

gases between cleaning and exposing the crystal to water was · negligible. 

In some experiments the crystal temperature was maintained at 165 ± 5 K 

(ca. 165 K) during the exposure to H20, after which it cooled to 95 K 

within 20 s in the EELS apparatus, and to 115 ± 5 K (ca. 115 K) within 

approximately 90 s in the LEED apparatus. It was found that rapid cool

ing (to prevent slow desorption) and low base pressure (to prevent read

sorption at lower temperature) were essential. in obtaining reproducible 

thermal desorption data following exposures at 165 K. 

The crystals were cleaned in several ways. AES showed that the 

surface was initially contaminated by sulfur, silicon and possibly 

carbon Cl~). These were removed by repeated thermal cycling between 

~400 K and 1100 K in a background pressure of l x 10-7 Torr o
2

. In the 

EELS system, the surface was judged to be clean, following thermal 

cleaning in o2, if the inelastic scattering spectrum was featureless. 

Residual oxygen was usually removed by heating the Ru crystal in vacuum 

to 1600 K, although both EELS and AES indicated that occasionally a 

more tenacious oxide formed (ll) which was removed in one of two ways: 

(1) Prolonged heating at 1600 K in vacuum; or, occasionally, (2) Argon 

ion bombardment. The vibrational spectra of H20 adsorbed on the clean 

Ru surface were invariant following cleaning via either of these two 
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methods. Since the EELS and AES both indicated that some oxygen re-

mained on the Ru surface following desorption of molecular H20, the 

crystal was hea·ted to 1570 K following each exposure to H20. 

The spectrometer used for the electron energy loss spectroscopy 

and the ultraviolet photoelectron spectroscopy has been described in 

detail elsewhere (]_1). The 4.0 eV beam of incident electrons had a 

full-width at half-maximum of 11 to 16 meV in these experiments. In 

most specular scattering experiments, the crystal was grounded and the 

electron beam was refocused slightly following adsorption of the gas. 

In the angle-resolved electron energy loss spectroscopy (AREELS) measure-

ments, the crystal was usually biased to compensate for the change in 

work function resulting from adsorption of gas. All of the results re-

ported here are independent of which of these methods was used, except 

for the intensities of the inelastic features relative to the intensity 

of the elastic beam in specular scattering. These ratios were found to 

vary also for scattering from a surface with adsorbed carbon monoxide, 

depending upon the bias voltage applied to the sample. Therefore, 

absolute scattering cross sections are not derived from these data; how-

ever, the relative intensities of various inelastic features of H20 can 

be compared, since these were unaffected by the above experimental 

parameters. For reference in the AREELS data, typical angular distri-

butions of a 4.0 and a 2.5 eV beam of electrons, elastically scattered 

from a clean Ru(OOl) surface at ground potential, are shown in Fig. 1. 

The broader distribution obtained at V. = 2.5 eV may reflect the in-
1 

fluence of relatively larger external electromagnetic fields at this 

energy. 
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A description of the system used in the LEED and AES experiments 

is available elsewhere (}1_). The LEED pattern which resulted from water 

adsorption was observed visually only in the range of incident beam 

energies between 16 and 60 eV, i.e. only the low-order spots were dis-

tinguishable. This explains why the pattern was not observed in another 

laboratory (]), where low beam voltages were not used. Incident beam 

currents below 111A were employed to minimize electron beam damage, whi'ch 

was evident nonetheless after observation periods of approximately 20 

to 60 s. 

3. Results and Discussion 

3.1 Vibrational Spectra Following Adsorption at 95 K 

The isolated water molecule is characterized by c2v syrmnetry. 

There are three fundamental internal vibrations: the symmetric 0-H 

stretch, the asymmetric 0-H stretch, and the deformation, or scissoring 

(vs) mode. Adsorption on a metal surface, or coordination with another 

atom, constrains the molecule so that the gas phase ·translattonal and 

rotational modes are "frustrated" and may be observed also in the vi-

brational spectra. Figure 2 illustrates the nine normal modes of a 

single water molecule adsorbed on a metal surface so that local c
2
v 

symmetry is preserved, i.e. without regard for the additional symmetry 

which may be imposed by the substrate. The vibrational spectra of isolated 

water molecules (~,..l.§..,Jl), aqua-metallic complexes (~-~) and crystal

line ice (~,24,25) have been studied extensively, and these results may be 

used ~0 clarify the vibrational spectra of water adsorbed on metallic 

~urfaces. In these compounds, the spectral region between 3150 and 

3750 cm-1 corresponds to the 
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symmetric and asymmetric 0-H stretching modes, vOH' and the region 

between 1500 and 1650 cm-1 corresponds to vs. Absorption bands bel o 

900 cm-1 have been assigned to frustrated rotations (_"librations") a~ 

frustrated translations. 

The EEL spectra of H20 adsorbed on Ru(OOl) exhibit features in 

similar energy ranges, as shown for various coverages of H20 in Fig. 

Note that the spectrum of the clean metal surface is featureless, 

indicating the absence of contamination. Si nee. the features due t (· 

tation of the v
0
H and vs modes are surprisingly weak, the range ·of e~ 

loss in which they occur is shown with an expanded ordinate scale i n 

Fig. 4. 

3.1.1 The vOH Mode 

Within expe rimenta 1 uncerta i"nty· . . ' the frequency v0H is constc 

throughout the coverage range where it is observable in specular sca 
-1 tering, 3350 ± 50 cm . The large uncertainty associated with this 

value reflects the broadness and weakness of the feature in each ind ~ 

vi dua 1 meqs.-urement, as we 11 as the typi ca 1 reproduci bi 1 ity of i den ti cc. 

measurements. In specular scattering, the half-width of the OH stre~

mode is constant at approximately 500 cm-1. If appears that severa l 

ferent v0H features overlap in the specular scattering measurements . 

overlapping peaks contri·bute to the broadness of the composite feat ur 

can be distinguished using angle-resolved electron energy loss spect 

c0py (AREELS), as discussed in Secti0n 3.1.5 below. 
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The position of ·the 0-H stretch at 3350 cm-1 is characteristic of · 

intermolecular hydrogen oonding (e.g. ?__). In crys·ta 11 i ne ice, for 

example, hydrogen bonding results in infrared absorption between 3150 

and 3380 cm-l (24 :), -:compared to OH stretching frequencies b.etween 3630 and 

3Z50 cm-l for isolated water molecules in the gas phase or in inert gas 

matrices (§_,l§_,_!Z). The invariance of the peak position in the EEL 

spectra from the lowest exposure at which it is distinguishable, approxi

mately 0.2 L (cf. Fig. 3), to an exposure which produces epitaxial ice, 

5.6 L, indicates that intermolecular hydrogen bonding occurs throughout 

this coverage range. In no case do we observe the low frequency 0-H 

stretch which was reported at 2850 to 2870 cm-l for H20 adsorbed on 

Pt(lOO) (_?J. 

3.1.2 The Intramolecular Deformation Mode, v s 

The feature in the EEL spectra which occurs at 1500 to 1640 cm-l 

(cf :. Fig. 4) is due to excitation of the '·'scissoring" mode, v
5

• This is 

consistent with the isotopic frequency shift of 1.3 to 1.4 (vH 0;v0 0) 
·2 2 

which is observed for this mode in the corresponding EEL spectra of o2o. 

Its appearance following exposures as low as 0.03 L, shown in Fig. 4, is 

evidence that water adsorbs molecularly throughout the coverage range 

studied, even when the feature due to the v0H mode is undetectable. 

The frequency of the deformation mode .: is shown in Fig. 5 as a 

function of increasing exposure (coverage} of H20. It has been shown 

experimentally that v is lowered from its gas phase value, 1595 cm- 1, s 



168. 

when the water molecule binds to a metal atom (~, ~). The relative 

downshift in frequency scales approximately with the strength of the metal

water bond (~), and is presumably due to transfer of some electron 

density to the metal atom from the H20 molecule (~). Values of vs as 

low as 1498 cm-l have been reported for metal-sulfate and metal-selanate

aqu? complexes (Q). It is noteworthy that electron transfer from molecular 

water to the metal has been postulated even for such a strongly basic metal 

as Lt~ Dqsed upon expertrnents with matrix isolqted Li-H20 adducts (23) and 

H2o adsorbed on evaporated Li films (26). 

The lowering of vs relative to its gas phase value may correlate 

with the relatively large H-0-H bond angle derived from ESDIAD data for 

the first chemisorbed layer of H20: 116 .±. 10°, to be compared with 104.5° 

for gaseous H20 (.§_) and 109° for crys ta 11 i ne ice (.§_). [It should be 

remembered, however, that ESD ion angular distributions are subject 

to errors such as those due to the interaction of the escaping ion 

with its image charge in the metal and possible final-state effects 

(_~_z_).J As discussed in detail by other authors (IT), a rationalization 

for the relationship between v and the H-0-H bond angle is s 

available from the photoelectron spectroscopy of water. Removal of an 

electron from either the lb1 ("oxygen lone pair") or 3a1 ("oxygen-hydrogen 

nonbonding) orbitals of gaseous water causesan increase 0f the H-0-R 

bond angle and a concomitant decrease in vs (n_). As a result of the ioni'

zahon of these two orbi"tals, v0H either decreases (_by 440 cm-1) or remains 

constant, respectively. The decrease in vs and the possible widening 

of the H-0-H bond angle which is observed for H20 chemisorbed on Ru(OOl) 
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~an be accounted for therefore by partial electron donation from the molec-

ular 3a1 and/or lb1 orbitals to the metal substrate. In crystalline ice, 

the vs mode causes a broad infrared absorption feature centered at 1650 cm-l 

(§_, 24), although this assignment is complicated by possible contributions 

from the overtone of the librational modes at 800 to 840 cm-l (24, 25). 

Therefore, it is proposed that the data of Fig. 5; fo 11 owing adsorption 
of H20 at 95 K, reflect a smooth progression, from a state at low 

coverage (~2 L) in which a large fraction of the adsorbed water is 

bound directly to the Ru surface, to a state at higher coverage in which 

most of the water molecules are bound in an ice-like multilayer. Further 

evidence will be presented that the vibrational spectra at low coverage 

are particularly sensitive to the first layer of chemisorbed H20 

molecules. 

3?1.3 Relative Intensities of v0H and vs Features 

It has been proposed that a coverage-dependent structural trans-

formation of H20 clusters adsorbed on Pt (JOO} at 150 K is indicated by 

the change in the relative EEL spectral intensities of vs and v0H with 

coverage (~). In that_ case, the intensity ratio, I(vs)/I(v0H)' decreased 

by a factor of 102 with increasing coverage of H20. It has been observed 

also that the ratio of the IR absorption coefficients for these two 

modes decreases by a factor of 12 with increasing size of matrix-

isolated water clusters, which is attributed to hydrogen bond effects 

for water and other systems (Z_,~). 

The integrated intensities of the EEL features due to v0H and vs 

for H20 adsorbed on Ru(OOl) at 95 K, and the ratio of these intensities, 

are shown in Fig. 6. Within experimental error, the relative inten-

sities of the two features remain at a constant value at all coverages. 

To the extent that this ratio really reflects changes in the degree of 
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intennolecular hydrogen bonding or the structure of the adsorbate 

cluster, these data indicate that no changes occur as coverage increases, 

up to and including the point of development of the ice multilayer.- Al

though this is consistent with the conclusions of Section ~.1.1, 

it must be remembered that relative scattering cross sections in . 

are strongly dependent on the scattering mechanism (28), with adsorbate 

odentation and admolecule-rnetal spa,cing being very important factors 

in dipolar scattering cross sections. Both dipolar and nondipolar exci-

tations occur in this system making comparisons of relative intensities 

complex. 

It has been reported that the integrated intensity of the absorption 
due to the 0-H stretching mode absorption increases linearly with increasing 

exposure (coverage) a 1 so i-n IR reflect_ance experiments with H
2
0 -adsorbed 

on Ru ( 001) (~). 

3.1.4 Librational and Frustrated Translational Modes 

-1 The strongest features in the EEL spectra are those below 1000 cm 

as shown in Fig. 3. They a re assigned both on the basis of their frequencies, 

shown in Fig. 7, and their isotopic frequency shifts, shown in Fig. 8. 

At very low exposures of H20, i.e._::_0.08 L, there is a single loss 

feature in this energy range, illustrated clearly in Fig. 9, at 370 to 
-1 400 cm . Adsorption of o2o causes this feature to shift by a factor 

of 1.22 to 1.25 (cf. Fig. 8). As shown in Fig. 8, simple moment-of-

inertia arguments for isolated water molecules predict ratios of 1.41 to 

1.34 for the frequencies of the librational modes, whereas the frus

trated trans 1 ati ona 1 mode perpendicular to the surfcrce (the "meta 1-oxygen" 
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stretching mode of chemi sorbed H2o) should shift in frequency by-a factor of 1. 04. 

Therefore, this feature is ·attributed to two overl appi. n§ peaks: a frustrated 

trans 1atfona1 mode at 370 to 400 cm-1 and a 1 i brat i ona 1 mode,: wh-i'ch change in 

frequency oy different amounts upon deuteration. This assignment is 

supported by EELS mea.surements. foll owtng adsqrpli on at 165 K, i'n whi,'ch the 

metal-oxygen vibration occurs at 370 to 400 cm-1 . A Ru-OH2 vibration 

at this energy is also consistent with bonding through the oxygen atom 

to pne or two meta 1 atoms, based on an ana 1 ogy wtth qquo ..... meta.l comp 1 exes,·. In 

the IR spectra of such complexes, this vibration occurs between 310 and 

490 cm-l C!.~,_!_~_). This assignment aghees also with the conclusion of 

Section 3.1.2 that, at low coverages of H20, the vibrational spectra are 

particularly sensitive to the H20 molecules which are in direct contact 

with the metal surface. 

Following higher exposures at 95 K, only the librational modes 

characteristic of H20 aggregates are visible in the energy .range below 1000 

cm-1 . The librational modes of water molecules in aqua-metal complexes have been 

reported·to occur in vibrational spe~tra at 450 to 890 cm-.i(1·8 - 20). Thus, the 

data of Fig. 7 indicate that the frequencies of - the EEL features 

labelled vl and vl' at 440 to 890 cm-l following exposures of H20 

greater than 0.08 L, are appropriate to their assignment as frustrated 

rotations. Furthermore, following exposures of H20 (020) greater than 

0.08 L, the average experimental values of the isotopic frequency ratios 

(represented by the horizontal dashed lines of Fig. 8) are 1.40 and 1.37. 

This confirms the assignment of vl and vl as librations. 
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An experimental investigati'on of the scattering mechanism which 

governs these losses ISection 3.1.5] leads to the conclusion that they 

are di"pol~r·enhanced features. This i.mplies that they are subject to the 

"dipole selection rule" (30) in which a di:polar allowed vibration must 

* * have a nonzero component of e perpendtcul ar to the surface, where e is the 

derivative of the dipole moment with respect to some internal coordinate. 

As shown in Fig. 2, none of the Hbrational modes aredipolarallowed for 

a molecule adsorbed in a site with. local c2v synnnetry. Figure lO(_c-f) 

illustrates possible adsorption geometries in which the local symmetry 

is reduced to Cs or c1 as a result of adsorption. In the latter two 

point groups, one or more of the librational modes, respectively, become 

dip0lar active. We regard the configuration of Fig. lO(d) · as a 

physically improbable model of chemisorbed H20, for the following reasons: 

(1) For a strongly dtstqrted confi:gurati.on, one would expect the 

vibrational spectrum to be quite different from gas phase H20. 

However, all the EEL spectral features can be interpreted 

satisfactorily in terms of slightly perturbed modes of the 

gas phase molecul2; and 

(2) ESDIAD data (]J support a structure, even at lowest H20 ex

posures, in which the 0-H bonds are directed away from the 

metal surface, e.g. as i_n fig. 10(.a)_, (b)_, (_c) or (e.). 

A configuration such as Fig. lO(f), with hydrogen bonding to the 

metal surface, is considered unlikely for the following additional 

rca '.:;o ns: 
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(3} There is no report of an H20 ligand, tn a metal complex or 

matri~ isolated cluster, in which the H20 molecule does not 

bind through the oxygen atom to the metal (1.§_,f_g_,~; and 

(4) The vibrational frequencies of the modes which appear to be 

sensittve to the Ru-OH2 interaction, v
5 

and the metal-oxygen 

stretch, are consistent with bonding through the oxygen to the 

metal~ as discussed previously. 

Rather, a model in which clusters of HzO molecules form, wherein 

molecules within successive layers can occupy a distribution of orien-

tations relative to the surface (such as in Fig. 10) and are coupled via 

hydrogen bonds, provides an adequate and consistent explanation of the 

observed di ·po 1 a.r enhancement of the 1 i bra ti ona 1 modes. 

An exact assignment of vL and vr in terms of the librational modes 

of Fig. 2 (v5, v6 or v7) is not possible due to the evidence that 

H20 aggregates form. The two librational modes which are resolved 

clearly between expos.ures:of 0.1at:ld2.2 L i.'n fi.gure 3 rna_y re.pre~ent vibra

tions of two distinct types of H20 molecules or two different modes 

within the cluster. The assignment of multiple IR absorptions to 

specific H20 librations is controversial even in the simpler systems 

which have been studied, i.e. aqua-metallic complexes (~-20). 

At exposures greater than 3 L, the two low-frequency losses are 

replaced by a single broad feature at 780 ± 20 cm-l which indicates the 

formation of an ice multilayer. This i·s confirmed also by TDS data. The ob

served frequency is similar to that of the corresponding feature in the IR 
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spectra of ice (§_,24). for which there is a broad, strong absorption 

band centered at 800 to 840 cm-1 which is assigned to frustrated rotations. 

Above 3 L also, a shoulder appears on the elastic peak at 280 cm-1 , as 

indtcated in fig. 7. This frequency is insensitive to deuteration, con

sistent with its assignment as a frustrated translation within an H20 multi

layer. In ice, for comparison, a frustrated O· · · 0 translation causes absorption 

of far IR ·radiation at 230 cm-l ~§_,24). The ~nergy losses at low fre- · 

quency thus show that ice formation occurs for exposure_s of H2o greater 

than approxtmately 3 L. 

3.1.5 AREELS and the Electron Scattering Mechanism 

Typical angle-resolved inelastic scatterinq spectra, taken by rotating 

·the electron energy analyzer along the polar angle, e
5

, are shown in Fig. 

'11. It is assumed that nondipolar scattering is :'.distinguished 

in these measurements by a relatively isotropic distribution of scattered 

electrons away from the specular direction (~_!_). These data show that 

the low-energy loss features decrease in intensity rapidly away from 

the specular direction, as does also the elastic peak, whereas v0H and 

v do not. This has been illustrated in Fig. 12 by plotting the intens . 

sity of the inelastically scattered electrons at specific loss energies 

as functions of scattering angle. Tnese data show that the librational 

modes are di.polar enhanced, as discussed previously. It is interesting 

to note that the lowest frequency loss feature changes from 440 to 520 

-1 cm as 68s changes from zero; again, this is consistent with the assi9n-

ment of two overlapping features which decrease at different relative 
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rates with respect to ~e , thereby causing the apparent change in 
s 

frequency. 

The scissoring mode, vs, is only enhanced in intensity by a 

factor of two in the specular direction, which may indicate that con-

tributions from dipolar and nondipolar scattering are both signifi-

cant in this feature. The origin of the nondipolar scattering mechan

ism is unknown. Possibilities include impact scattering (l!_) via 

interaction with the short-range potential of the dipole and a reso

nance-1 ike scattering (35), which is known to occur in electron scat

tering from gas phase molecules. 

In the data of Fig. 11, the shape of the feature assigned to v0H 

changes with decreasing ~es. The broad loss centered at 3370 cm-l for 

68s = o0 appears to split into a relatively sharp peak at 3520 cm-l and 

a shoulder at 3240 cm- 1. In repeated AREELS experiments under various 

conditions of exposure, the shape of the v0H feature always changed 

with ~es' sometimes resolving into two features as shown in Fig. 11 and 

sometimes developing a high-frequency asymmetry centered at about 3500 cm- 1. 

