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LOW ENERGY ElECTRON DIFFRACTION STUDTI:S OF THE ADSORFTION 

OF UNSATURA'I'ED IIYDROCARBOI'iS Arm CARBON l'IONOXIDE ON 
THE PLATll'WM (Ill) AND (100) SINGLE CRYSTAJJ SURFACES 

Jr. E. Morgan" and G. A. Somorjai" 

Inorganic Materials Research Division, LaYlrence Radiation Laboratory, 
and Department of Chemistry, 

University of California, Berkeley, California 

ABSTRACT 

The interaction of simple aliphatic hydrocarbons and carbon, monoxide 

with pt(lll) and pt(lOO) surfaces, at gas pressures :S'lxlO-7 torr, has 

been studied using low energy electron diffraction (LEED), mass spec-

trometry, flash desorption and work function (¢) measurements. The 

pt(lll) substrate was characterized by a (lxl) diffraction pattern while 

a (5Xl) surface structure w'as visible on pt(lOO). In contrast to the 

saturated hydrocarbons, all the other gases used (CO, C2~' C
2

H4, C
3

H
6

, 

1,3-butadiene and the isomeric butenes) were readily chemisorbed on both 

substrates. Relatively large decreases in ¢ resulted from the chemi-

sorption of the unsaturated hydrocarbons while a small increase in ¢ was 

measured due to the adsorption of CO. All gases were held in one bonding 

state except for CO which exhibited three bonding states on the (100) 

surface. 

A (2)<2) surface structure was produced ort the (111) face by all of 

the unsaturated hydrocarbons studied with the exception of isobutylene 

which exhibited longer range ordering. C
2

H2 and C
2

H4 produced a 

C(2)<2) structure on the (100) face of platinum. The adsorption of the 

other hydrocarbons hm"ever, generated no extra features in the '(100) 

diffraction pattern, i. e. there was no indication of ordering. The 

necessity of close packing of the olefins appeared to be responsible 

for the presence of ordered structures on the pt(lll) surface and for 

',- ., 
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their absence on Pt(lOO). The results of these structural studies 

2 
indicate that the carbon atoms are sp hybridized in the adsorbed state. 

The chemisorption of CO :r;esul ted in the appearance of· a (4)<2) structure 

I 

on both (111) and (100) surfaces. This structure was transformed by 

electron beam desorption into a (3X3) structure on the Pt(lOO) surface. 

i . 
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I. INTRODUCTION 

Few reactions in surface chemistry have received more attentrbn than 

the hydrogenation of unsaturated hydrocarbonsbver transition metal 
! . I ", I : 

I 

catalysts. 
I ' 1 

Although a great deal of data are available, the reaction 

mechanisms remain elusive. Since it has been clearly established
l 

that 

the adsorption of an unsaturated hydrocarbon on the metal surface precedes 

its hydrogenation, studies of the interaction of these hydrocarbons with 

metal surfaces are necessary precursors to an understanding of the reac-

tion mechanisms. Low energy electron diffraction (LEED) permits such 

studies to be made using well-defined, single crystal metal surfaces under 

carefully controlled experimental conditions.' Mass spectrometric, work 

function and flash desorption techniques can be conveniently combined 

with LEED measurements to complement the diffraction data. 

Platinum is one of the most widely-used metals for catalytic hydro-

2 
genation reactions. Since the (110) face facets above 600°C, the (100) 

and (111) faces were chosen to examine how the structure of the metal 

surface influences the chemisorption process. Carbon monoxide, a major 

constituent of the ambient in a stainless oS,teel ultra high vacuum (urN) 

system, read~ly chemisorbs on platinum substrates forming ordered surface 

structures. 3 It often competes with other gases for adsorption sites 

or even displaces some of the more weakly-held molecules on a catalyst 
I 

surface. Therefore the interaction of CO with the pt surfaces was first 

-
examined to distinguish these surface structures from those formed by 

hydrocarbon chemisorption. 

'l'he gaseous unsaturated hydrocarbons used were acetylene (C2~)' 

ethylene (C
2

H
4
), propylene (C

3
H

6
), I-butene (C2H5CHCf~), cis- and 

trans-2-butene (CH3CHCHCrs)' isobutylene « CIS )2CC~) and 1,3-butad iene 
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(C~CHCHC~). By varying the substituent alkyl groups around the ole fin, 

double bond in this manner, the geometric and steric influences on olefin 

chemisorption couid be studied. ,Electronic e'ffects due to the electron 

donating or withdrawing propertles of, the substituents were exal!lined by . 

mf'!asuring the change in the work function of the metal surface during 

chemisorpt ion. 

" 

II. . EXPERIMENTAL PROCEDURE 

The experimental prbcedureshave been described 'p:z;eviouslY. 4 "Sum-

marizing briefly, a Varian post-acceleration LEED apparatus was utilized, 

along with a quadrupole mass spectrometer to monitor flash desorption 

species. Work function changes due to gaseou's adsorption, were measured 

by the contact potential difference method using the LEED ~lectron gun 

itself.; During the adsbrptioin studies, a steady state hydrocarbon flux, 

corresponding to virtual pressures of 10-9 _10-7 torr,' was flowing through, 

the ,diffraction chamber. to minimize the generation (and' hence chemisorption) ,. 

OfCO.
4 

The substrates were nlaintained near room temperature since crack

ing of adsorbed hydrocarbons became appreciable at elevated temperatures. 

III. RESULTS 

A. The Structures of the Platinum Sub,strates 

Diffraction patterns were obtained from both the (100) and (111) 

surfaces by mere anneal of the crystals in UHV. Rings
2

,4 were visible 

onbQth patterns; these result from randomly-oriented domains of carbon on the 

substrates. The diffraction characteris;tics of the rings indicate that the carbon 

was present as graphite with the basal plane parallel to the substrate. 

Ion .bombardment using high purity argon, followed by high temperature 

.. 
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anneal, improveci the overall quality of the diffraction patterns but 

the rine;s remained visible. These were ultimately removed by heating 

o -5 4 
the crystals at lqOO C in,lXLO ,torr oxygen. 

The diffraction patterns of the carbon-free substrates are shmm 

in Fig. 1. The pattern of the (111) surface (Fig. la) is typical for 

that of a fcc crystal vlhose bulk structure is maintained at the surface. 

No extra spots, indicative of a reconstruction of the surface atoms, 

were vresent. However the pattern of the (100) surface (Fig. lb) was 

far from simple; 1/5th order diffraction spots were present along the 

x- and y-axes (or sometimes along only one axis) initially suggesting 

two domains of (5XL) periodicity. Using the matrix formulation,
6 

this 

structure is generated in real space by two sets of unit mesh vectors, 

i and 1, whose components are given by the rows of the transformation 

. 15 0 1 I] 0 
matrlces, A = Oland B = 0 51. 

'-

These unit mesh vectors are defined . . 

relative to-the substrate unit mesh. However, from lack of a more 

complete description, the structure will be referred hereafter to 

pt(lOO )-(5)<1). 

Providing that the surface carbon had been completely removed, the 

i 

(5Xl) structure was stable at all temperatures (~1400°c