The data of Fig. 11 can be explained if the v0H feature in specular scat

tering consists of at least three components, one of which (at approximate

ly 3370 cm-1) is dipola.rallowed and two of which (at 3520 and 3270 cm- 1) 

are not. This hypothesis accounts for both the broadness of the v0H 

feature in specular scattering and for its change of shape in off-specular 

scattering, where the dipolarenhanced 3370 cm-l feature would decrease 

rapidly in intensity. From IR reflectance spectra of H20 adsorbed on Ru(OOl) 
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under similar conditions, a broad band (half-width of 430 cm-1) due to 
. -1 v0H is observed at exposures up to 2 L, centered at 3400 to 3450 cm 

(29). · Since . the dipolar selection rule applies quite rigorously to IR 

reflectance measurements, it must be concluded that the IR absorption is 

due to di polar allowed exci'tation(_s), tn agreement with our assignment of 

a di polar allowed exc'itation in the EEL spectra at about 3370 cm- 1. 

We tentatively assign the 3520 cm-J feature as due to the 0-H 

stretch of nonhydrogen bonded OH groups of molecular water, in agreement 

with water-oxygen co-adsorption experiments to be discussed elsewhere (32) •. 

The origin of the EELS feature at 3270 cm-l is uncertain, although 

it may contain contributions from multiple (impact) scattering involving 

2v
5

, vs + 2vl, and/or 4vl . Such overtones and combinations have been 

postulated to occur in this frequency range in the IR spectra of ice and 

metal hydrates (~,33,34). Similarly, the broad features centered at 

2270 to 2360 cm-1 , 4040 to 4090 cm- 1, 4790 to 4820 cm- 1, and 6440 to 

6500 cm-l .(cf. Fig. 4 and Fig. 13) may be due to multiple loss events and/ 

or true vibrational combinations ~nvolving v0H' vs and/or v\. 

Experiments were performed also to determine whether the resonance-

like excitation of vOH' which has been observed in scattering from nydroxyl 

~roups adsorbed on NiO(lll) by Andersson and Davenport (35), occurs· for 

H20 on Ru(OOl) also. The evidence for the resonance-like behavior lay 

1n the increase of the v0H scattering cross section with decreasing 

0 
impact energy (35). In . th~caseofNiO(lll)'t theoresenceof6A of insulating 

oxide may have been critical to electronic isolation of the resonant orbital, 

however. Fo 11 owing an exposure of 5. 6 L of H2o on Ru ( 001), the intensity of the 
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EEL feature due to v0H relative to the other features in the spectrum 

(vs and vl) and also relative to the elastic peak was invariant within 

experimental error (±10%) for electron impact energies between 2.5 and 

4.0 eV, wtth the crystal biased at -0.6 eV. Furthermore, the intensity 

of the first overtone of v0H was less than 3% that of the fundamental 

mode, as shown in Fig. 13, assuming that the weak feature at approximately 

6470 cm-l is the first overtone of v0H l2v0H = 6660 cm-1), lowered in 

frequency due to anharmonic effects. If this mode is instead a combi

nation mode or multiple-loss mode, then the intensity of the first 

overtone of v0H is even lower than 3% of the fundamental. For an impact 

en~rgy of 4.0 eV, Andersson observed I1 /r2 ~ 10. Thus, both the relative 

intensity of the overtone and the impact energy dependence of the 

relative intensity are inconsistenf wHh the resonant~like scattedng 

behavior reported previously for OH groups on NiO (~). 

3.2 Thermal Desorption Data 

Typical thermal desorption (JD) spectra of H2o are shown in Fig. 14 

following various exposures of H20 to the Ru(OOl) surface at 115 K. 

Three features are apparent at peak temperatures of 208 to 217 K, 177 to 

188 K and 169 K. We will d~fine these states as A, B and C, 

respectively. The TD spectra indicate that the highest-temperature state 

saturates first between 2 and 3 L. Based upon all the evidence accumu

lated for this system, we make the following assignments: the desorption 
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feature A is due to chemisorbed water, i.e. water bound directly to the 

metal; B represents water molecules in a second, hydrogen bonded layer; 

and C is a consequence of desorption from an ice multilayer. These assign

ments have been proposed by other authors for H20 desorption from 

Ru(OOl) (~_). Since the TDMS features do not populate sequentially with 

increasing coverage (cf. Fig. 14) and since all available data 

show that clusters of H20 molecules form on the surface at all exposures, 

no attempt has been made to assign absolute coverages on the basis of TD 

spectra a 1 one. At this point, we note only that the tota 1 amount of H20 ad-

sorbed varies linearly with exposure at 115 K, as shown in Fig. 15. As 

discussed by previous authors (~,36), this imp 1 i es a coverage-independent 

sticking probability of unity, and supports the aggregation model. 

Desorption from an ice m~ltjlayer has been repbrted also in ~xperi

ments with H20 on Rh(111) (IZ_), Pt(JOO) (V, Pt(lll) · (381 and Ir(110) 

(36) substrates. The temperature at which the maximum desorption rate 

occurs is insensitive to the metal substrate, as expected, occurring 

between 150 K and 170 K in a 11 cases (~,~ - W. Further, this de

sorption feature does not saturate with increasing exposure to H20 at 

temperatures below 150 K. This behavior is evident in the data of 

Figs. 14 and 15. 

A thermal desorption spectrum following saturation of the surface 

with H20 at 165 K is shown in Fig. 13~ At this temperatµre, a multt

layer of-ice does not form; only the A and B states are populated, and 

saturation is attained with an exposure of 2.2 L. The latter fact is 
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clear from the data presented in Fig. 14. The achievement of saturation 

at 165 K with 2.2 L of H20 is consi.~tent with the conclusion from 

the vibrational data of Section 3.1.4 that, above 3 L exposures at 95 K, 

1 ayers of epitaxi a 1 ice form. This is reflected a 1 so i_n the data of 

Fig. 6, where the intensities of v
0
H and vs following adsorpti·on at 95 K 

diverge sharply from the intensities following adsorption at 165 K, 

between H20 exposures of land 2 L. · 

The EEL and UP spectra, to be discussed later, indicate that 

clusters of hydrogen bonded molecules still form at 165 K, and that the 

chemical composition of the overlayer is not significantly different 

than following adsorption at 95 K. This supports the proposed assign

ments of the A and B states. In addition, it was observed that the 

relative magnitude of the A state was extremely sensitive to traces of 

pre_adsorbed H2 or CO, as wea~~d be expected if the A state is the first 

layer of chemisorbed molecules. 

If one assumes that the preexponential factor of the desorpt1on 

. . h 1 12 14 -1 rate coeff1c1ent as a va ue between 10 and 10 s , then the peak 

temperature of the A state at 210 K implies an activation energy for 

desorption of 12.1 ± 1.0 kcal/mole (39). For the B state at 180 Kin 

Fig. 14, the corresponding value is 10.7 ± 0.8 kcal/mole. Alterna-

tively, the half-width of the high-temperature edge of the A desorption 

peak can be used to derive unusually high values for the preexponential 

factor and the activation energy of desorption: 1022 s-l and 21 kcal/mole, 

respectively, using the peak shape analysis of Chan ~tl· (4QJ. Using 
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the latter method, similar anomalous values have been reported for 

desorption from the chemi sorbed state of H20 on Rh (111) (lZ_). The 

energy of desorption from an ice multilayer (the C state) has b.een found to 

be 11.5 kcal/mole on Ru(OOl) (!), 10 kcal/mole on Pt(lll) (38), and 

10.1 kcal/mole on Ir(llO) (36). Attempts were made also to derive the heat 

of sublimation of the ice multilayer based upon ·the present experimental 

data; however, analyses of the shape of the low-temperature edge of de

sorption feature C in several sets of experimental data did not yield con

sistent or reasonable values. Based upon comparison of the TDS peak shapes 

obtained in two different experimental systems, it is concluded that de

sorption from crystal support wires m0.y contribute significantly to the inten

sity . of the C state at relatively low exposures, i.e. below 2.2 L of H2o. 

The value of 12 kcal/mole for the desorption energy from the first 

layer is in qualitative agreement with the observation that clusters of 

molecules form at all coverages at 95 K. It has been estimated that hydro

gen bond strengths in ice are from 4 to 8 kcal/mole of Q .. H bond (f_,Z), so 

that adsorption of H20 by formation of two hydrogen bonds appears to ~e only 

slightly less favored energettcally than adsorption directly on the 

surface. The "second layer" represented by the B state may be addition

ally stabilized, relative to the ice multilayer, by a long-range inter

action with the metal or by a synergistic strengthening of the hydrogen 

bonds formed with the first layer H20 molecules, as suggested elsewhere 

(Q). 
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lt ts also noteworthy that approximately equal amounts of H20 

desorb in the A and B states following saturation at 165 K, as shown in 

Fig. 14, implying · that approximately equal amounts of · first- and second

·layer H20 molecules are present under these conditions. 

3.3 Changes in Work Function 

The qualitattve change in work function, 6¢, was measured as a 

function of H20 exposure by: (1) Measuring the bias potential required 

to create an "electron mirror" at the crystal, i.e. to reflect the total 

incident beam current; and (2} Meas-uring the bi as potenti a 1 required 

to maximize the elastically scattered beam, 5ut without establishing 

condition (1) above. Although the absolute magnitude of 6¢ measured 

via these two methods was different, qualitative features of 6¢ were 

consistent. Following adsorption of H20 at 95 K, the work function de

creased monotonically up to exposures of approximately 2 L. At higher 

exposures, Ls¢ remained constant betw.een .,...Q. 5 and -0.-7 eV. ·A negat ;·ye change i·n 

work function is usually assumed to indicate molecular adsorption via the 

oxygen atom, as discussed elsewhere (36,il_). However, one would not expect 

the work function to decrease monotonically up to the work function of ice if 

successive layers fill in strict sequence. A monotonic decrease is more 

consistent with cluster formation at all coverages, in which case the 

sign of the change in work function is no longer a diagnostic for the 

configuration of the chemisorbed H20. The fact that 6¢ saturates for 

exposures of H20 greater than approximately 2 L, even though the total 

coverage ts still increasing (cf. Fig. 15), is consistent with the 
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condensation of multilayers above this exposure; at lower exposures, 

the additional water still interacts significantly with the metal sub-

st rate. 

3.4 LEED and ESDIAD Data 

Another set of experimental data which supports the formation of clusters 

comes from a combination of LEED and ESDIAD (l) data, as shown in Fig, 

15. At exposures of 1.0 L or greate~, we observe a faint and diffuse 

(IJ x 13)R30° LEED pattern, arising from an ordered array of oxygen 

atoms with respect to the Ru substrate, as shown in Fig. 15(C). 

(Scattering from the hydrogen atoms is assumed to be insignificant in 

forming this pattern.) This pattern has been observed also following 

adsorption of H20 near JOO K on the (Jll) surfaces of Rh (E_J, Ag (.42) 

and Pt (38,42,11_). Further, a hexagonal pattern of Ht emission, Fig. 16(8), 

has been observed to result from electron bombardment (l) at a coverage of water 

which corresponds to the spectrum of Fig. 14 following exposure to 0.6 L 

of H2o. This is based on a comparison of thermal desorption peak shapes 

between Fig. 14 and the data of Ref. (l). Under the assumptions that: 

(1) The pattern of H+ emission reflects the initial orientation of the 

molecular 0-H bonds; and (2) The c2 axis of the gas phase molecule is 

perpendicular to the metal surface in the chemisorbed state, the hydrogen 

atoms must be positioned with respect to the oxygen atoms of the 

(13 x 13)R30° lattice as shown in Fig. 16lC). An intuitively appealing 

explanation of the physical forces which create this combination of 

orientations is available if a second layer of ~2 0molecules is positioned 
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within the (/3 x /3)R30° unit cell, hydrogen bonded to at least two of 

the first layer H2o molecules. Such a structure is suggested from an 

examination of the crystal structures of ices Ic and Ih (~, ]_, 24 ). 

Two possible structures of this type are shown in Fig. 17. Thus, the 

combination of LEED and ESDIAD data further support the hypothesis that 

aggregates of hydrogen bonded H2o molecules form at submonolayer cover-

ages. 

At lower coverages of H2o, Madey and Yates observed that a diffuse 

halo formed, which they attributed to ESD from the chemisorbed H2o and 

from which they derived an H-0-H bond angle of 116 + 10° for the first 

chemisorbed layer. This pattern, as well as the centered hexagon of 

Fig. 16(8), were susceptible to electron beam damage and degraded with

in seconds under the experimental conditions employed.{_!). This is con

sistent with our observation that the (I! x /3)R30° LEED pattern is 

degraded raptdly by the LEED electron beam also, as discussed in Section 

2. 

At higher coverages of H2o, a single beam of H+ emission normal to 

the surface was observed in the ESDIAD experiment (!). The coverage 

at which this pattern emerged corresponds to coverages equal to or 

greater than 2.2 L in our experiments, again based upon the shapes of 

the thermal desorption spectra of Fig. 14 and Ref. 1. This pattern 

was attributed to emission from the 0-H bonds of ice multilayers, 

oriented parallel to the surface normal (1_). This agrees well with the 

data from our EELS, work function change and thermal desorption 

experi ments, all of which show that multilayers of ice form at 
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95 K following exposures greater than 2.2 L of H20. 

There is some evidence that the structure of Fig. 17(B) represents 

the top two layers of ice rnultilayers, whereas Fig. 17(A) shows the · 

structure of the first two adsorbed layers. The configuration of Fig. 

17(B) is identical to the arrangement of water molecules in crystalline 

ices. For an ice ~ultilayer, the ESDIAD pattern shows -only H+ ·emission 

normal to the surface (;!J, as· dis·cussed above. Figure 17(BJ almost 

certainly shows the (cyclohexane-like) structure of the top two layers 

of an ice multilayer, for which only the 0-H bonds normal to the surface 

appear in the ESDIAD pattern. The .. equatorial" 0-H bonds are not 

visible. This suggests that the hexagonal ··beams of Fig. 16(8) cannot 

be accounted for by a structure sucn as shown in Fig. 17(8) for the 

first two chemisorbed layers of H20. Rather, a structure such as that 

of Fig. 17(A) must be postulated, wttfi non-tetrahedral bonding around 

at least some of the oxygen atoms. The 0-R bonds of the second H2o 

layer which are shown perpendtcular to the surface in Fi:g. 17(A) may 

also account for the normal emtss·ion i.n the hexagonal ESD pattern, 

shown in Fig. 16(8), or this center spot may result from patches of 

ice, as proposed origtnally (!). The fact that some of the chemi

sorbed H2o molecules of Fig. 17(A) do not have classic tetrahedral 

bond orientation about the oxygen atom is in agreement with arguments 

by other authors that the traditional picture of sp3 hybridization 

of the valence orbitals about the oxygen atoms in ice may be in-

accurate (45). 
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The faint, diffuse (/3 x 13)R30° LEED pattern is observed following 

adsorption at 165 K also, suggesting that ice multilayers are not neces-

sary for its formation. The TD data of Fig. 14, which show that only the 

A and B desorption states are present under these conditions, thus imply 

that these are the two states involved in forming this pattern. This 

supports a structure such as that of Fig. 17(A) for the first two layers 

of adsorbed H2o and predicts that the hexagonal ESD pattern of H+ emission 

would be observed following adsorption of H2o at 165 K also. 

Strong support for this two-layer model comes from further 

analysis of the coverage data of Fig. 15. The absolute coverage of a 

lattice such as shown in Fig. 17(A), with two H20 molecules per 

(13 x /3)R30° unit cell (one in each layer) is 2/3. If we assume that 

the probabtlity of adsorption of water is unity at 95 Kand at 165 K, as 

discussed in Section 3.2, then the exposure which is theoretically 

necessary to achieve a coverage of 2/3 is 2.3 L of H20. Experimentally, 

we observe that this is exactly the exposure required to saturate the 

surface at 165 K, 2.2 ± 0.2 L, as shown by the data of Fig. 15. The 

uncertainty in the experimental exposure required to achieve saturation 

at 165 K, ±Q.2 L, corresponds to an uncertainty in the absolute coverage 

of ±Q.07. Following higher exposures at 95 K, the work function data, 

EEL spectra, TD spectra and UP spectra all show uniformly that ice 

multilayers form. A working definition of "monolayer" can now be 
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proposed: one monolayer is the number of molecules required to 

saturate the primitive (v1 x 13)R30° lattice of the first chemisorbed 

layer, in the absence of cluster formation. Under this definition, 

one monolayer corresponds to an experimental exposure of 1.1 L H
2
o at 

f 14 -2 95 Kand a coverage o 5.5 ·x 10 molecules cm . 

3.5 Thermally Induced Changes in Vibrational Spectra 

Heating a surface covered with H2o causes irreversible changes 

which do not simply reflect a change in coverage, because the vibra

tional spectra do not simply revert to lower-coverage forms. This is 

illustrated by the EEL spectra of Fig. 18 which show the vibrational 

-1 . h h energy range below 1400 cm , following heating of t e surface to t e 

various temperatures indicated. The sample was re-cooled to 95 K before 

recording each spectrum. The initial exposure at 95 K was 0.6 L. Since 

the spectra whi.ch were measured fol lowing heating at 180 to 205 K do not re-

semble those following any exposure ~ 0.6 L H20 at 95 K, we performed 

a series of EELS experiments in which the H20 was adsorbed at a slightly 

higher temperature of adsorption, 165 K, as discussed in the following 

section. 

3.6 Vibrational Spectra at 165 K. 

3.6.1 Frequencies and Assignments. 

At an adsorption temperature of 165 K and at the equilibrium 

vapor pressures of H20 used in these experiments (s 1 x 10~ 7 Torr), a 

mu 1 ti 1 ayer: of i c e does not form on the Ru ( 001 ) s u r face ; sat u rat i on i s 
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attainedaftera 2.2 L·exposure of H20. The vibrational spectra obtained 

at 165 K differ markedly from those-obtained at an adsorption tempera

ture of 95 K, particularly for exposures of H20 greater than 1 L, as 

shown in Fig. 19. The most noticeable differences are in the region 
. -1 

below 1000 cm . At saturation at 165 K, three modes are now resolved. 

Isotopic substitution reveals that the two modes at 940 and 710 cm-l 

are librational modes with an average i'sotopic frequency ratio of l._ 37~ 

whereas the mode at ·370 to 400 cm~l is the frustrated translation of the 

molecule perpendicular to the metal surface~ with an experimental isotopic 

frequency ratio of 1.05. These ratios are illustrated in Fig. 20. The 

observation of the Ru-OH2 vibration at this frequency confirms the as

signment of this mode discussed in Sections 3.1.4 and 3.1.5. In effect, 

the librational modes occur at higher frequency following adsorption at 
I 1 II 1 

165 K (vl = 710 cm~ andvl = 940 cm- ) than following adsorption of an 
I -1 

equal amount of H20 at 95 K (following exposure to 2.2 L H20, vl = 510 cm 
II -1 

and ~ · vl = 850 cm ; cf. Fig. 7). This enables clear resolution of 

-1 the Ru-OH 2 vibration at 370-400 cm in the former case. It is interesting 

to note that the relative intensity of the vl and vl modes at saturation 

at 165 K is almost identical to their -relative in:bensity in the data of 

Fig. 11 for 68s = -6°, where variation of the scattering angle has also 

enabled resolution of the libration, vl, from the Ru-OH2 stretch [cf. 

Section 3.1.5]. This suggests that VL and vr represent the same type of 
-

modes at 95 K as at 165 K, but they are shifted to higher frequencies at 

165 K. A slightly more detailed analysis further supports this argument. 

The peak inte~sity of the librational mode at 940 cm-l in Fig. 19 
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can be compared to the sum of the peak heights of the two modes at 

710 and 400 cm- 1. The ratio of these intensities is 0.80 ± 0.05 · 

following saturation at 165 K. This is identical to the ratio of the 

intensities of the vr and VL features following exposures of 1.1 to 

2.2 L H2o at 95 K, shown in Fig. 3(B). This observation led to an 

attempt to deconvolute the vl feature of Fig. 3(B) in terms of other 

EEL spectral intensities. The results are shown in Fig. 21, where the 

loss spectra have all been normalized to the intensity of the vr feature 

at 840 cm-l It is apparent that both the position and intensity of 

the vl feature at 485 -1 cm (curve a) can be reasonably well fit by the 

sum of the feature at -1 530 cm , observed in the AREELS experiment of Fig. 

at Ms = -60, and the Ru-OH2 feature at 400 -1 , observed in the EELS cm 

experiment of Fig. 19 following saturation of the surface with H2o at 

165 K. This sum is shown in Fig. 21 as curve "b + c". This sum is fit 

less well by the sum of intensities shown as curve "b + c", where the vi-

brational spectra at 165 K have been shifted downward in frequency to 

align the vr ·features (curve b), then added to the unshifted feature due 

to the Ru-OH 2 mode (curve c). The goodness of fit is obviously related 

to the separation between the two librational modes under this procedure. 

This separation is smaller at 165 K, 230 cm- 1, than the separation in 

the AREEL spectrum at 95 K, 300 cm- 1, causing curve 11 b + c" to fit the 

11 

data more poorly. I~ any case, the arguments advanced previously regarding 

the assignment of the vl feature at 95 K as two overlapping features are 

supported \ve 11 by the "deconvolution" a na 1 ys is of Fig. 21 • This further 

implies that the basic vibrational properties of the adsorbate layers 
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prepared at 95 K and 165 K are very similar, with the same modes being 

observed in the two cases but at different frequencies. 

Finally, it should be noted that the feature due to the Ru-OH2 
vibration ·is asymmetric, as shown in Fig. 21, and in some experiments 

a shoulder at 490 cm-l was distinctly resolved. The origin of this 

small feature is unknown. 

The values of v0H and vs are changed less markedly after adsorption 

at 165 K. The average·value of v0H is slightly higher, 3460 ± 50 cm-1, andat 

-1 -1 saturation vs = 1560 cm (cf. Fig. 5). This value of vs, 40 cm 

below the gas phase frequency, indicates that at saturation at 165 K 

the surface contains a relatively high fraction of chemisorbed H2o 

molecules, consistent with the discussion of Section 3.1.2. 

The differences in the vibrational spectra may be related to dif-

ferences in the adsorbate lattice structure and differences in the 

relative distributions of chemisorbed H2o molecules. This is supported 

by the following observations: 

(1) There is a direct correlation between frequencies of libra-

tional modes and the degree of intermolecular hydrogen 

bonding. This is concluded from data on metal hydrates 

(~-_g_l) and various ice polymorphs (24), v.iherein a 

decrease in the value of v0H is taken to mean an increase in 

the extent of hydrogen bonding. For H20 adsorbed on Ru(OOl), 

the higher frequencies which we observe for vl and vl thus indi

cate that the water lattice is more strongly hydrogen-bonded 

at 165 K, although this is inconsistent with the increase in 

-1 -1 vOH' from 3370 cm at 95 K to 3460 cm at 165 K. The 
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apparent change in v0H may be complicated by orientational 

effects and/or changes in relative scattering cross sections. 

(2) In ice, there is an irreversible transition from vitreous ice 

to cubic ice at atmospheric pressure, variously reported to 

occur at temperatures between 140 and 160 K (.§_,_g]_,46). While 

the arrangement of H20 molecules in vitreous ice is subject 

to dispute (46), it is clear that in this temperature region 

the water molecules become sufficiently mobile within the 

lattice to achieve an energetically favored configuration. 

'This supports a model in which, at an adsorption temperature 

of 165 K, the water molecules are sufficiently mobile to form 

a more well ordered, long-range hydrogen-bonded lattice than 

at 95 Kon a Ru(OOl) substrate. 

The vibrational spectra of Fig. 19 are quite similar to the spectra 

of Fig. 3(A) for equivalent exposures less than 2.2 L. One would expect 

this to be the case if clusters involving mainly the first two layers 

of H20 molecules form at both temperatures below 2.2 L. Ice multilayers 

form with increasing exposure at 95 K, whereas at 165 K the first two 

layers form a well-ordered lattice which saturates the surface following 

an exposure of 2.2 L. This is strongly supported by the assignments of 

the thermal desorption features of Fig. 14 and by the coverage arguments 

presented in Section 3.4. 

The fact that the array of water molecules is more well ordered 

at 165 K than at 95 K is reflected also by the fact that, for equal 

exposures, the elastically scattered electron intensity was always 
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approximately an order of magnitude greater following adsorption at 

165 K than at 95 K, which is a characteristic usually associated with 

ordered arrays of adsorbate molecules (47). 

3.6.2 AREELS and the Scattering Mechanism 

An investigation of the scattering mechanism for a surface saturated 

with H20 at 165 K confirms that in this case, also, the librational modes 

are di.'po 1 ar enhanced, whereas the 0-H stretching mode is not. Figure 22 

shows EEL spectra measured at various off-specular angles, and Fig. 23 

shows the intensities of the features at specific frequencies as 

functions of scattering angle, 68
5

• It is apparent that the intensities 

of the librational modes decreas€ at approximately the same rate as the 

metal-oxygen mode, which must have a perpendicular component 

si'ncethe oxygen atom of chemisorbed H20 binds direct1y to the metal. 

The angular distribution of the intensity of this frustrated translation 

can thus be used as a qualitative standard in judging dtpolarenhancement. 

This confirms the di.'polarenhancement of the frustrated rotations, in 

agreement with the situation at 95 K which was somewhat complicated by 

overlapping features at vl (cf. Section 3.1.5). 

In addition, the angular dependence of the intensity of the vl mode 

of Fig. 12, relative to vl' can now be explained in terms of the inten

sities of two modes, a librational mode and the Ru-OH2 stretch, as discussed 

in the previous section. The intensity of this sum changes relative to the 

intensity of the mode at 900 cm-l in Fig. 23 just as the intensities of 
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VL and vr changed in Fig. 12, i.e. the relative intensities reverse as 

the analyzer moves away from the speeular direction. 

The shape of the loss due to v0H changes with scattering angle as 

occurs also at 95 K. At ~es = -18° there are distinct features at 3520 cm-l 

-1 and 3230 cm . The assignments of these features have been discussed in 

Section 3.1.5. 

3.7 Ultraviolet Phot~e1ectron Soectroscopy 

One possible explanation for the differences in the vibrational 

spectra measured at the two temperatures of adsoroti on is that at 165 K 

the adsorbed H20 is chemically different, perhaps dissociated. However, 

the results of photoemission experiments, shown in Fig, 24, do not 

support the hypothesis that significant dissociation occurs at 165 K. 

In these experiments, photoelectron intensities were analyzed at two 

different exit angles for comparison. In the HeI photoelectron spectra 

of gaseous H20 (25) and also of ice (48-§Q}, three features are observed 

which are attributed to the anti bonding 0-H orbita 1 ( lb2), the bonding 0-H 

orbital (3a 1) and the nonbonding oxygen orbital (lb1 ). Possible over

lap of the latter feature with emission from the Ru substrate at 5 to 

6.5 eV in these spectra makes identification of the lb1 orbital am

biguous for exposures of 2 L or less. At higher exposures [cf. Fig. 

24(0)] the UP spectrum resembles that of ice (48-50). Spectra Band C 
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are virtually identical, even though they were measured following ex-

posure of the surface to 2.2 L of H2o at 95 Kand following saturation 

with H2o at 165 K, respecti·vely. lAs Fig. 15 shows, the total amount of 

H20 adsorbed in these two cases is the same.} This me~surement indicates 

that there are no major differences ih th~ chemical composition of the 

·ad_sorba_te aayets pre pa red under these two sets of conditions. 

3.8 Isotopic Exchange between H20 and o2 

Two measurements were. performed to determine whether i"sotopi c ex-

change bemween adsorbed H20 and o2 could be detected. 

In the first experiment, the Rul001} crystal was exposed to 1.1 L 

H20 at 95 K followed by 5.0 L o2 at 95 K. [Adsorption of some o2 was evi

denced by a factor of three· increase in the elastically scattered inten-

sity following exposure to o2. Increases in reflectivity of up to a factor 

of ten are always observed after adsorption of H2 (D2) with an inci~ent 

electron energy of 4.0 eV (47).J The resultant EEL spectrum showed no 

change, nor was a change observed after heating this surface slowly 

to 165 K in vacuum. In particular, no loss features appeared at the 

energies to be expected for v00 or vs(D20)c The librational modes showed 

no change in frequency either, other than the shifts expected to result 

from heating to 165 K (cf. Section 3.6.1). 

In the second experiment, the sample was exposed to a small amount (0.3L) 

of H20 at 95 K, then exposed to 20 L o2 at 95 K, and subsequently heated 

slowly to 165 K in a background pressure of 2 x 10-8 Torr o2. Neither 

of these two treatments with o2 caused changes in the vibrational spectra, 

including the frequencies of the librational modes, which would have been 
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characteristic of OH-D exchange. The v0H and vs loss features were 

quite weak in this second experiment, and it is estimated that exchange 

of less than 50% of the total H20 would have been below the experimental 

limits of detection in the v00 and vs (020) features. However, it was ex

pected that exchange might occur more readily in the second experiment 

due to t_he 1 ow i ni ti a 1 coverage of H2o and the constant background 

pressure of o2, i.e. both Langmuir-HinshelwooaandEley-Rideal mechanisms 

of .exbhange were facil-itated . Ihe fact that no, exchange was 

evidenced in the EEL-spectra indicates that H2o does not exchange with o2 

below 165 K. This, in turn, indicates that there is no dynamic equilibrium 

established between molecular H2o and its di·ssociation products under these 

conditions, which would be the case in a Langmuir-Hinshelwood reaction. 

This agrees with the conclusions of Sections 3.2 and 3.6 that only 

molecular H20 is adsorbed at 165 K. 

H20-o2o mixin9 experiments were not feasible since it was impos

sible to introduc.e these two g·ases s·equentiall,y into the vacuum chamber 

without inducing signfficant cracking and mixing on the surfaces of the 

system, thereby making the source of any HOO adsorbed on the Ru surface 

questionable. 

4. Comparisons with Other Experimental Data. 

The properties of H20 adsorbed on Ru(OOl) contain several unique 

features not revealed by previous investigations of related systems,aswell 

as a number of s imil ariti es. The basic mode assignments of the EEL features 
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as v0H' vs, vl and "combinations" thereof, are in general agreement 

with assignments proposed by other authors following adsorption of 

H20 on W(lOO) (§]_), Pt(.100) (_g_), Pt(lll) (_~_) and Cu(lOO) (52). In 

all cases the position of the main v0H peak, 3330 to 3450 cm-1, indi

cates i~termolecular hy"drogen bonding. Additional v0H features at 

2870 and 3680 cm-1-were reported for H20 on Pt(lOO) (_g_) and assigned 

to water hydrogen bonded to the Pt surface, and non-hydrogen bonded 

water molecules, respectively. These features may, however, be due 

to the relatively high defect density which is to be expected on thfs 

reconstructed surface, or other structural factors related to the 

reconstruction, since they were not observed for H20 adsorbed 

on a Pt(lll) crystal (~_), nor were they observed in our experiments 

with the hexagonal Ru(OOl) surface. Presumably, Pt(lll) and recon-

structed Pt(lOO) are both hexagonal surfaces (_~_), although molecular beam 

scattering experiments indicate that corrugation of the latter surface 

may be significant (~),and alternative models have been proposed 

(54). 

The librational modes in other systems occur between 560 and 920 cm-1. 

In only one other case have two librational modes been distinctly resolved, 

for H20 on reconstructed Pt(lOO) at 150 ·K (~); only one mode was identified 

for H20 on Pt(lll) at 100 K (~_). The differences between the two sets of 

EELS data may be due to differences in the Pt substrates, as suggested above, 

or they may reflect the different temperatures of adsorption, as suggested 

by the results of the present study. The observation of the librational 

modes was also presumed to be consistent with cluster formation in both 

studies (~,~_) although di polar scattering was not verified. 

The metal-oxygen frequency of chemisorbed H20 occurs at 460 to 550 

cm-l on Pt(lOO) and Pt(lll) surfaces (~,}_),and a frustrated translation 
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(an o ... :o stretch) within the ice lattice at 240 and 250 cm- 1 (£, 

l). These are to be compared with the corresponding frequencies of 

( ) -1 -1 H20 adsorbed on Ru 001 : 370 to 400 cm , and 280 cm , respective-

-1 ly. The presence of the 240 cm feature at .·a low coverage of H20 

on Pt(lOO) was used as evidence that clusters of H20 formed even at 

a submonolayer coverage (£). The same conclusion regarding cluster 

formation was reached for H20 on Pt( 111), but the 250 cm-l feature was 

only observed above a minimum exposure necessary to form ice (l}. For 

H20 on Ru(OOl), this feature is observed only for exposures of 3 Lor 

greater, in agreement with the ~onclusion that it is characteristic 

of an ice multilayer · [cf. section 3.1.4], Its presence at lower 

exposures in our experiments cannot be excluded, however, since it could 

well be buried in the low-energy tail of the elastic peak if the relative in 

tensity of the inelastic transition is too low, as may be seen i'n Fig. 3(8). 

The frequency of the scissoring mode, v
5

, is much lower on Ru(OOl) 

than has been observed in other systems. On Pt(lOO) and Pt(lll) sur

faces it occurs at 1630 to 1650 cm-l at all coverages investigated. As 

described in Section 3.1.2, this low frequency reflects a strong in-

teraction between the metal and the chemisorbed water, probably due to 

electron transfer from the H20 to the metal. This interaction must be 

stronger for Ru than for Pt to account for the differences in vs for 

the two meta 1 s. 

The stronger interaction of H2o with Ru than with Pt is also reflected 

in the thermal desorption spectra. The high-temperature desorption 

state attributed to desorption from the chemisorbed layer of H
2
o occurs 

at 190 Kon Rh(lll) (37), 180 Kon Pt(lll) (}~) and 208 -217 K on Ru(OOl). 
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Desorpti'on of H20 at 210 - 220 K from Pt(lll) (38) 

and Rh(lll) (37) has been associated with preadsorption of oxygen and 

possible dissociation. However, we do not believe that oxygen (or other) 

contamination can account for desorption at 208 to 217 K in our experi-

ments because of the various methods which were used in cleaning and 

verifying the cleanliness of the samples (cf. Section 2- ) and the fact 

that this feature is consistent with all of our other data. Rather, we 

propose that the presence of this feature reflects the relative strength 

of the interaction of chemisorbed H2o with Ru(OOl). An unusually high

temperature desorption state has been observed for H2o on clean Ir(llO) at 

310 K (36). This appears to be related to the microroughness of the recon

structed Ir substrate (36), further indicating the importance of the water

metal interaction in determining desorption temperatures. 

Of the metal substrates which have been discussed thus far [Rh(lll}, 

Ir(llO), Pt(.100} and PtfJ11)_J, RuC0.01)_ ts. uni.que,: i.n that its (/3 x 13) 
0 

unit cell lattice parameter, 4.59 A [cf. Fig. 16(C)J,, provides quite a 

close match with the distance of closest approach of two non-hydrogen 

bonded H20 molecules in crystalline ices le and Ih: 4.52 E (~}. This 
0 

is to be compared with lattice parameters of 4.80 A for Pt(lll) and 
0 

4.66 A for Rh(lll). Undoubtedly, the Ru(OOl) surface provides a more 

11 fitting 11 substrate for the adsorption of water clusters than does 

hexagonal Pt. This fact may be related to the unique properties of 

vs discussed above, since chemisorbed water molecules can maintain good 

registry with the Ru substrate, i.e. remain in specific,favorable 

adsorption sites, without introducing too much strain into the structure 



198. 

of the clusters or vice versa. The importance of a mismatch of the 

substrate lattice with the ice lattice has been noted by previous 

authors in a comparison of the LEED patterns of ice on Ag(lll) and 

Pt(lll) surfaces (42). 

There have been two other specific models for the structures of 

H20 clusters adsorbed in vacuum on metal surfaces (l, ~). The first, 

a model for H2o on Ru( 001}, was based largely upon ESDIAD data (]). This 

model proposed that the hexagonal ESDIAD pattern was due to a single 

chemisorbed layer of H20 molecules, oriented in islands with parallel 

molecular planes pointing toward nearest-neighbor Ru atoms. This 

model is difficult to rationalize; furthermore, it is inconsistent 

with ourmeqsurements.which show that layered clusters form under all 

conditions. Ice-like layers, as shown in Fig. 17, provide an appealing 

and consistent explanation of the ESDIAD data. The other model was ad

vanced by Ibach and Lehwald in an investigation of H20 on Pt(lOO), based mainly 

upon EELS data. We do not fee 1 that our mode 1 is in di re ct contradiction 

with theirs, because of the differences between Ru and Pt which have been 

discussed above. However, it must be pointed out that we have quite a 

complete set .of data to elucidate the structure of H20 on Ru(OOl), where

as the structural model for H20 on Pt(lOO) was based largely upon a 

theoretical calculation of relative cluster stabilities (56). In this 

calculation, the free energy differences between various configurations 

of hydrogen-bonded H20 clusters was relatively small; furthermore, 

the inevitable perturbation of the metal surface upon the theoretical 

stabilities of these clusters was ignored in choosing a specific one 
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to model the EELS data {g_). Three features of the EELS data were used 

to argue in favor of the "cyclic hexamer 11 model of H20 on Pt(lOO) (_~_): 

(1) The observation of v0H at 2850 cm-l to support hydrogen 

bonding to the surface; 

(2) The fact that the relative intensities of vs and v0H changed 

by a factor of 100 with increasing coverage, possibly indica

tive of a structural transformation involving the hexamer 

(3) 

clusters; and 
-1 The disappearance of the metal-oxygen stretch at 440 cm , 

at a coverage where the intensity ratio v0H/v
5 

began to 

·change, leaving only features due to librations at 560 to 

920 cm- 1. This was attributed to the structural rearrange-

ment of the clusters also, from a situation involving bonding 

to the metal surface through some of the oxygen atoms, to a 

a situation with complete hydrogen bonding of the chemisorbed 

layer to the metal, such as shown by Fig. lO(f). 

As discussed in Sections 3.1.1 and 3.1.3, the first two points 

are not applicable to H2o on Ru(OOl). We .do observe behavior rather 

similar to point (3) above. However, we have veri·fied that the metal

oxygen stretch is always present, merely obscured by overlap with an 

intense librational feature in some cases. This is confirmed by tbe 

isotopic substitution experiments of Section 3.1.4, the AREELS experi-

ments of Sections 3.1.5 and 3.6.2 and the experiments following adsorption 

at 165 K of Section 3.6.1. We therefore conclude that none of our experi

ments supports the model proposed in Ref. (_?_), with water forming 

hydrogen bonds directly to the metal surface, for H20 on Ru(OOl). 
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5. Summary. 

On the basis of the experiments discussed herein, we present the 

following description of H20 adsorbed on Ru(OOl). 

Water adsorbs molecularly on Ru(OOl) at temperatures below 200 K. 

This is based upon the observation of vs in the EEL spectra, the TD 

spectra which show only desorption of molecular H20 below 200 K, the 

UP spectra which show no major differences in chemical composition be-

tween 95 K and 165 K, and the absence of exchange between H20 and o2• 

The vibrational data are consistent with bonding to the Ru surface through 

the oxygen atom, by comparison with vibrational spectra of aqua-metallic 

complexes (~~z_JJ and clusters (ll_). The value of v at low covers 

age, 1510 cm-1, is indicative of a relatively strong interaction with 

the metal via electron donation from the chemisorbed H20 (22 ), and 

may be related to the relatively large H-0-H bond angle reported from 

ESDIAD experiments (l). The metal-oxygen stretch of chemisorbed H20 

occurs at 370 to 400 cm-l, consistent with bonding to one or two metal 

a toms (~,_12) • 

Self-aggregation of the H20 molecules, via hydrogen bond formation, 

occurs under all conditions investigated. This conclusion is based upon 
the fo 11 owing: 

(1) The coverage-independent value of v0H in the EEL spectra, 3370 

+ 50 cm-l, which is characteristic of intermolecular hydrogen bonding; 
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(2) The observation ·.of dipolar-enhanced librational modes in the 

EEL spectra, which can be rationalized in terms of hydrogen bonded clusters; 

and 

(3) The observation of ESDIAD and LEED patterns which are indicative 

of hydrogen bonded clusters with specific long range order. 

At exposures be 1ow0.5 L H2o at 95 K, the clusters a re sma 11 and not we111 

ordered. At higher exposures (coverages}, up to 2.2 L, the clusters co~ 

alesce and achieve a long range order. Up to 2.2 L of H2o, only the 

first two layers of H2o molecules are being filled at 165 K; a small quanti-

ty of ice may form also in this range at 95 K. At the exposure of 2.2 L, 

the thermal desorption data indicate that the absolute coverage is 2/3, 

which is exactly the coverage of a (/"3 x /3) R30° 1 a tti ce ·with ·an addi ti ona 1 

hydrogen bonded, second..-1 ~_yer H20mo1 ecul e per uni~ ce 11 , as shown in Fig. 17. 

Such a structure can be proposed independently, based solely upon the 

LEED and ESDIAD (l) data, which give information regarding the orienta

tion of the water lattice with respect to the Ru substrate and the orien

tations of the 0-H bonds of individual molecules. 

The fac~ that long-range ordering occurs between exposures of 1.1 

and 2.2 L is supported by the following observations: 

(1) The EEL spectra at 95 K are relatively invariant in this ex

posure range (cf. Fig. 3), indicating that the vibrational properties of 

the clusters ·are no longer changing as a result of increasing size; 

(2) The LEED pattern is first observable at approximately 1 L; and 

(3) It is in this coverage range that the librational mode features 
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at 165 K diverge to higher frequencies rel~tive to those at 95 K, which 

indicates a more well-ordered hydrogen bonded lattice at the higher 

temperature of adsorption. 

The H20 lattice saturates the surface following an exposure of 2.2 

L at 165 K, which is consistent with the thermal desorption, work function 

change, UPS and EELS data, all of which verify that epitaxial ice forms 

above this coverage at 95 K. Evidently the properties of the first two 

H20 layers are quite distinct from the properties of epitaxial ice. 

The EELS, LEED and ESDIAD data support the structure of Fig. 17(A) as 

a model for the first two chemisorbed layers, whereas Fig. 17(8} almost 

certainly represents the top two layers of epitaxial ice. 

Chemisorbed water interacts more strongly with the hexagonal Ru sur-

face than with similar Pt surfaces (.£, _l). This is apparent in the low 

values of vs and the high-temperature TD state at about 210 K which are ob

served for Ru(OOl). The lowering of v
5 

in turn may be related in part to the rela-

tively close match between the (/3 x /3) lattice parameter of the 
0 

Ru(OOl) surface, 4.59 A, and the corresponding oxygen-oxygen separation 
0 

in crystalline ice at atmospheric pressure, 4.52 A (_§_§_). 

In other words, ice-like layers of hydrogen bonded H20 molecules may form 

without displacing the lattice of chemisorbed H20 molecules from 

favored adsorption sites, or vice versa. 
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Figure Captions 

Figure 1: Intensity of the elastically scattered electron beam as a 

function of ~ the change in polar angle, -~e5 • lThe geometry 

is shown in the inset.) Vi is the incident beam energy. 

The (circular) entrance aperture of the energy analyzer 

subtends an angle of 4.5°(4.8 x 10-3 steradians). 

Figure 2: Normal modes of H20 adsorbed with c2v syrrnnetry on a flat 

metal substrate~ witn the c2 axis perpendicular to the metal 

surface. The syrrnnetry designations are after Herzberg (~). 

Figure 3: Electron energy loss spectra of H20 adsorbed on Ru(OOl) at 
95 K. The exposure of 5.6 L H20 corresponds to approximately 

five monolayers of water (see Section 3.4), i.e. epitaxial ice 
Figure 4: Electron energy loss spectra between 1000 and 4800 cm-1, 

showing v0H and vs in detail. 

Figure 5: Frequency of the scissoring mode of H20, vs, as a function of 

exposure of H20 to Ru(OOl). The error bars are based upon 

worst-case estimates of the broadness of the vs feature in 
individual experiments. The dark symbols show representative 
frequencies observed for o2o, multiplied by 1.34. 

Figure 6: Total intensities of the vs and v0H EELS peak as functions of 

H2o exposure (top), and the ratio of the intensities, v0H/vs,as 

a function of H20 exposure (bottom). The intensities were 
corrected for a background level of counts determined empiri
cally. 

Figure 7: Frequencies of the EELSfeatures below 1000 cm-l as functions 

of H20 (o2o) exposure at 95 K. The frequencies are labeled 

vl after the notation of Fig. 2. 
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Figure 8: Isotopic shifts of the low-energy vibrations below 1000 cm-l 

-1 The loss in the range 370 to 550 cm is labeled vl, and the 

-1 . loss between 710 and 890 cm is designated vl. The hori-

zontal dashed lines show the average experimental values at 

exposures above 0.09 L at 95 K. In the lower right, I is 

defined as the moment of inertia andµ is the reduced mass. 

The coordinate axes are chosen after Herzberg C!i). 
Figure 9: EEL spectra of H2o (o2o} adsorbed on Ru (001) at 95 K, showing 

the low-energy region in detail. 

Figure 10: Possible orientations of H20 adsorbed on Ru(OOl). The point 

groups which describe the symmetries of these orientations 

are: (a) c2v; (b) c2v; (_c} Cs,a(yz); (d) Cs,o(yz); 

(e) Cs,o(xz); and, (f) c1 . 

Figure 11: Angle-resolved EEL spectra of the Ru(OOl) surface following 

exposure to 1.1 L H2o at 95 K. 

Figure 12: Intensities of the loss features of Fig. 11 as functions of 

change in the analyzer position from the · spec~lar direction which is 

defined as ~es = o0 (es = e1 = 57°). The intensity plotted 

is the count rate at a single frequency, corrected for a 

background level determined empirically. In repeated AREEL 

experiments at this temperature and exposure, the ratio of the 

intensities of the features labelled vl and vl always inverted 

as shown. 

Figure 13: EEL spectrum of ice multilayers on Ru(OOl) showing the energy 

range below 7800 cm-l in detail. 
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Figure 14: Thermal desorption spectra of H20 from Ru(001). The heating 

rate is B, and is linear and constant within ±1° between 150 K 

and 250 K. The baselines of the curves have been displaced 

along the ordinate fo! clarity. 

Figure 15: Integrated peak areas, J PH 0 dt, of the thermal desorption 
t 2 

data corresponding to Fig. 14. 

Figure 16: Structural information for H20 on R~(OOl) at 90 to 95 K. The 

ESDIAD data is from Ref. (1:__). The (.IJ x IJ)R30° unit cell 
0 

parameter, 4.59 A, is reasonably close to the corresponding 
0 

oxygen-oxygen distance of crystalline ices Ic and Ih, 4.52 A 

Figure 17: Adsorption of a second-layer H
2
0 molecule, hydrogen-bonded to 

the chemisorbed H20, provides a model which is consistent with 

both the LEED and ESDIAD data of Fig. 16. Possible structures 

are shown here. 

Figure 18: EEL spectra between 250 and 1400 cm-1 , showing the changes 

which result when a surface with 0.6 L H20 at 95 K is heated 

to successively higher temperatures, as indicated. 

Figure 19: Vibrational spectra following adsorption of H20 on Ru(OOl) at 

160 to 170 K, and re-cooling to 95 K. 

Figure 20: Isotopic frequency shifts of low-energy vibrations of H20 (D20) 

on Ru(OOl) at 165 K. 
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Figure 21: Curve a: EEL spectrum following exposure of Ru(OOl) to 1.6 L 

H20 at 95 K, from Fig. 3(8), showing the vr and VL features 

in detail. 

Curve b: EEL spectrum following saturation of Ru(OOl) with 

H2o at 165 K, from Fig. 19. The librational mode features 

have been shifted in frequency as indicated to align with vl 

of curve a, and expanded to match the intensity of vl in curve 

a. 

Curve c: As in curve b, but not shifted in frequency. 

Curve d: AREEL spectrum following exposure of Ru(OOl) to 

1.1 L H2o at 95 K, from Fig. 11. The loss spectrum has been 

normalized to the intensity of vl in curve a. The tails of 

the individual loss features have been approximated by straight 

1 ines, as shown. 

Figure 22: Angle-resolved EEL spectra of the Ru(OOl) surface following 

exposure to 3. 3 L of H20 at 165 K, i.e. at saturation at 165 K. 

Figure 23: Intensities of electron energy loss features as functions of 

scattering angle, defined in Fig. 1, corresponding to the data 

of Fig. 21. 

Figure 24: Photoemission spectra taken following exposure of the Ru(OOl) 

surface to H20. The angle of incidence of the HeI radiation 

is 80° from the surface normal. Experimental details are 

discussed elsewhere (ll_). The three molecular orbitals shown 

in the upper right panel are referenced to the lb2 orbital in 

energy. From top to bottom, they are taken from (?J_), (48, 

49), ( 50) and ( 38). 
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ANGULAR DISTRIBUTION OF ELASTICALLY 
SCATTERED ELECTRONS FROM CLEAN 
Ru(OOI) AT TWO IMPACT ENERGIES 
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The adsorption of oxygen, hydrogen, carbon monoxide, nitric 

oxide and water on Rh(lll) and Ru(OOl) surfaces has been studied using 

the techn i ~ues of high re so 1 uti on e 1 ectron energy 1 oss spectroscopy (EELS), 1 ow-

energy electron diffraction (LEED), Auger electron spectroscopy (AES), 

ultraviolet photoelectron spectroscopy and thermal desorption mass 

spectrometry. In many cases, co-adsorption measurements have provided 

insight into the nature of the interactions between different adsorb-

ates, with potential implications for heterogeneous catalytic reaction 

mechanisms. Both Rh and Ru are active catalysts commonly used in dis

persed form to catalyze such heterogeneous reactions as Fischer-Tropsch 

methanation and reduction of nitric oxide. 

Oxygen adsorbs on Rh(lll) via a mobile precursor at 100 K, and 

orders irreversibly above 150 K to yield a (2 x 2) pattern in LEED 

experiments. The activation energy for ordering is 13.5 .±. 0.5 kcal/ 

mole. At temperatures above 280 K the oxygen disorders irreversibly, 

and above 400 K dissolution occurs into the subsurface region of the 

metal. Desorption of oxygen occurs above 800 K with an activation 

energy of 56 ± 2 kcal/mole, if the coverage of oxygen is sufficiently 

high. At low coverages, dissolution into the metal is the primary 

means of removal of oxygen from the Rh surface, with an activation 

energy of 8.2 .±. 0.3 kcal/mole. Hydrogen adsorbs dissociatively on 

clean Rh(lll) following second-order Langmuir adsorption kinetics, and 

the barrier to desorption is 18.6 kcal/mole. 

The kinetics of the reaction of H2(g) with oxygen adsorbed on 

Rh(lll) are different for ordered adsorbed oxygen than for the high-
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temperature disordered state, as determined by LEED and AES, which im

plies that the ordered oxygen overlayer has a higher probability of 

adsorbing and dissociating H2 than does a region of disordered oxygen. 

This is supported by thermal desorption studies of the co-adsorbed over

layer, which confirm that the rate of- adsorption of hydrogen is sensitive 

to the structure of the adsorbed oxygen lattice. 

The interaction of carbon monoxide with Rh(lll) was studied with 

LEED and thermal desorption mass spectrometry. The activation energy 

fer first-order desorption of CO is 31.6 ± 1 kcal/mole. At saturation 

a (2 x 2) LEED pattern is observed which suggests, in conjunction with 

the.desorption data, that two types of CO binding sites are po~ulated. 

The vibrational (EEL) spectra of NO on Ru(OOl) show that the dis

sociation of NO can prevent adsorption of molecular NO at the three-fold 

hollow sites. The activation energy for dissociation is coverage-depend

ent, which is related to the competitive interaction between the reactant 

(multiply coordinated NO) and products (N and 0 adatoms) in the dissoci

ation reaction. A second type of molecular NO adsorbs linearly via 

coordination with a single metal atom. Carbon monoxide competes most 

directly with this linear NO for adsorption sites and can actually 

induce conversion of the molecular NO from linear to bridge sites. 

Competitive co-adsorption between hydrogen and the bridged NO is inter

preted in terms of preferential occupation Gf the three-fold symmetric 

sites by hydrogen, in agreement with experimental results and theretical 

calculations for other surfaces also. 

Water forms layered, hydrogen bonded clusters on a Ru(OOl) substrate 
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at 95 K. The vibrational,-electronic and thermodynamic properties 

of the first two layers are distinct from the properties of ice 

multilayers. A specific model for the structural arrangement of H20 

molecules in the first two layers has been developed. At an adsorp

tion temperature of 165 K, only the first two layers are adsorbed, and 

the H20 lattice is more well ordered than at 95 K, which is an effect 

analogous to the irreversible ordering which occurs in the vitreous-to

cubic phase transition in bulk ice at approximately this same tempera

ture. 
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THE GEOMETRICAL AND VIBRATIONAL PROPERTIES OF THE 
Rh(l 11) SURFACE t 
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Low-energy electron diffraction (LEED) data have been used to characterize the clean 
Rh(l 11) surface. The surface geometry, the degree of surf ace relaxation, and the Debye tem
perature have been determined. In the Debye temperature measurement, specular LEED beam 
intensities were monitored as a function of temperature over a range of electron energies from 
approximately 30 to 1000 eV. It was found that the bulk Debye temperature is 380 ± 23 K, 
and the normal component of the De bye temperature at the lowest electron energy used is 197 
± 12 K. The Rh(l 11) surface relaxation has been determined both by a convolution-transform 
analysis and by dynamical calculations. Within experimental error, neither expansion nor con
traction of the topmost layer has been detected. The results of the convolution-transform anal
ysis of specular beams at two angles of incidence and of a nonspecular beam at normal inci
dence suggest an expansion of the topmost layer of 3 ± 5% of the bulk layer spacing. In agree
ment with this, comparisons between the results of the dynamical calculation and experimental 
data for five nonspecular beams at normal incidence suggest that the surface layer relaxes by 
0 ± 5%. In addition, the dynamical calculations indicate that the topmost layer maintains an fee 
structure. 

1. Introduction 

Because of their importance as industrial catalysts, the Group VIII transition 
metals have been the object of extensive studies. Rhodium, one of the members of 
this group, is an important catalyst for a number of important types of catalytic 
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+ Sherman Fairchild Distinguished Scholar. Permanent address: Na ti on al Bureau of Standards, 
Washington, DC 20234, USA. 

§ Camille and Henry Dreyfus Foundation Teacher-Scholar, and Alfred P. Sloan Foundation 
Fellow. 
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reactions. In this paper, we report the results of a study of the surface vibrational 
and surface structural properties of the close-packed Rh{l 11) plane. 

Castner et al. [ 1] have studied small molecules chemisorbed on the Rh(l 11) and 
(100) surfaces by low-energy electron diffraction (LEED) and thermal desorption 
mass spectrometry. Mitchell et al. [2] have found from LEED data that the top
most layers of Rh(l 11) and (110) surface are relaxed outward by 0 ± 5% and by 
3 ± 5%, respectively. There are no reports in the literature concerning measure
ments of the Debye temperature, 80 , on the clean Rh{l 11) surface from LEED 
data. 

We have studied the De bye temperatures for Rh(ll l) as a function of incident 
electron energies ranging approximately from 30 to 1000 eV. We also report new 
measurements of LEED intensity-voltage (J-V) beam profiles. These have been 
used to determine the surface relaxation of clean Rh(l 11) by both the convolution
transform method and dynamical calculations. 

In section 2, the experimental procedures and apparatus are described. In section 
3, a brief formalism and a discussion of the results of the Deb ye temperature mea
surement are presented. In sections 4 and 5, the results of the convolution-trans
form analysis and the dynamical calculations are presented. The conclusions of our 
work are summarized in section 6. 

2. Experimental details 

2.1. Apparatus 

The experiments were done in an ion-pumped stainless steel ultra high vacuum 
system equipped with Ti sublimation pumping. The base pressure following bake
out was <I X 10- 10 Torr. The system was equipped with a four grid LEED display 
apparatus containing a movable Faraday cup for beam intensity measurements. The 
Faraday cup aperture subtended an angle of 4.6 X 10-3 steradians. The system also 
contained a quadrupole mass spectrometer, a cylindrical mirror single pass Auger 
spectrometer, and an ion gun for Ar+ bombardment of the crystal for cleaning. Two 
pairs of Helmholtz coils were used to compensate the magnetic field of the earth 
inside the chamber during LEED measurements. 

2.2. Crystal preparation 

. The Rh( 111) single crystal disk was cut by means of an abrasive loaded stainless 
steel string saw from a Marz grade Rh single crystal rotj (Materials Research Corpo
ration, nominally 99 .99% pure). The disk was ground and polished on both faces to 
within 0.3° of the Rh(l 11) plane using one micron diamond paste as the final 
polishing compound. At this point Laue back-reflection X-ray photographs indi
cated the presence of some surface disorder; this was removed by electropolishing 
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the crystal surface in 50% aqueous HCl solution for 30 min at a de current density 
of approximately 2 X 10-2 A/cm2

• The average diameter of the crystal was 0.6 cm 
and its final thickness was 0.05 cm. The polished crystal was welded to two parallel 
0.025 cm diameter Ta heating wires which were clamped in a Cu holder which was 
part of a rotary manipulator assembly. A thermocouple consisting of 5%Re/95%W 
and 26%Re/74%W wires (0.0075 cm dia.) was welded to short sections of0.25 cm 
dia. thermocouple leads which were welded together on the crystal face to make 
the junction. The Rh(l 11) crystal could be cooled to 85 K using liquid N2 refriger
ation, and it could be electrically heated to above 1400 K. The thermocouple cali
bration of Sandstrom and Withrow [3] was used below 273 K. 

Cleaning of the Rh(l 11) crystal was accomplished by a combination of Ar+ 
bombardment (,....,10 µA, I kV, 60 min, 5 X 10-5 Torr Ar, gettered with freshly 
deposited Ti) and high temperature 0 2 treatment at 5 X 10-7 Torr, followed by 
flashing in vacuum to 1250 K. The Auger spectrum shown in fig. I is typical of our 
Rh(l 11) surface following this cleaning procedure. The seven Rh Auger features 
indicated in the figure are the same as those reported by Grant and Haas [ 4]. Small 
features at ,....,160 eV (S) and at ,....,130 eV (P?) may be removed to the levels shown 
in fig. I by heating in 0 2 or by ion bombardment. As reported by others [ 1,2,5], a 
major surface contaminant is boron (185 eV) which diffuses from the bulk to the 
surface upon heating. To alleviate this problem, the bulk was partially depleted of B 
by heating and ion bombardment; a final condition was reached where diffusion to 
the surface was not detectable by Auger spectroscopy on heating the Rh(l 11) to 
1250 K. Low levels of B and C contamination were easily removed by heating in 
0 2 . The impurities in our Rh(l 11) crystal and the cleaning procedures used were 
similar to those of other workers [ 1,2,5]. 

It should be noted that 0 2 treatment leaves behind a small broad 0-Auger fea-

dN(E) 

dE 

IOO 

Rh(! I I) 
le=3.2µA 
Ve=2000V 
Vm= 1.2V 

200 

I 
259 

363 
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E,eV 
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Fig. 1. A typical Auger spectrum of the Rh(l 11) surface following the cleaning procedure 
described in the text. 
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ture near 515 eV. The intensity of this feature could be reduced to 0.3-0.5% of 
the peak-to-peak intensity of the strong Rh Auger feature at 303 eV by heating the 
0 2 treated crystal in vacuum to 1250 K. Other small features at 406, 441and458 
e V were essentially invariant with 0 2 or Ar+ cleaning procedures following annealing 
and may be characteristic of clean Rh surfaces. Similar low level Auger features 
have been seen on Ru(OOl) surfaces [6,7]. Examination of the Auger spectrum up 
to 2000 eV at highest sensitivity failed to reveal additional features. 

2.3. Measurement of De bye- Waller factor 

The crystal was tilted such that the specular beam was reflected at angles as high 
as 24° from the normal. To measure this angle the procedure of Cunningham and 
Weinberg [8] was employed. Essentially, this procedure involves photographing the 
diffraction pattern at an unknown angle of incidence. Measurement of the angle 
between the line joining the (00) spot and the center of the LEED screen and the 
lines joining other diffraction spots permits an accurate calculation of the angle of 
incidence with respect to the surface normal and the azimuthal angle. Since a num
ber of diffracted beams are employed, the crystal angle and the azimuthal angle 
may be determined rather accurately. The estimated errors in the determination of 
the angle of incidence and the azimuthal angle using on the order of ten beams for 
each of the three orientations are approximately 0.3° and 1°, respectively. 

Measurements of the dependence of the specular beam intensity on crystal tem
perature were made using the Faraday cup to monitor beam intensity as the crystal 
cooled slowly from an initial temperature of "'"'1100 to "'"'300 K, as monitored with 
the thermocouple. The specular beam intensity was continuously plotted against 
thermocouple potential during cooling. 

2.4. Measurement of LEED intensities as a function of electron energy 

In fig. 2 is shown a schematic diagram of the first order diffraction pattern from 
Rh(l 11) with the scheme for indexing beams and for definition of the azimuthal 
angle indicated. 

k, k, 

!Tl) 

(l I) 
k, 

(ill 

(o) (b) cj:i=-90° ( c) cp = 0° 

Fig. 2. (a) The (111) crystal surface for <J>= -90°. a 1 anda2 are the lattice vectors. (b) The 
reciprocal space of (a). (c) The reciprocal space for a (111) surface for<!>= 0°. 
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Fig. 3. Experimental 1-V curves for two beams which should be equivalent at normal inci
dence. 

Intensity-voltage curves for five non-equivalent diffracted beams were measured 
at 2 eV intervals, and these are shown in figs. 7-11. The measured intensity has 
been corrected for variation in the primary electron beam current (collected by the 
crystal) as the voltage was changed. In fig. 3 is shown the comparison of the 1-V 
curves obtained for two equivalent first order beams. The satisfactory agreement 
obtained is indicative of small systematic errors which may exist due to inaccuracy 
of crystal positioning, residual magnetic fields, etc. 

3. Debye-Waller factor measurement 

The Debye temperature is related to the root-mean-square displacements of 
atoms from their equilibrium positions in the lattice and may be measured by 
studying the variation of the LEED beam intensity as a function of temperature. In 
the kinematic approximation, the intensity of the back scattered electrons,/, may 
be written as 

I= lo e-2M' (I) 

where 2M is the Debye-Waller factor. For the specular beam, the Debye-Waller 
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factor is given as 

(2) 

where /1k1 is the normal momentum transfer of the e]ectron and (u1) is the root
mean-square displacement of the surface atom perpendicular to the crystal surface. 
In the case of the specular beam, the perpendicular momentum transfer of the elec
tron is determined by the energy of the electron and the angle of incidence of the 
electron beam with respect to the surface normal. It is given by 

(3) 

where me is the mass of the electron, 2TT!i is Planck's constant, Eis the energy of 
the e]ectron, 8 is the angle of incidence with respect to the · surface normal, and V 0 

is the inner potential. In the high temperature limit, the perpendicular mean-square 
displacement of an atom in a solid is given by 

(u 2) = 3h 2 Tlm k(8EFF)2 
1 I a Dl ' (4) 

where ma is the mass of the atom, k is the Boltzmann constant, and 8flt is the 
perpendicular component of the effective De bye temperature. 

Combining eqs. (2), (3) and (4) gives 

(5) 

Thus, from the s]ope of a plot of In(!// 0) versus temperature, 8blF can be evalu
ated. To obtain the correct effective Deb ye temperature from eq. (I), however, the 
background intensity of scattered electrons must be subtracted from the experi
mentally measured intensity. This background intensity results from thermal dif
fuse scattering. Hence, eq. (I) should be written as 

(6) 

where !bk is the background intensity. An accurate background intensity is very dif
ficult to determine experimentally, especially at high e]ectron beam energies (£ > 
500 eV) where the diffraction spots are closely spaced. Therefore, rather than using 
an experimentally measured background intensity, we have treated the background 
intensity as a variable in a least squares fitting procedure for the plot of ln(J-JbJ 
versus T. If hk is determined correctly, the pJot of ln(/-hJ versus T should be a 
straight line; hence, we allow the value of /bk to vary within physically reasonable 
limits until the best straight line for ln(/-lbJ as a function of Tis obtained. In the 
least squares fitting procedure, the values of ln(/-lbJ are weighted according to the 
experimentally measured intensities, causing the values of Jn(/-/bJ at lower tern-
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Fig. 4. Plots of representative experimental curves of ln(/-/bk) versus T, using the best numeri
cally determined /bk· The curves are vertically displaced with respect with respect to each other 
for ease of presentation. e = 10.5°. 

peJature to be weighted more heavily than the values of ln(/-/bJ at high tempera
tures. This is justified by the fact that the intensities at low temperatures can be 
measured more accurately and are less sensitive to the variation of the background 
intensity. The value of e5rF is determined from the slope of the best straight line 
in the plot of ln(/-/bJ versus T with appropriate weighting factors in the least 
squares fitting procedure. We have shown that use of different weighting schemes, 
such as weighting the values of ln(J-/bJ according to the squares of the experimen
tally measured intensities, does not change the result by more than a few percent. 

Fig. 4 shows several plots of our experimental curves of ln(/-/bJ versus T, using 
the best numerically determined /bk· In the calculation of the Debye temperature, a 
value of 10 eV was used for the inner potential, V0 . This value of V0 was used also 
in the dynamical calculations discussed in section 5. Fig. 5 shows values of ef;iF as 
a function of !::J( 1 for the (00) beam at three different angles of incidence: e = 
10.5°, e = 14.9°' and e = 23.9°. The solid line in fig. 5 is a second degree least 
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Fig. 5. Values of e f51F as a function of .t.k 1 for the (00) beam at three different angles of inci
dence: e = 10.5°, e = 14.9° and e = 23.9°. The solid line in the figure is a second degree least 
squares polynomial fit to all the data points. Ref. A= ref. [9]; Ref. B =ref. [ 1 O]; Ref. C =ref. 
(11 ]. 

squares polynorninal fit to all the data points. The value of 85rF at the lowest value 
of !:ik1 is taken as the surface 801, although it is realized that even at this low value 
of !:ik1 we are sampling several atomic layers of the Rh crystal. From these data, 
this value is 197 ± 12 K. The high-energy asymptote of the curve of the polynomi
nal fit to the data points gives a value for the bulk 8 D of 380 ± 23 K. The errors 
were estimated from the standard deviation of the measured data. The values for 
the bulk 80 given in ref. [9] are 315 K, calculated from the melting point formula 
of Lindemann, and 370 K, deduced from the electrical conductivity. A value of 
325 K has also been determined from heat capacity data [ 11]. Another value for 
the bulk 80 given in ref. [IO] is 480 K. Our bulk 8 0 is in good agreement with the 
value of 80 deduced from the electrical conductivity. 

It would also be appropriate to use LEED to determine 8 EfiF using non-specular 
LEED beams. Unfortunately, as pointed out by Farrell and Somorjai [ 12], one 
must work at high angles of incidence to obtain sufficient accuracy in 8fjfiF. The 
present geometry of our apparatus precluded this measurement. 
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4. Convolution-transform method 

In earlier work, the convolution-transform method of LEED analysis has been 
described and used to determine the spacing of the outermost layer of several clean 
metal surfaces [ 13-'-17]. In the convolution-transform method, a least squares fit is 
made between the Patterson function of the data (the observed Patterson function) 
and the "calculated" Patterson function. The observed Patterson function P0(z) is 
the Fourier transform of the intensity from momentum space into real space. The 
"calculated" Patterson function Pc(z) is constructed by convoluting the Fourier 
transform of a "window" function with a set of delta functions which represent the 
layer spacings of the crystal. The "window" function is chosen somewhat arbitrar
ily to define the energy range of the I- V spectrum and is taken to be a smooth 
envelope of the data. The best fit between the observed and the "calculated" Pat
terson functions is found by searching for the minimum in a parameter termed the 
residual as a function of both V0 , the effective inner potential, and t, the percen
tage relaxation of the topmost layer. The inner potential is different from the one 
used in dynamical calculations. As discussed in detail elsewhere [ 15-17], it should 
be considered as an adjustable parameter in the convolution-transform n:iethod. The 
square of the residual is given by 

R 2 = J [Po(z) - Pc(z)] 2 dz. 
0 

This minimum is characterized by a parameter Li, defined as 

Li= 1 OO(Rave - RmiJ/Rave, 

(13) 

(14) 

where Rmin is the smallest value of the residual and Rave is the average value of the 
residual. The position of the minimum gives the structure, and the value of Li 
defines the goodness of fit. 

Table 1 
Summary of convolution-transform results 

Beam e <P Energy range Vo .t. t 
(deg) (deg) (eV) (eV) (%) (%) 

(00) 10.4 -76.5 46-220 3 30 +l 
(00) 23.9 -76.5 60-234 9 15 +1 
(11) 0 94-254 15 25 +7 

v 0 = Effective inner potential. 
.t. =Measure of quality of fit between observed and calculated Patterson functions. 

= % Expansion of the surface layer with respect to the bulk interlayer spacing of 2.196 A for 
which a minimum occurs in the residual. 
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Fig. 6. /-V spectra and drawn window for the Rh(l 11) surface. e is the angle of incidence rela
tive to the surface normal, and <I> is the azimuthal angle with respect to the crystal x-axis. 

Three Rh(l 11) 1-V spectra with their window functions are shown in fig. 6. The 
results of our calculations are swnmarized in table 1. The results vary from t = + 1 % 
to t = +7% and V0 = 3 eV to V0 = 15 eV. The weighted average of all beams, ob
tained by multiplying the relaxation t by the corresponding value of fj,_ and nor
malizing by the sum of fj,_'s, is 3 ± 5%. 

5. M ultip Je-sca ttering analysis 

The computational method of analysis is very similar to that described previ
ously [15]. Renormalized forward scattering [18] was used for rapid and good 
convergence. The LEED I- V spectra for Rh(l 11) were calculated at a normal angle 
of incidence for five non-specular beams, namely, the (01), (10), (11), (02) and 
(20) beams. 

The potential used for rhodium is a band structure potential which we obtained 
by scaling the relativistic Hartree-Fock-Slater potential of Rh with respect to Ir. 
This is possible since a band structure potential is available for Ir [ 19] as well as 
atomic potentials for Ir and Rh [20]. Eight phase shifts were used, properly mod
ified for atomic vibrations. An assumed value of 15 eV was used for the real part of 

the inner potential (the muffin-tin zero). For the comparison between the theoreti
cal and the experimental/- V spectra, the inner potential was allowed to change by 
a rigid shift of the energy scale. An energy-independent imaginary part of the inner 
potential of 5 eV was used to represent all inelastic processes. The crystal tempera-
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ture was 350 K, the nominal bulk Debye temperature used in the calculation was 
300 K, and an enhancement factor of 1.43 was chosen for the surface mean-square 
vibrational amplitudes. At an energy of 210 eV, an equivalent of 36 beams were 
used in the calculations. 

In the calculations, the outermost layer of the Rh{I 11) surface was allowed to 
relax from -15% (contraction) to +10% (expansion) in steps of 5%. It was found 
from the comparisons between the theoretical and experimental/- V spectra for 
the five chosen beams, the unrelaxed surface agrees best with an inner potential of 
10 e V. Figs. 7-11 show the comparison between the theoretical/- V spectra mod
ified with an inner potential of 10 eV and the experimental/- V spectra. 

The good agreement between experiment and theory indicates that a lateral shift 
of the top atomic layer to an hep configuration is highly unlikely; hence, calcula-

0 100 200 300 
E,ev 

Fig. 7. Comparison between the theoretical /- V spectra modified \vi th an inner potential of 
10 e V and the experimental/- V spectrum of the (01) beam. The % parameter refers to expansion 
(+)or contraction(-) of the Rh interlayer spacing. 
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tions for such a shift were not undertaken. Based on the results of these comparisons 
between theory and experiment, we conclude that the topmost layer of Rh(I 11) 
exhibits a relaxation of 0 ± 5%. 

6. Conclusions 

Our major conclusions may be summarized as follows: 
(I) The normal component of the Rh(I 11) surface De bye temperature is 197 ± 
12 K, and the bulk Debye temperature of Rh is 380 ± 23 K. Our data indicate that 
e51F is a rather smooth function of 6.K.1. For an accurate determination of 8 5fiF, 
the measurements of 1-V peak intensities as a function of temperature must be 
done at a very large angle of incidence. 
(2) The results of a convolution-transform analysis indicate that the topmost layer 
of the Rh(l 11) surface is expanded outward by 3 ± 5%. 
(3) The results of dynamical calculations indicate that the topmost layer of the 
Rh( 111) surface is relaxed by 0 ± 5%. 
( 4) The dynamical calculations indicate that the first layer of the Rh(l 11) surface 
does not shift to an hep configuration but maintains an f cc structure. 
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The voluminous literature concerning CO adsorption on transition metals testi

fies to the importance of determining the basic geometrical adsorption structure of 
CO on metals [I]. While in non-dissociative adsorption, experiments of various 

kinds indicate strongly that CO adsorbs by its carbon end to the metal substrate, 
further details such as binding site, tilt angle and bond lengths are more difficult to 

detennine. Such information is particularly valuable as a calibration for studies · 
showing binding-site changes as a function of coverage and/or temperature. 

A Low-Energy Electron Diffraction (LEED) intensity <rnalysis of Ni( 100) + 
c(2 X 2)CO produced [2] a terminal-bonded geometry involving a tilt by about 34° 

of the molecular-axis with respect to the surface normal. However, the agreement 

between theory and experiment was unsatisfactory, in part because of CO dissocia

tion. On the other hand, an Angle-Resolved Ultra-Violet Photoemission Spectro

scopy (A RUPS) analysis [3] based on calculated emission patterns of oriented gas 

molecules [4] predicted an orientation near-perpendicular to the surface. The ter

minal site was confirmed by a more complete final-state multiple scattering ARUPS 

analysis [5] and supported by a High-Resolution Electron Energy Loss Spectro

scopy (HREELS) analysis [6]. The controversy about the tilt angle of CO on 
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Ni( I 00) appears at this moment however to be resolved in favor of the perpendicu
lar orientation by three new sets of LEED measurements [7] associated with fur
ther LEED calculations [8]. 

We wish to report here on a parallel investigation of CO adsorbed on Pd(l 00) 
which presents unique features that provide more confidence in the structural 
results; almost no CO dissociation occurs under electron irradiation and the ob
served.symmetries imply bridge site adsorption. 

Previous work on the surface [9], using infrared reflectance spectroscopy, has 
shown that the observed vibrational losses are consistent with the bridge site at the 
coverage of interest to the present analysis, namely a half mono layer. 

LEED measurements were performed with four-grid optics induding an off-axis 
electron gun and a movable Faraday cup collector (aperture= 0.5 mm). Sample 
preparation and surface deaning were performed with standard techniques [ 10,11]. 
The state of surface cleanliness was monitored by means of Auger spectroscopy, 
thermal desorption and work function (ll<P) measurements. The maximum value 
for fl¢= 0.94 eV at CO saturation was found to .be the most sensitive probe for 
the absence of surface impurities. 

LEED intensity/voltage (I/V) curves were recorded with a constant primary 
beam current of 0.6 µA at T = 350 Kin an ambient CO pressure of 10-7 Torr. This 
procedure revealed itself to guarantee the stable formation of the superstructure at 
8 = 0.5. The CO background atmosphere was introduced in order to compensate for 
the small rate of electron-beam induced desorption. It has to be emphasized that no 
noticeable dissociation of adsorbed CO due to electron impact could be discovered 
with the present system, quite in contrast to the Ni/CO system [ 12]. 

With the clean surface the (00), (10), (02), (12) and (22) beams were recorded 
between 38 and 250 eV, with the CO-covered surface _[(2y'2 X y'2)R45° structure 
at 8 = 0.5] the l/V curves for the (00), (I 0), (~ D, (! a) and (! i) beams were mea
sured in the energy range between 38 and 150 eV. Except for the (00) beam (which 
was recorded at 8 = 8.5° and <P = -12°) all the measurements were performed at 
normal incidence of the primary beam. In order to check the normal incidence and 
the symmetry of the surface lattice,J/V curves for the (01) and (IO) beams were 
recorded and found to be identical. The(!!) beam from the overlayer structure as 
reported by Tracy and Palmberg [11] had non-vanishing intensity only for off-nor
mal incidence, which is in agreement with arguments based on the glide symmetry 
of the structure of the adsorbed layer. 

The spectrometer used for the electron energy loss measurements has been fully 
described elsewhere (13]. The energy of the incident beam was 4 eV. The full
width at half-maximum of the elastic peak varied from 16 to 26 meV , with 3 X I 04 

cps of elastic electrons reflected specularly from the clean surface. The angle of 
incidence was 45° from the surface normal. 

The Pd sample used in the loss experiments was cleaned in a separate UHV 
chamber equipped with facilities for Auger electron spectroscopy and LEED mea
surements. The cle aning procedure for this experiment will be fully described else-
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where. After cleaning, no evidence for impurities was detected with either Auger 
spectroscopy or energy loss spectroscopy. 

Fig. 1 {right panel) shows the LEED pattern for one domain of a half mono layer 
of CO adsorbed on Pd(I 00) with structure (2y'2 X .../2)R45° (the designation 
c( 4 X 2)R45° has been used in the past). As discussed by Tracy and Palmberg ( 11], 

the absence of certain beams at normal incidence indicates the presence of glide 
symmetry in the surface structure and implies the adsorption geometry shown in 

fig. I Oeft panel), cf. also refs. (14,15]. The two adsorbate molecules of each unit 
cell must therefore be bridgebonded to the substrate. 

An unusual feature of this structure is that the surface lattice is a "coincidence 

lattice" [ 16] different from both the substrate lattice and the overlayer lattice. 
Therefore some of the observed diffraction beams are purely multiple-scattering 
beams not predicted by a kinematical theory. Only minor modifications to conven

tional LEED calculational methods [ 16] were required by the existence of a coin
cidence lattice. Details will be published elsewhere. 

The Pd substrate_ was treated with an existing band structure potential [ 17]. 
Two sets of CO muffin-tin potentials were tested: a set of overlapping-atom poten
tials used by Jona et al. in several dissociated CO calculations, and a set calculated 
by Li and Tong for a NiCO linear cluster by the Xa method [8]. In this work, 
Jona's set of potentials gave the best agreement with experiment, followed closely 
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Fig. 1. Surface geometry for one domain of Pd(IOO) + (2./i X y'2)R45° 2CO (left) and corre
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crosses correspond to clean surface diffraction spots, while large filled circles are kinematically 
predicted extra spots, and small filled circles are multiple-scattering spots. At normal incidence, 
the multiple-scattering spots emitted at azimuths ti>= =45° vanish (<P = 0 being the (10) spot 
az.imuth). 
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by Li's. An imaginary part of the potential proportional to £ 113 and of value -3.8 
eV at 90 eV was used throughout. The muffin-tin constant was found to be at -10 
eV for the clean surface, a value which was also found adequate for the CO layer. 
Thermal vibrations were based on a bulk Pd Debye temperature of 270 K; the 
vibration amplitudes were enhanced by about 20% for the Pd atoms and by variable 
amounts for the adsorbate. 

A LEED intensity analysis of the clean Pd(l 00) surface produced good results 
with possibly a slight expansion by 0.05 ± 0.05 A or 2.5 ± 2.5% of the top layer 
spacing relative to the bulk value. 

For the CO covered surface, only the bridge sites as shown in fig. 1 Oeft panel) 
were considered for upright molecules, allowing variable top Pd-Pd, Pd-C and 
C-0 interlayer spacings. The integral order beams were quite insensitive to the 
adsorption geometry. The best agreement between experiment and theory was ob-
tained with a bulk Pd-Pd spacing, a Pd-C spacing of 1.36 ± O.l A (corresponding 
to a Pd-C bond length of 1.93 ± 0.07 A) and a C-0 spacing of 1.15 ± 0.1 A. Cor
responding I/V curves are shown in fig. 2. 

As discussed by Andersson and Pendry [2], the 1.15 A C-0 spacing can be 
taken to imply an untilted molecule, since it corresponds to typical values of C-0 
bond lengths found in metal-carbonyl complexes [ 18]: 1.07 to 1.17 A for bridge 
sites. {To· our knowledge no bond lengths for palladium carbonyl complexes are 
known.) The Pd-C bond length of 1.93 ± 0.07 A is to be compared with values 
ranging from 1.82 A (for Ni-C) to 2.09 A (for Rh-C) for bridge-bonds in metal
carbonyl complexes. (Corresponding ranges for terminal· and hollow-bonded spe
cies are 1. 70-1 .91 A and 2 .00-2 .23 A, respectively.) 

The best agreement between experiment and theory was obtained when the 
oxygen atoms were allowed to vibrate with an amplitude about double that of the 
palladium and carbon atoms. Thus, with increasing 0 vibration amplitude, the theo
retical _peak doublet at 60-70 eV in the G !) beam coalesces, the peak at 55 eV in 
the{! 1) beam decays, as does the peak at 70 eV in the(! n beam. 

It should be noted that a second structure with a top Pd-Pd spacing expanded 
by --0.05 A, a Pd-C spacing of 1.92 ± 0.1 A (bond length 2 .36 ± 0.07 A) and a 
C-0 spacing of 1.25 ± 0.1 A gave only somewhat less good agreement between 
experiment and theory, but gives unlikely bond lengths. (It would also correspond 
to a C-0 bond of order two, giving a stretching frequency [ 19] of about 1700 
cm-1 which is not observed in our experiments.) 

A vibrational spectrum of CO in the (2../2 X ·/2)R45° structure at a temperature 
of 335 K is shown as an insert in fig. 3. The carbon-oxygen stretch is observed at 
236 meV {1904 cm- 1

), and the Pd-C stretch is observed at 42 meV (339 cm- 1). 

The frequency of both loss features is in keeping with that observed in the infrared 
spectra of palladium co mplexes conta ining bridge-bonded CO ligands [20]. In such 
complexes the C-0 \'ibration occurs at 229-245 meV {1845 - 1979 cm- 1) and 
the Pd-C vibration occurs at 47-60 meV (378 - 483 cm- 1). For comparison, CO 
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Fig. 3. Coverage and temperature dependence of the posjtions of EELS yjbration Joss peaks for 
CO adsorbed on Pd(] 00). Insert: EELS spectrum at a half-monolayer coverage (the right-hand 
peak is the elastic peak). 

bridge-bonded on Pd{l 11) at a ha1f-mono1ayer coverage has a C-0 vibration fre

quency of 240.0 meV [9]. The frequencies reported here are comparable a1so to 
those observed by EELS for bridge-bonded CO on Ni(l 00) at low coverages, 

namely 239 .5 and 44.5 meV [ 6], and on Ni(l 11) at one-third mono1ayer, namely 

236.8 and 49.6 meV [21] (IR measurements also give 236.8 meV [22] for this 
C-0 vibration). On Pt( 111) the observed vibration frequencies for bridge-bonded 

CO at a half-monolayer coverage are 230 and 47 meV by EELS [23]. Equivalent 
values on Rh(l 11) are 231.8 and 52.l meV [24] by EELS for coverages between 

i and ~ monolayer. 
Also shown in fig. 3 is the shift in the carbon-oxygen stretching frequency as a 

function of CO coverage at two temperatures of exposure. The large shift observed 
at 250 K may reflect a lower degree of mobility of the CO molecules at this temper
ature, with partial occupation of highly coordinated sites (e.g., four-fold sites) at 

low coverage. The increase in frequency with increasing coverage would then be due 
to interaction effects as well as ordering into the two-fold bridged sites exclusively 
at one-half monolayer coverage. The nearly constant frequency at higher tempera
ture would reflect a higher surface mobility of the CO molecules and population of 
only the two-fold sites at all coverages. TI1ere is evidence from ESDIAD measure
ments that CO is sufficiently more mobile at 380 K than at 250 K to cause a dif
ference in the distribution of occupied sites on the Pd(210) surface [25]. The con

clusion that CO molecules in the (2.J2 X y'2)R45° structure occupy two-fold sites 
on this surface was previously reached by Bradshaw and Hoffmann [9] on the basis 
of infrared reflectance measurements. The pattern of increasing frequency \vith 

increasing coverage shown in fig. 3 was oh~erved also by these authors. However, 
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the reason for the difference between the absolute magnitude of the frequency 
range observed. by Bradshaw and Hoffmann (1895 to 1983 cm-1 at 300 K) and the 

frequency range observed in our measurement (I 774 to I 944 cm- 1 at 250 K) is not 

dear. 
We conclude that CO molecules adsorbed in a (2../2 X .J2)R45° structure on 

Pd(IOO) stand perpendicularly to the surface in bridge sites with Pd-C and C-0 

bond lengths of 1.93 ± 0.07 A and 1.15 ± 0.1 A, respectively. We emphasize that 
the observed glide symmetry and restricted CO dissociation should make our result 
relatively reliable. 
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Abstract 

The co-adsorption of CO and H2 on Rh(lll) at low temperature 

(~100 K) has been studied using thermal desorption mass spectrometry 

(TOMS) and Low-Energy Electron Diffraction (LEED). The probability of 

adsorption of CO on rhodium pretreated with hydrogen has been found to 

vary nonlinearly with the amount of hydrogen on the surface. In addition, 

the effect of surface hydrogen on the CO LEED patterns indicates segre

gation of hydrogen and CO. These results can be explained qualitatively 

in terms of a strong repulsive CO-hydrogen interaction and a mobile 

precursor model of CO adsorption. 
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1. Introduction 

The mechanisms of the catalytic reaction of CO and hydrogen in the 

Fischer-Tropsch and methanation reaction has been a topic of continued 

interest and dispute (!.,£). Of the two commonly posited- reaction inter

mediates, one, an active fonn of surface carbon, has been discredited 

for some time in favor of the other, a hydrogen-CO surface complex. 

Recent work, however, has shown that surface carbon, formed by dissoci

ation of CO under reaction conditions, is much more readily hydrogenated 

to methane than is molecular CO (3 - 9). At the same time, there is in

creasing evidence to suggest that surface complexes of CO and hydrogen 

do exist (10- 12) and that direct hydrogenation of molecular Cb is an 

alternate route to hydrocarbon formation (3). Apparently, both types of 

intermediates do occur, possibly with different effects on the product 

distribution. This duality may explain the diversity of activity and 

selectivity among the transition metals that catalyze the methanation 

and Fischer-Tropsch reactions. If there is a competition between the 

two sequences of elementary reactions, then the varying ability of 

different metals to promote CO dissociation as opposed to formation of 

hydrogen-CO complexes will give rise to a different extent of the re

action proceeding by each mechanism. The product distribution due to 

each mechanism individually, as well as that due to interactions among 

the different types of intermediates, then should give rise to an over

all product distribution characteristics of the metal. 

In order to understand better the fiJndamental processes governing 

the formation of hydrogen-CO complexes, the interaction of co-adsorbed 
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hydrogen and CO on Rh(lll) has . been studied under conditions where re

action does not occur. The individual chemisorption of hydrogen and CO 

has been studied previously and is we 11 characterized ( 13 - 15). Hydro-

gen adsorbs dissociatively and forms no ordered structures observable 

by LEED. Hydrogen desorbs with an activation energy of 19 kcal/mole at 

zero coverage. On the other hand, CO adsorbs molecularly and forms 

three ordered super-structures at 100 K. These are a weak primitive 

(2x2) at Seo = 1/4 (eco = the number of CO molecules per surface rhodium 

atom), a (/3 x ~)R30° at Seo= 1/3, and a (2x2) with three CO molecules 

per unit cell at eCO = 3/4 which is the saturation coverage. The acti

vation energy for the desorption of CO is 32 kcal/mole in the limit of 

zero coverage. 

The catalytic behavior of supported and polycrystalline rhodium has 

been studied also (.~,li). Rhodium has somewhat lower activity for the 

methanation reactfon than nkkel, but similar selectivity. CO appar-

ently di·ssociates on polycrystalline Rh under the reaction conditions 

(575 Kand one atmosphere) and surface carbon is implicated as a reaction 

intermediate (~). 

2. Experimental Details 

The experiments were performed in a stainless steel ultra-high 

vacuum system equipped with ion pumps and titanium sublimation pumps. 

Following bakeout, the base pressure was below 1 x 10-lO torr. The 

system is equipped with four-grid LEED optics and a moveable Faraday 

cup in which the diameter of the aperture is 1.5 mm. The Faraday cup 
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can be used to monitor the intensity of a diffracted LEED beam continu

ously as a function of exposure. The system. also contains a quadrupole 

mass spectrometer and a single pass cylindrical mirror Auger electron 

spectrometer. 

Experiments were performed with two different Rh crystals, cut from 

the same boule. The Rh surfaces were oriented, cut and polished to 

within 1° of the (111) orientation using standard methods. The polished 

crystals were spotwelded to two parallel 0.025 cm diameter Ta heating 

wires that were clamped in a Cu holder. Thermocouple leads of 5%Re/95%W 

and 26%Re/74%W were spotwelded together on a small piece of Ta foil on 

the crystal surface to make a junction. The crystal could be cooled to 

90 K using liquid nitrogen refrigeration, and heated to above 1600 K 

resistively. The thermocouple calibration of Sandstrom and Withrow (_!Z_) 

was used below 273 K. 

Initial contaminants of P, B, S and C were depleted from the near 

surface region by a combination of ion bombardment and oxygen treatment . 

as described previously (18). The continued cleanliness of the surface 

following numerous thermal desorption experiments involving both CO and 

H2 was monitored using AES. 

Hydrogen and CO pressures during adsorption were measured with a 

Bayard-Alpert guage. All exposures are expressed in Langmuirs (1 Lang

muir = 1 L = 10-6 torr-s) and were calculated using the appropriate 

guage sensitivities for H2 and CO. Following exposure to a gas, the 

sample chamber was again evacuated to the base pressure of approximately 

10-lO torr. 
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Thermal desorption experiments were performed using a heating rate 

of approximately 20 K per second and with the crystal positioned in line 

of site of the mass spectrometer. Desorption of CO from the cold Cu 

support caused a gradually increasing background during CO desorption 

experiments. This background was estimated as linearly increasing below 

the desorption peaks in order to determine peak areas. 

LEED experiments were performed using as low a beam flux as possi

ble (0.1 - 0.2 µA/rrnn2) to minimize electron beam induced desorption and/or 

dissociation. 

3. Results and Analysis 

Thermal desorption mass spectrometry (TDS) and low-energy electron 

dtffraction (LEED) were used to characterize the co-adsorption of hydro-

gen and CO. TDS of H2 was used to determine the relative coverage 

(eH = the fraction of the saturation coverage of hydrogen) as a function 

of exposure and the activation energy of desorption for H2 from clean 

and CO covered rhodium. TDS of CO provided coverage-exposure relation-

ships for CO adsorption onto surfaces pre-exposed to varying amounts of 

hydrogen. In addition, the coverage-exposure behavior was analyzed to 

determine the adsorption mechanism of CO. LEED was used to correlate 

the realtive coverages of CO (§col determined by TDS with absolute 

coverages (ec0). The geometric structure of co-adsorbed layers of CO 

and hydrogen was studied by monitoring the intensity of the LEED patterns 

due to CO as a function of exposure to both hydrogen and CO. 
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3.L Thermal Desorption of Hydrogen 

The relative coverage of hydrogen as a function of exposure as 

determined from the areas under thermal desorption peaks, is shown in 

Fig. 1 for adsorption at 100 K. The upper curve (drawn empirically) 

represents adsorption onto the clean surface; the lower, adsorption 

onto a surface covered with 0.21 monolayer of CO. The presence of CO 

causes the probability of adsorption of hydrogen to decrease much more 

rapidly than for adsorption onto a clean surface. However, the approach 

to saturation is much slower on the CO covered surface, and saturation 

does not appear to be achieved even after an exposure to 20 L of H2. 

At a higher initial coveage of CO (eCO = 0.42), less than a tenth of a 

monolayer of hydrogen adsorbs during an exposure to 4 L of hydrogen. 

This indicates that even a moderate coverage of CO is highly efficient 

in blocking hydrogen adsorption. 

The amount of CO desorbed from the co-adsorbed layer is constant 

within experimental uncertainty for constant initial coverages of CO 

and varying exposures to hydrogen. This indicates that hydrogen does 

not displace CO and that, to within a few percent, no reaction products 

due to CO+ Hare formed under these conditions, as expected (~_). 

Co-adsorption with CO decreases the desorption temperature of H2 
markedly. The results of an analysis of the desorption parameters for 

hydrogen on clean and CO covered Rh(lll) by the method of Chan et al. 

(12_) are shown in Fig. 2. The values calculated for the clean surface 

are in full agreement with previous results (13). The apparent energy 

of desorption from the CO covered surface is 1.5 to more than 3 kcal/mole 
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lower than from the clean surface. The pre-exponential factor for the 

CO-covered surface will depend on the effective saturation density of 

hydrogen, ns' in the presence of CO. For instance, if the saturation 

coverage of hydrogen on the surface precovered with 0.21 monolayer of 

CO were 0.6 hydrogen atoms per rhodium atom, then the limiting value of 

the pre-exponential factor would be of magnitude 10-l cm2/s. However, 

the values calculated for desorption from the ·co-adsorbed system can be 

treated only as "apparent" parameters. A correct treatment of the 

changing nature of the mixed overlayer structure as H2 desorbs would re

quire a much more complex analysis than performed here. 

3.2.Thermal Desorption of CO 

No change in the activation energy of desorption fdr CO was observed 

upon co-adsorption with hydrogen. This result is not surprising since 

hydrogen desorbs at a lower temperature than CO. 

In Fig. 3, the coverage-exposure relationship is shown for CO ad

sorption onto a surface precovered with increasing amounts of hydrogen. 

The most striking aspect of these data is the decrease in the initial 

probability of adsorption of CO with increasing hydrogen coverage and 

the extended linear dependence of CO coverage on exposure indicated by 

the dashed lines for each set of data. The saturation coverage of 

CO(es) decreases linearly with increasing amounts of hydrogen on the 

surface, as might be expected. Surprisingly, the initial slope de

creases nonlinearly with increasing hydrogen coverage. The values of 

the saturation coverage of CO and the initial slope for each initial 
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coverage of hydrogen are listed in Table 1. 

Measurements of the amount of hydrogen on the surface following 

exposure to CO shows that there is a gradual loss of hydrogen with in

creasing coverage of CO. This loss is most severe for high initial 

coverages of hydrogen, where as much as a quarter of a monolayer of 

hydrogen is displaced. 

To understand the mechanism of adsorption of CO, the expected be~ 

havior according both to first-order Langmuir and to mobile precursor 

(20) adsorption kinetics has been compared. To do this, both models 

were modified to account for the presence of hydrogen on the surface. 

This modification is very si·mple in the case of Langmuir kinetics, 

which predicts that the probability of adsorption is directly propor-

tional to the number of empty sites. In adsorption onto a clean surface, 

d§ ol. o -e) 
ds ' 

where E is the exposure. When hydrogen is present, the number of 

available sites is reduced according to 

de , .... A) 
- oG '-e - e ds s 

where 

and a is a constant proportionality. 

A description of the mobile precursor model and details of the 

derivation of the kinetics of adsorption for the clean and hydrogen 

covered surface using this model are given in Section 6. The result 

is 
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A comparison of the behavior of the two models in the limit of 

zero coverage of CO yields the following: 

Langmuir 1 im 

e + o 

Mobile Precursor lim 
e + o 

The nonlinear dependence of the limiting slope on the saturation cover-

age predicted by the mobile precursor model is a results of the possi

bility of the desorption of physically adsorbed CO from above sites 

occupied by hydrogen atoms. 

The two models were fit to the data for adsorption of CO onto the 

clean surface. Using the parameters estimated from this fit, the 

coverage-exposure relattonships are the following: 

Langmuir de ,,.. ""' - = 0.4(e - e) 
dt:: s 

Mobile Precursor 

/\ 

where es is the measured relative saturation coverage of CO for the 

given initial coverage of hydrogen. These equations were used without 

change to calculate the coverage-exposure behavior for adsorption onto 
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a hydrogen precovered surface. The calculated behavior is shown with 

the full range of the data for initial hydrogen coverages of 0.0 and 

0.58 in Fig. 4. For adsorption onto the clean surface, the Langmuir 

model fails to agree with the data in the coverage range 0.6 - 0.9. The 

mobile precursor model agrees somewhat better, except that it predicts 

a more rapid approach to saturation above @co = 0.9 than is observed. 

This could be due to the close packing of the CO molecules at this 

coverage which might change the probability of adsorption into an 11 open 11 

site. For an initial hydrogen coverage of 0.58, using the parameters 

determined for the clean surface, the mobile precursor model is clearly 

much more successful in fitting the data than the Langmuir model. The 

quality of agreement for the other initial coverages of hydrogen is 

si·milar. 

A major factor in the poor agreement of the Langmuir model is that 

it predicts too rapid a decrease in the initial slope. A comparison of 

the apparent initial slopes (calculated in the low coverage region of 

the theoretical curves which would appear linear within experimental 

uncertainty) for both models wtth the data is shown in Fig. 5. While 

neither model agrees quantitatively with the data, the mobile precursor 

model is more successful qualitatively in predicting the gradual non

linear dependence of the initial slope on saturation coverage. 

The mobile precursor model used here is obviously too simple to 

describe completely the complex co-adsorption system. To model this 

system correctly, the shifting geometric structure of the CO overlayer 

with coverage, the displacement of hydrogen, and the possibility of 
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different desorption probabilities for CO physically adsorbed above 

sites occupied by hydrogen or by CO would have to be taken into account. 

However, the level of agreement with even this simple model strongly 

supports the basic assumption of a physically adsorbed mobile precursor 

to adsorption. 

Gorte and Schmidt (£V have shown that desorption vi a a "mobile 

precusor 11 intennediate can lead to a strong decrease in desorption tem

perature with increasing coverage for first-order desorption under some 

conditions. Since, by the prindple of microscopic reversibility, ad

sorption and desorption must occur by the same elementary steps, this 

could explain the apparent, strong dependence of desorption energy and 

pre-exponential factor on coverage previously observed for CO on Rh(111) 

(14). 

3. 3. LEED 

Intensity-exposure measurements of the three LEED patterns [p(2x2), 

(13 x 13)R30° and high coverage (2x2), hereafter referred to as (2x2)] 

observed for CO adsorption on Rh(lll) at 100 K have been reported pre

viously (14). The p (2x2) was not discussed before. Further observation 

confirms that, though very weak, it is a reproducible feature of CO 

adsorption. It increases in intensity steadily from zero coverage, 

suggesting island formation. For a p(2x2) superstructure, island for

mation is the result of an attractive third neighbor CO-CO interaction. 

The decrease in intensity of the p(2x2) structure is concomitant with 

the development of the (_/j x /j)R30° structure (13" structure), and a 
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superposition of the two patterns is briefly visible. The p(2x2) 

reaches maximum intensity at eco = 0.23, slightly less than the value 

of 0.25 expected for a p(2x2) structure. This is probably due to local 

development of the /3 structure before the surface is completely covered 

by the p(2x2) structure. 

No new LEED patterns were observed for co-adsorbed hydrogen and CO. 

However, the clean surface CO structures do fonn, under some circum-

stances, with modified intensity during co-adsorption. The effect of 

exposing the different CO superstructures to hydrogen and the formation 

of the CO superstructures on hydrogen covered surfaces have been investi-

gated by monitoring the intensity of the LEED beams as a function of 

exposure to either hydrogen or CO. 

Addition of hydrogen to the fully ordered Ceco = 0.23) p(2x2) 

structure causes a rapid decrease in intensity of the p(2x2) pattern. 

Similarly, addition of hydrogen to the fully ordered (eco = 0.35) /J 

structure causes a loss in intensity of the 13" pattern. Clearly, hydro

gen atoms cannot occupy a position within either the p(2x2) or the /3" 

unit cell without perturbing the neighboring ·co molecules. 

The effect of hydrogen on the IJ structure for coverages of CO 

less than one-third is i"llustrated in Fig. 6. The dashed line _shows the 

intensity-exposure behavior for CO adsorption on the clean surface. If 

exposure to CO is terminated before maximum ordering occurs, and 

followed by exposure to hydrogen, the solid curves result. At eCO = 0.25 

and 0.30, hydrogen increases the amount of the ordered /3 structure. 

At eco = 0.21, where only the p(2x2) CO structure is present, addition 

of hydrogen causes a transformation from the p(2x2) to the /3" structure. 
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The maximum intensities obtained by addition of hydrogen are less than 

the maximum reached for CO adsorption above. The asymmetric decrease 

in intensity with hydrogen exposure beyond the maxima is due to the 

decreasing probability of adsorption of hydrogen (cf. Fig. 1). 

Addition of hydrogen to the partially ordered (8co < 0.23) p(2x2) 

structure does not increase the order as for the /3 structure. Rather, 

there is a steady 1 ass of i. ntens ity which is S'l ower for 1 ower coverages 

of CO. 

Exposure to hydrogen caused no change tn i ntens Hy of the partta lly 

ordered (8CO = 0.5 and 0.7) (2x2) structure. This may be due to the 

small probability of ads·orption of hydrogen when a high coverage of CO 

ts pres·ent. 

The adsorptton of CO onto a hydrogen precovered surface mimics ad~ 

sorption onto the clean surface, as shown in Figs. 7 and 8. In both 

figures, curve (a) represents the intensity-exposure behavior for ad

sorption onto the clean surface. Curves (.b) - (e) are for CO adsorption 

onto a surface covered with increasing amounts of hydrogen. As on the 

clean surface, on a hydrogen-covered surface, CO first forms a p(2x2) 

structure which is quickly transformed to a /3" structure. Then the 

final (2x2) structure is formed by continuous compression of the /J 

structure. However, on the hydrogen covered surface, the CO structures 

form at 1 ower coverage and with 1 ower i·ntens i ty than on the clean sur-

face. 
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4. Discussion 

4.1 Physical Nature of the CO-Adsorbed Overlayers 

The LEED results indicate that the structure of the mixed overlayer 

is considerably different depending on the order of adsorption of hydro

gen and CO. The results of the thermal desorption experiments, together 

with the intensity-exposure behavior give a consistent picture of the 

co-adsorbed system. 

In the case where ·co ·is adsorbed first, followed by_ hydrogen, it 

has been seen that hydrogen disrupts both the p(2x2) and the /3 unit 

cells for CO. Yet, while hydrogen decreases the order of a partially 

ordered p(2x2) overlayer, it increases the order of the /3 structure for 

eCO less than one-third. The destruction of the p(2x2) CO structure 

occurs because of the hydrogen induced transformation to the /3 

structure. This raises the question of how hydrogen causes the trans

formation. If a hydrogen atom scattered electrons identically to a CO 

molecule (which ·ts highly unltkely), addition of hydrogen could cause 

the transformation in the same way as addHion of CO. However, in this 

case, addition of hydrogen should cause a maximum intensity equal to 

that for CO only, which is not observed. A second possibility is that 

a hydrogen atom attracts nearby CO molecules into a /3 structure around 

H. This requires that a hydrogen atom can occupy a /3 unit ce 11 of CO 

without disturbing it, which is not the case. The final possibility, 

which is consistent with the exrerimental evidence, is that a hydrogen 

atom added to a p(2x2) structure repels the nearby CO molecules. To 

reduce the repulsive interaction, the CO molecules move away, causing a 
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local increase in density of CO and transformation to the higher density 

13 structure. As more hydrogen is added to the overlayer, a significant 

surface area will be covered by the /3 structure. Some hydrogen un

doubtedly will then adsorb within the /3 areas, although the sticking 

probability for hydrogen should be lower in regions of higher density of 

CO, disrupting the /3 structure. Thus, the maxima in the solid curves 

in Fig. 6 probably do not correspond to complete ordering of CO in the 

13 structure. 

The nature of the CO-hydrogen repulsive interaction is of some in

terest. If addition of hydrogen to the p(2x2) structure only disrupted 

the attractive third neighbor CO-CO interaction responsible for the 

p(2x2), disordering of the p(_2x2) structure but not transformation to 

the /3" structure would occur. A true repulsion between hydrogen and CO 

is required to cause the transformation. The existence of a true re-

pulsive interaction is confirmed by the decrease in activation energy of 

desorption for hydrogen added to a CO overlayer. 

Geometrically, a hydrogen atom can be placed in the p(2x2) CO unit 
0 0 

cell in a position 3.1 A from each of three CO molecules or 2.7 A from 

each of two CO molecules. The hard core radius of CO, determined from 
0 

the distance of closest approach in the saturation structure is 1.55 A 

(Ji). The radius of a chemisorbed hydrogen atom is probably less than 
0 

0.75 A (~}. Thus, the repulsive interaction between hydrogen and CO, 

at low coverages, must be a through-metal effect (23,24) rather than the 

result of orbital overlap. 

When CO is added to a hydrogen precovered surface, initial formation 

of the p(2x2) structure occurs readily. The intensity of the p(2x2) 
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pattern for CO added to a hydrogen covered surface is compared to that 

for CO on a clean surface in Fig. 9. The smooth curve is the clean 

surface behavior. The points represent the maximum intensity for CO 

added to a surface with different coverages of hydrogen as in curves 

(b} - (e) of Fig. 7. The decrease in intensity for the mixed over1ayer 

corresponds to less than 0.03 monolayer more disordered CO than on the 

clean surface for each precoverage of hydrogen. The amount of hydrogen 

on the surface (0.26 to 0.92 monolayer} would be enough to prevent the 

formation of any p(2x2} CO structure, if it were distributed uniformly. 

The fact that p(2x2) CO structures do form with intensity comparable to 

that on the clean surface indicates that there is segregation of hydro

gen and CO. 

The transformation of the p(2x2} CO structures on the hydrogen 

covered surfaces to /3" and then (2x2} structures undoubtedly takes place 

via addition of CO to the already existing ordered p(2x2). regions. At 

the same time, it is reasonable to assume that some CO adsorbs in regions 

of high hydrogen density in a random configuration that does not contri

bute to the LEED intensity. 

In Table 2, the coverages of CO at which the three structures reach 

maximum intensity are listed for different precoverages of hydrogen. In 

addition, the ratios of the coverages for the /3 to the p (_2x2) and the 

(2x2) to the /j structures are shown. On the clean surface, these ratios 

should ideally be 1.33 and 2.25, respectively. The experimental values 

for the clean surface are rather close to what is expected. Since both 

the number of disordered CO molecules and the excluded area they occupy 
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are unknown for the mixed overlayers, the meaning of the ratios for the 

hydrogen covered surfaces cannot be determined quantitatively. However, 

the large values for the ratio when the p(_2x2) is transformed to the /3" 

structure are significant. This indicates that the net CO coverage in

creases in the transformation far more than is needed to account for the 

structural change, even if the excluded area per disorded CO has decreased, 

i.e. more CO molecules are added than are needed to complete the trans

formatton. The additfonal molecules either increase the size of the 

ordered CO region, or are added to the hydrogen region; in all likeli

hood, both processes occur. 

The ratio of coverages for the .13" to (2x2) structural change is 

nearly invariant for all hydrogen coverages. This suggests that the ex

cluded area for the disordered CO molecules has decreased during the 

transformation. Otherwise, the ratios for the hydrogen covered surfaces 

would have been lower. In addition (_and possibly causing the smaller 

excluded area), additional CO may have been added as in the p(2x2) to 

13" transformation. 

The mechanism for formation and growth of CO islands on a hydrogen 

covered surface deduced from these measurements is illustrated schemat

ically in Fig. 10. The nucleation of an island is shown in Fig. lOla). 

There, the initial chemisorption of a mobile precursor CO molecule 

causes migration of the relatively mobile (.££) hydrogen atoms away from 

its vicinity due to the repulsive hydrogen-CO interaction. Other mobile 

precursor CO molecules adsorb preferentially near a chemisorbed CO, 

minimizing the CO-hydrogen interaction and initiating island formation. 
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As more CO adsorbs, statistically some nucleation sites will fail to 

develop. Pockets of CO, either lone molecules or small clusters, will 

then be trapped in regions of high hydrogen density. Similarly, some 

hydrogen atoms may be trapped in the growing CO islands. These trapped 

species are not shown in Fig. 10. The p(2x2) island is shown at maximum 

size in Fig. lO(b). At this point, when a mobile precursor CO en

counters the island, addition of the molecule at the edge of the island, 

which would cause either a decreased CO-H distance or a decreased H-H 

distance, becomes energetically less favorable than addition of a CO to 

the interior of the island causing a decreased CO-CO distance. Trans

formation of the island to the /3 structure begins and is possibly 

accompanied by additional adsorption of CO into the hydrogen region. 

The completion of the transformation is shown in Fig. lO(c).. At this 

point, the energy balance changes in favor of island growth. The /3" 

island increases in size until, in Fig. lO(d), the increase in CO-H 

repulsive energy and the compression of the hydrogen layer become too 

unfavorable to allow further growth. Addition of CO into the island is 

still energetically feasible, and CO adsorption into the hydrogen region 

with displacement of hydrogen may take place also. Adsorption of CO 

continues until the island is completely transformed to the high cover

age (2x2) structure, shown in Fig. lO(e).. 

4.2. Relationship to Catalytic Behavior 

The segregation of CO and hydrogen observed at 100 K, of course 

would not persist at high temperatures where effects of entropy dominate. 
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Thus, there would not be an appreciable effect on the catalytic behavior 

of rhodium due to segregation. However, the repulsive interaction be-

tween hydrogen and CO is a microscopic, not a macroscopic, property and 

will occur regardless of the temperature or degree of segregation. This 

repulsion could decrease the probability of direct reaction of hydrogen 

and CO on Rh as compared to other metals for which the interaction is 

not repulsive. 

Few studies resulttng in dtrect information on the nature of the 

CO-hydrogen interaction have been reported. There ·is apparently a weak 

attracti"ve interaction between hydrogen and CO on Pd(110) (25}. On 

Ir(.110), there appears to be little or no direct i"nteraction (.26). 

Correlation of such studies with those concerning the formation of 

comp 1 exes of CO and hydrogen (JO -12 ,~Z.) may be useful in deterrni ni ng 

the detatls of the reaction mechanisms for the hydrogenation of CO over 

transition metals. 

5. Synopsis 

(1) Adsorption of CO on Rh(.111) proceeds via a physically adsorbed 

intennediate, a mobile precursor to adsorption. 

(2) There is a strong repulsive interaction between co-adsorbed 

CO molecules and hydrogen atoms on rhodium. This results in 

partial segregation of hydrogen and CO following adsorption of 

CO onto an adlayer of hydrogen at 100 K. The interaction is 
0 

apparent at distances up to 2.7 - 3.1 A, indicating that it is 

a through-metal effect. At smaller distances, of course, 

orbital overlap may be important. 
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6. Derivation of Adsorption Kinetics Using the First-Order Mobile 
Precursor Model (20) 

Each molecule impinging upon the surface has a probability of en

tering a physically adsorbed state either above a filled or an empty 

site. Its subsequent beahvior is governed by a set of probabilities: 

Pa =The probability that a molecule, physically adsorbed above an 

empty stte, chemisorbs in that site. 

Pb = The probabi"lHy that a molecule above an empty site desorbs. 

Pb = The probability that a molecule above a filled site desorbs. 

P =The probability that the physically adsorbed molecule diffuses c 

to a position above another site. 

A 

On the clean surface, the frequency of encounter of empty s ttes is l - e; 

the frequency of encounter of filled sites is e. Thus, a newly physi

cally adsorbed mo 1 ecul e has a probability pal = pa (_l - e) of chemi sorbi ng' 

Pbl = Pb(l - e) + Pbe of desorbing, and Pel= 1 - Pal - Pbl of diffusing 

to another site. If it diffuses, it then has probability, Pa2 = Pclpal 

of chemisorbing, etc. Summation of the probabilities of chemisorption, 

Pal' Pa2 ' .•. , then leads to 

de pa 1 - e 
ds pa + Pb 1 - ce 

where c = (1 - p 1 p ~ p b ) 

and s is the exposure. 
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On a hydrogen covered surface, the frequency of encounter of empty 

sites is es - e, where es = 1 - aeH and a is a constant of propor

tionality. The frequency of encounter of filled si"tes i·s 1 - es + e. 
Therefore, on a hydrogen covered surface, the newly phystcally adsorbed 

molecule has probability Pal = Pa(e
5 

- &l of chemisnrbtng, Pbl = 

Pb(e5 - e) + Pb(l - e5 + e) of desorbing, and Pel= 1 - Pal - Pbl of 

diffusing to another stte. ln this case, surrnnati:on of the probab.ili'ttes 

of chemtsorption leads to 

where 

This reduces to the clean surface equation in the limit of zero coverage 

of hydrogen. 
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Table Captions 

Table 1: Parameters for adsorption of CO onto hydrogen covered surface. 

SH is the initial coverage of hydrogen. es is the saturation 

coverage of CO. de/d£ is the slope of the linear region of 

the eco - £ curve. 

Table 2: Absolute coverages of CO at the points of maximum fotensity 

for the tftree CO s-tructures at different ini ti a 1 coverages of 

hydrogen. 

(a) Ratio of the coverage in the /3" structure to that tn the 

p (2x2). 

(b) Ratio of the coverage in the (2x2) structure to that in 

the /j_ 
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·rable I 

,.. 
,.. A de -i eH es d£ , l. 
-
0.0 ·1.0 0.30 

0.42 0.71 0.25 

0.58 0.57 0.23 

0.75 0.40. 0.20 

0.92 o. 28" 0.16 

Q.99 0.22 
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Table 2 

eH 0
p{2x2) 13 

6
{2x2) [ ,13 ] (b) Rf{~2 l] co 0co co {a) _R p(2x2) 

o.o .231 
.346 .75° 1..52 2.13 

0.26 .147 
~ .60° 

0.42 .114 
.247 .536 2.17 2.17 

o.sa .092 . . 204 .43° 2.22 2.11 

0.75 .069 
.143 .302 2.07 2.11 

0.92 .o4° .01s .207 1.88 2.76 
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Figure Captions 

Fig. 1: Coverage-exposure behavior for adsorption of hydrogen at 

approximately 100 K. Circles correspond to adsorption onto 

the clean surface. (Open and closed circles represent data 

taken on two different crystals.) Triangles correspond to 

adsorption onto a surface wtth 0.21 monolayer of CO present. 

Fig. 2: Desorption parameters for hydrogen. Ed is the activation 

energy for des·orpt ion. v (2} is the pre-exponenti a 1 factor of 
0 

Fig. 3: 

Fig. 4: 

the desorption rate coefficient. ns is the number of density 

of hydrogen at saturation. Circles represent desorption from 

the clean surface. Triangles represent desorption from the 

surface with 0.21 monolayer of CO present. Straight lines 

are drawn according to a linear least squares fit to the data. 

Coverage-exposure behavior :for adsorption of CO onto the sur-

face with varying amounts of hydrogen present. Adsorption 

temperature is approximately 100 K. Data points at Seo < 0.5 

for adsorption on the clean surface have been omitted for 

clarity (see Fig. 4). Open and closed circles represent data 

from two different crystals. 

Comparison of coverage-exposure data with curves predicted by 

first-order Langmuir and mobile precursor adsorption kinetics. 

Open and closed circles are data points for adsorption onto a 

clean surface as in Fig. 3. Stars are data points for ad

sorption onto a surface precovered with 0.58 of the saturation 

coverage of hydrogen. 
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Fig. 5: Comparison of the apparent initial slope (see text) of the 

coverage-exposure curve for two models of adsorption with the 

experimental values. 

Ftg. 6: LEED intensity as a function of exposure for the /3 structure. 

Dashed line shows the result of exposing the clean surface to 

CO. Solid lines show the results of tenninating CO exposure 

at varfous coverages and initiating exposure to hy<lr.ogen. TRh 

is approxi·mately 100 K. Intensities are nonnalized to untty 

at the maximum tntensity of the /3 structure on the clean sur ...... 

face. 

Fig. 7: LEED intensity as a function of exposure to CO for the two 

(2x2) structures on a surface covered with varying amounts of 

hydrogen. 
(_d) 

,,.., 
A SH = 0.58 (a) e = o H 

(.b) 
A 

(e) "" 8H = 0.26 eH = 0.75 

(.c) 
A 

eH = 0.42 

Intensities are normalized to unity at the maximum intens·ity 

of the /3 structure on the clean surface. 

Fig. 8: LEED i'ntensity as a function of exposure to CO for the /3 

structure on a surface covered with varying amounts of hydro-

gen. 

(a} t"> 

0 (d} "' 0.75 e = eH :: 
H 

(b} "" (_e} 
A eH :: 0.42 SH::: 0.92 

(c} "" eH:: 0.58 
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Fig. 10: Schematic illustration of adsorption of CO onto a surface 

covered with hydrogen. Open circles are rhodium atoms with 
0 0 

d = 2.7 A. Shaded circles are CO molecules with d = 3.1 A. 

Shaded circles with arrow are physically adsorbed, mobile 

precursor CO molecules. Solid circles are H atoms with d = 
0 

1.5 A (estimated). Adsorption sites shown have been chosen 

arbitrarily. Hydrogen and CO trapped tn the "wrong" regions 

are not shown for clarity. See text for dis:cus-sion. 
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Figure 10. 
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Appendix 4 

CONSTRUCTION AND OPERATION OF AN ULTRAVIOLET RADIATION 
SOURCE FOR USE IN ANGLE-RESOLVED PHOTOEMISSION STUDIES 

1. Introduction. 

2. Lamp Construction. 

2.1. Description 

2.2. Pressure Calculations. 

3. Operation. 
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1. Introduction 

The design and construction of an ultraviolet radiation source for 

use in ultraviolet photoelectron spectroscopy (UPS) experiments from 

metal surfaces has been . completed. As a result, it is ~possible 

to analyze the ·kinetic energies of electrons emitted from valence 

orbitals of adsorbates, as well as the angular distributions of these 

photoemitted electrons. This fo turn can yield infonnation regarding · 

the chemical state of the adsorbed gas, the relaxation energy of the 

orbitals due to the final state screening effects, the chemical shfits 

of the bonding orbitals, and the orientations of the molecular orbitals 

of the adsorbate QJ. The radiation source has been attached to an experi

mental system equipped with a spectrometer for high resolution low

energy electron energy loss (EEL) spectroscopy (~). (Particularly dif

ficult spatial constraints have been imposed upon the lamp design, however, 

because of the geometry of this scattering apparatus and the decision 

to affix the lamp to a vacuum port in a nonhorizontal plane.) Thero

tatab 1 e energy analyzer of the EEL spectrometer can now be used a 1 so to de

determi ne the angular- and energy-distributions of the photoelectrons. 

As a result, this system has the unique capability of performing 

both angle~resolved EEL and UPS experiments in situ, and applying the 

selection rules associated with both experiments independently to de

termine adsorbate orientations (l}. 



2. Lamp Construction 

2.1 Description 

307. 

An ultraviolet lamp has been designed and used. This lamp is 

similar in design to lamps which are presently in use at Cornell Uni

versity (1) and at T. J. Watson IBM Research Center, Yorktown Heights 

(~_). The lamp provides He! radiation (21.2 eV) from a d.c. discharge 

in 1 - 10 torr helium. The major design criteria which were considered 

in building this lamp were as follow: 

(1) Since no known window material will pass 21.2 eV radiation, 

there must be line of sight between the He discharge and the 

scattering center. 

(2} Samson (6) reports that the HeI line reaches its maximum 

intensity in a discharge of about 1 torr He pressure. The 

pressure in the ultrahigh vacuum chamber which contains the 

crystal must be kept as low as possible to prevent surface 

contamination, and also to minimize exposure of the ion pumps 

to He, which is detrimental to their overall performance. In 

the present design, the discharge has been interfaced with the 

ultrahigh vacuum chamber by a series of narrow capillaries, 

with differential pumping at the gaps between the capillaries. 

This design feature is commonly used in UV lamps for UHV 

photoemission studies (_7 - 9). 

(3) One wishes to maximize photon flux at the crystal surface, 

which requires short capillaries and inter-capillary gaps to 

minimize self-absorption by He atoms after the _discharge. 

(4) Most of the materials must be vacuum-tight (no gases except 
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He are admissible in the lamp). 

(~) Because the sample must be positioned at the scattering 

center, and because the electron energy analyzer rotates 

about the scattering center and has a small acceptance angle 

(4.5°), it is desirable that the spot of UV radiation incident 

upon the crystal be as large as possible. This facilitates 

positioning the lamp with respect to the sample, which can 

be relatively difficult. 

(6) Although Starbuck (~J and others (10) indicate that overall 

capillary alignment is not so important as alignment at the 

ends of the capillary segments, due to radiative losses by 

multiple internal reflections, great care has been taken in 

glassblowing and machining the lamp components to achieve the 

best capillary alignment possi·ble. 

Consideration of points (5) and (6) above leads to the conclusion 

that the capillary diameters should be as large as possible. However, 

the related pressure and conductance limitations discussed in Section 

2.2 favor very narrow capillaries. The design of the lamp thus required 

optimization of several related parameters: capillary diameter, pumping 

speed and pump throughput, expense and size of pumps, and ultimate 

pressure of He in the experimental chamber. These factors were even

tually balanced with a lamp, a schematic of which is shown in Fig. 1. 

Its arrangement relative to the UHV system is shown in Fig. 2, and a 

detailed drawing of the components is presented in Fig. 3. Figures 4 -7 

are photographs of the completed pieces. 
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A schematic of tbe lamp is shown .in Ftg. L Its arrangement rela ... 

tive to the UHV system is shown in Fig. 2, and a detailed drawing of the 

components is presented in Fig. 3. Figures 4 - 7 are photographs of the 

completed pieces . . 

The lamp is pumped at two stages, labelled (1} and (2} in Fig. 1. 

There is an 411 diffusion pump at the first stage, between the anode and 

the middle capillary, and a 211 diffusion pump at the straight-through . 

valve, between the middle capillary and the final capillary. The lamp 

can be closed off at. the straight-through valve, a corrnnercial Varian 

5/8 11 va 1 ve, when not in use so that the di ff us i. on pumps need not be 

operated continuously. Butterfly valves between the diffusion pumps 

and the lamp prevent backstreaming of pump oil into the lamp when the 

pumps are off. Both diffusion pumps are backed by a single large mech

anical pump. Cryotraps between the diffusion pumps and the lamp prevent 

backstreaming of the pump oil, a special polyether known as "Santovac 511
, 

when the lamp is in operation. 

The discharge occurs in a water-cooled quartz capillary. The 

pressure at the discharge is measured roughly with a thermistor gauge. 

The helium enters through an air-cooled aluminum orifice and passes 

through an aluminum cathode at 1000 volts d.c. This assembly is shown 

in Fig.4. A copper anode at ground potential, held in place with an 

o-ring, is the first conductance-limiting capillary in the helium flow 

path after the discharge. This is electrically isolated from the cathode 

by the quartz discharge tube and by six phenolic support rods. The 

stainless steel block which contains the anode and first pumping port 
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is shown in Fig. · 6. The inlet tube, discharge tube, cathode, pressure 

gauge, and pumping port assembly are shown in Fig, 4. 

The middle capillary (Pyrex) is attached to a statnless steel in

sert, held in place fo the straight-through valve by o-rings. The final 

capillary is held in place by a fitting welded to the main body of the 

straight-through valve flange. The final capillary is coated with gold 

to prevent problems with electrical charging on an insulative surface _ 

so close to the scattering center. A tungsten spring wrapped around 

the coated capillary is spot-welded to the valve flange face to provide 

an electrical path to ground. The final captllary is physically pro

tected by a removable stafoless steel sheath, mounted on a collar welded 

to the straight-through valve flange face. This is shown in Fig. 7. 

The discharge tube is protected by a large phenolic cyclinder 

which provides safety from electrical and mechanical mishaps. A small 

squirrel fan is attached to the cage to cool the cathode. The cage is 

hinged so that it can be opened conveniently without removing it from the lamp. 

The lamp position is adjustable with respect to the scattering 

center to compensate for a possible misorientation of the bell jar port 

on which the lamp is mounted. Varian specifications indicate that the 

port is aligned to within ±2° with respect to the scattering center. A 

simple calculation showed that a misalignment of 2° could cause the UV 

radiation to miss the crystal entirely, so the lamp was designed to be 

adjustable by ±5° in any direction. This was achieved by placing a 

gimbles between the bell jar port and the straight-through valve, and 

supporting the lamp with an adjustable mounting bracket which fixes its 
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final position. The gimbles, consisting mainly of three concentric 

rotatable rings and a welded metal bellows, is shown in Fig. 5. 

The photoemitted electrons from the sample are analyzed by the 

computer-interfaced, rotatable energy analyzer used in the electron 

energy loss experiments. It subtends an acceptance angle of 4.5° and 
' 

has a calculated resolution of 70 meV, i.e. 0.4% or better, for the 

energy range of the photoemission experiment. The angles of photon 

incidence and electron emission can be changed tndependently, within 

limits. These limits are imposed by the orientation of the sample and 

the range of analyzer angles. The sample is mounted at present on a 

rotatable cold finger, with the sample's surface normal at an angle of 

34 ± 1° to the axis of rotation. As one rotates the cold finger, the 

polar and azimuthal emission angles from the sample (for a fixed ana

lyzer angle) are both changing. The limitations imposed by this 

particular sample configuration can be changed by mounting the sample 

differently, but not without changing the conditions used in the EEL 

experiments also. 

The angular range of the analyzer is determined by three factors: 

(1) The flexible Ceramaseal cables, which are sheathed with stain-

less steel braid and which connect the monochromator and 

analyzer, are greatly strained if the angle separating the 

two halves of the spectrometer exceeds 180°. 

(2) The analyzer cannot approach the lamp port closer than 45° 

without blocking the incident UV radiation (Jl.); and 
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(3) The monochromator ·intersects the same horizontal plane as the 

exit capillary of the lamp. Because the monochromator and 

ana 1 yzer a re both mounted on the top 14" Wheel er flange, the 

position of the monochromator in the scattering plane affects 

the range of angles available to the analyzer. As shown in 

Fig. 8, the monochromator cannot come closer than 40° to the 

UV exit capillary without blocking the radiation and without 

risking contact with the capillary sheath. The latter is true 

even though a B = 30,
0 in Fig. 8, s i nee the physical act of ro

tating the top Wheeler flange is usually a clumsy operation. 

With these considerations in mind, the ranges of angles which are 

presently available for the UPS experiment are shown in Fig. 9 for two 

azimuthal sample angles, separated by 180°. Figure 9(A) shows the 

arrangement which is presently used for the hi gh-reso 1 uti on, 1 ow-energy 

EEL experiments. In this arrangement the angle of incidence, 8;, of the 

UV radiation is 32° from the surface normal; in Fig. 9(8) ei = 81°. This 

arrangement thus a 11 ows reasonab 1 e fl exi bi 1 i ty in both incidence and 

emission angles, with the sample situated perpendicular to the scatter

ing plane. This configuration of sample, spectrometer and lamp has been 

used successfully in angle-resolved photoemission studies of cyclopro

pane on Ru(OOl) in determinfog adsorbate orientation(~_). 

2.2 Pressure Calculations 

The critical dimenstons and calculated operating parameters of this 
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lamp are summarized fo Table I. The operating parameters were calculated 

from the formulas described below. 

The type of flow through any orifice is determined by the ratio of 

0/A, where D is the diameter in centimeters and A is the mean free path 

of the gas molecules. Values of D/A < 1 indicate molecular flow, while 

0/:\ > 110 indicate viscous flow. A ts given by (12): 

A(cm} = 2.33 x lo-20 T/(~P} , Cl} 

where Tis the temperature (K), ~ is the atomic radius of the gas mole

cule (2.61 x 10-8 cm for He), and P is the average pressure in torr. 

For gas flow through the anode and through the first pumping port, 

labelled (1} in Fig. 1, the value of 0/A fell tn the intermediate cate-

gory. Gas flow through all other orifices was molecular. 

For molecular flow through a cylindrical orifice, the conductance 

is given by (lf_): 

cmol(l/s) = 30.48 (T/M)~ { o3 
}. 

8 L + 1.330 (2) 

where M is the molecular weight of the gas and L is the length of the 

tube. For intermediate flow, the conductance through a cylinder is 

given by (Q): 

cint(l/s) = c'11ol (o.1472 2oA + z) ' 

where Z is an empirical parameter given by: 

z _ 1 + 2.057(D/2A) 
- 1 + 3.095(D/2A) 

(3) 

(4) 
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Table I. Critical Dimensions and Calculated Operating Parameters for 
Ultraviolet Lamp (see Figure 1). 

Discharge pressure, nominal 

Capillary diameter 

Anode length 

Mid-capillary length 

Final capillary length 

Pressure at first stage 

Pressure at second stage 

Pressure at bell jar (for 
discharge at 3 torr He) 

Pressure at bell jar (for 
discharge at 1 torr He) 

Pumping speed at first port 
(4 11 diffusion pump) 

Pumping speed at second port 
(2 11 diffusion pump) 

Pumping speed at bell jar 

Conductance of anode 

Conductance of middle capillary 

Conductance of final capillary 

Throughput at first stage 

Throughput at second stage 

Distance from end of capillary 
to crystal (scattering center) 

Vertical distance from end of 
capillary to crystal 

3 torr 

2 rmn (0.079 11
) 

2 cm (0.79") 

6.65 cm (2.62") 

26.16 cm (IO. 32 11
) 

2.4 x 10 -2 

1.8 x 10 -5 

3.7 x 10-9 

1.3 x 10-9 

39.8 1/s 

51. 5 1/s 

48 l/s 

0.32 1/s 

0.038 l/s 

0.0010 l/s 

torr 

torr 

torr 

torr 

0.9 torr-1/s 

9.0 x io-4 torr-1/s 

6. 4 3 cm (2. 5 3 11 
) 

2.67 cm (J.05") 
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For gas flowing through the anode: 

D = 0. 20 cm 

A = 0.0114 cm LT = 500K, j5 = 1. 5 torr} 

z = 0.817 

0/:\ = 17.54 

mol 
canode = 0.15 1/s 

int 
canode = 0.316 1/s 

The pressure at any stage, i ' is given by 

P. = P. 1 (C./S.) 
1 1- 1 1 

(5) 

where Si is the pumping speed at stage i and Ci is the conductance of 

the capillary connection to the preceding stage. In these calculations, 

it was assumed that the discharge pressure was 3 torr. The throughput 

is the product of the pumping speed and the pressure. 

The conductance of the pumping port at stage (1) was calculated to 

be 43.5 l/s by treating the port outlet and the bellows as two straight 

cylinders in series with D = 2.54 cm (1 11
), L = 6.35 cm (2.5 11

), and 

D = 3.81 cm (1.5 11
), L = 2.54 cm (1 11

), respectively. It is reasonable to 

assume that these conductances are the limiting conductances in the 

connections between the pump and stage 1, i.e. that other conductances 

are negligibly large. The pumping speed of the 411 diffusion pump, with 

cryotrap, is 487 1/s. Thus, we have 

p = 
1 

(3 torr) (0.316 1/s) 
= 2.37 x 10-2 torr l 1 -1 

487 + 43.5 l/s 
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For the second stage, which is pumped by the 2" pump at the straight

through valve, the geometry of the connection at the bellows was approxi

mated with a right-angle bend as shown below for purposes of calculating 

the conductance. 
I 
I 
I 

r-
For this geometry, the effective va 1 ue for L to be used in equation (.2) 

is (l2): 

8 I L = Lax + 1.33 1800 D l6} 

where L ts the axial length and e = 90° in this case. Thus, for ax 
D = 3.81 cm and L = 15.88 cm, the conductance of the pump connection at 

stage (.2) is 87 _1/s·. The conductance of the middle capi"llary (molecular 

flow, since D/A = 0.4 for P = 0.02 torr} wi"th D = 0.20 cm and L = 6.65 cmwas 

found from equation (2) to be 0.038 l/s. The pumping speed of the 211 

diffusion pump and cryotrap is 127 l/s, so we find that 

(2. 37 x 10-2 torr \ 1 O. 03~ 1{~ l = 1 . 75 x 10-
5
torr 

87 + 127 l/s 

Similarly, the conductance of the last capillary section (L = 

26.16 cm and D = 0.20 cm) is 1.0 x 10-2 l/s. The ion pumps in the bell 

jar have a nominal pumping speed of 200 l/s for N2. The pumping effi

ciency at 2 x 10-9 torr is 80%, and the efficiency when pumping helium 

is only 30% of the rated value for N2. Therefore, as far as the UV 
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lamp i·s concerned, the pumping speed of the bell jar is '\40 1/s. This 

yields the result that the base pressure of the bell jar during lamp 

operation is, from equation (5}, 

P (J.75 x 10-5 torr) (1.0 x io-2
·11s + 1 10-lO torr 

chamber = ( 48 l/s) x 

= 3.7 x 10-9 torr . 

If the lamp is operated at a discharge pressure of 1 torr, P ha b · c m er 
-9 decreases to 1.3 x 10 torr. 

3. Operation 

The following section discusses the basic procedures which are 

;·mportant in using and maintaining the UV lamp, and also summarizes· 

typical operating parameters. 

It is usually helpful to prepare an incident beam of electrons from 

the monochromator with 20 eV kinetic energy, and tune the analyzer for 

resolution and/or sensitivity by reflection from the crystal. This is 

not absolutely necessary, however, as tuning is not so critical in 

achieving the energy resolution necessary for UPS as for EELS, and 

settings which were satisfactory in previous experiments can probably 

be returned to easily. 

In initially locating and positioning the incident spot of UV 

radiation, no reflection has ever been observed from the face of the 

crystal because of its smoothness, but one can locate the spot by ob-

serving diffuse scattering of blue-purple light from the crystal edges 

and support wires, if the room is darkened. 
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A discharge is established by flowing He through the water-cooled 

capillary such that the thermistor gauge at the anode reads 10 to 100 

Torr (14) and applying a voltage of 2 to 4 kV to the cathode. After 

the plasma is obtained, the discharge current is adjusted.to approxi~ately 

150 mA and the cathode voltage to about 800 V. Under steady-state 

operating conditions, the total pressure measured by the ion gauge in 

-9 the UHV chamber is l to 3 x 10 Torr. If the pressure at the discharge 

is about 10 Torr, then the calculation presented in Section 2.2 predicts 

a total pressure of He in the scattering chamber of 1.3 x 10-8 Torr. 

This is in reasonable agreement with the value which is observed during 

lamp operation, since the ionization efficiency of helium relative to 

nitrogen is 0.161. Applying this correction factor, the true observed 

pressure of He in the UHV chamber then is 0.6 to 1.9 x 10-8 Torr. The 

total photocurrent at the ~rystal is surprisingly insensitive to vari

ations in discharge pressure, cathode potential or discharge current. 

For the grazing angle of incident radiation shown in Fig. 9(B), the 

photocurrent at the crystal (positive current to ground) is 6 x 10-lO A, 

and about 2 x 10-9 A for the situation of Fig. 9(A). The maximum count 

rates at the Fermi edge under these two conditions are about 1 to 3 x 104 cps 

and 5 x 103 cps, respectively. 

It is important to use the spanner wrench to counteract ~be torque 

which must be applied to open or close the straight-through valve. This 

avoids straining the valve and warping the body. It i~ also important 

to protect the lamp from heat during bakeout of the system, unless it is 

disassembled and all parts are removed which contain Viton (J.§._) items. 
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Typical spectra which have been obtained with this lamp are shown 

in Fig. 24 of Chapter 9 for the adsorption of H20 on Ru(OOl). 
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Chamber 

To Di ffus-ton Pumps 

Figure 1. Schematic drawing of lamp assembly, side view. 
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Figure 2 Key: 

1. Ultrahigh vacuum chamber (bell jar). 

2. Bell jar port. 

3. Gimbles. 

4. Unistrut framework for tabletop. 

5. Fill and vent tube for cryotrap. 

6. Butterfly valve. 

7. 11 T-piece 11 contatning anode. 

8. Phenolic support rods surrounding discharge tube. 

9. Air-cooled aluminum piece containing cathode. 

10. Flange, 911 o.d. 

11. Cryotrap for 4" diffusion pump, 925 ml capacity, 2."5 hr. lifetime. 

12. Flange, 611 o.d. 

13. Cryotrap for 211 diffusion pump, 1500 ml capacity, 7.5 hr. lifetime. 

14. Lines indicate position of bakeout ovens during bakeout. 

15. Protective, hinged phenolic cage with cooling fan attached under

neath. 

16. Straight-through valve. 
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Figure 3 Key: 

1. Bell jar wall. 

2. Protective stainless steel sheath. 

3. Bell jar port. 

4. Pyrex capillary, 7.5 mm o.d. and 2.0 mm Ld. 

5. Gimbles pin, about which the outer two gimbles rings rotate. Two 

pins at 90° to these are not shown. 

6. Gim51 es. 

7. Support ring to which protective sheath (2) is attached. 

8. Kovar sleeve, welded to stainless steel insert which is welded in 

place in valve. 

9. Adjustable support arm (not completely drawn} which attaches to 

straight-through valve with set screws. 

10. Fixed support arm, which attaches to base of bell jar and supports 

weight of lamp. 

11. Tabletop unistrut. 

12. Welded metal bellows. 

13. Butterfly valve to 211 diffusion pump. 

14. Straight-through valve. 

15. Removable stainless steel insert welded to Kovar sleeve which 

attaches to middle capillary section. 

16. Stainless steel block which contains anode and first pumping port, 

krio.wri as the 11 T -piece 11
• 

17. Protective phenolic safety cage. 

18. Water inlet. 
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Figure 3 Key (continued) 

19. Quartz discharge tube. 

20. Aluminum cathode. 

21. Air-cooled helium inlet. 

22. Phenolic support rods (one of six is shown). 

23. Preformed metal bellows. 

24. Tygon tubing to helium tank (.zeolite purifi'cation trap in between). 

25. Copper anode. 

26. Butterfly valve -to 411 diffusion pump. 

27. Duct for measuring pressure at discharge. 

28. 0-ring spacer to prevent contact between quartz discharge tube and 

copper anode, and prevent possible breakage. 

29. Banana plug and receptacle for connection with CVC high voltage 

SDC-100 power supply. 

Note: All dimensions are accurately drawn to scale. However, some 

artistic liberties were taken for the sake of clarity. For 

example, only one phenolic rod (22) is drawn, but there are 

actually two in the plane of the paper. The first pumping port 

points out to the side, as drawn in Figure 2, but in this figure 

it is presented as pointing downward. The adjustable support 

arm (9) is only sketched, since to have drawn this piece entirely 
would have obscured more important lamp components. 
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F ig u re  8. The d im en s ion s  w h ich  l i m i t  th e  ang le  o f  approach o f  the  e le c t r o n  
m o n o c h ro m a te r to  th e  UV lamp e x i t  c a p i l l a r y ,  a ,  are shown 
above , w h ich  i s  a schem atic  d raw ing  o f  the  v iew  i f  one 
lo o k s  p e r p e n d ic u la r  t o  the  h o r iz o n ta l  s c a t t e r i n g  p lane 
I f  p o s s ib le  i n t e r f e r e n c e  between the  UV r a d ia t i o n  and 
th e  gun edge a t  p o in t  (a )  is  c o n s id e re d ,  aa = 40°. I f  
p h y s ic a l  c o n ta c t  between the c a p i l l a r y  sheath and the 
gun edge a t  p o in t  (b )  i s  c o n s id e re d ,  then ακ = 30° The 
l a r g e r  a n g le ,  4 0 ° ,  i s  the  a c tu a l  l i m i t i n g  va lue .  Only the 
d im ens ions  wh ich are c r i t i c a l  to  the  c a lc u la t i o n  o f  a have 
been la b e l le d  and drawn to  s c a le .
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F ig u r e  9 (A ) .  Cross s e c t io n a l  v ie w  o f  th e  EEL s p e c t ro m e te r  and p ro b e s ,  
w i t h i n  th e  s c a t t e r i n g  p la n e .  T h is  c o n f ig u r a t i o n  i s  com
p a t i b l e  w i t h  th e  v i b r a t i o n a l  EEL e x p e r im e n t .  The ang le  
o f  in c id e n c e  o f  th e  UV r a d ia t i o n  i s  32° from  th e  sample 
n o rm a l,  and th e  a n a ly z e r  can move w i t h i n  +34° and +90° 
f ro m  th e  sample normal f o r  a n g le - r e s o lv e d  UPS.
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SAMPLE UV 
PLANE~ SOURCE 

MONOCHROMATOR 
~ 330 \11 I 

SAMPLE 
MANIPULATOR/ 

(B) 

GAS 
DOSER 

SAMPLE 
NORMAL 

Figure 9(B). Configuration of spectrometer and probes with the sample 
rotated 180° from Fig. 9(A). The angle of incidence of 
the UV radiation here is 81°, and the analyzer can move 
between -34° and +57° from the sample nonnal. Note that 
the analyzer should be moved away from the gas doser to 
dose the crystal, to avoid blocking the gas beam. With 
the analyzer positioned 180° from the monoch.romator, the 
top gear reads 11 212° 11

• 


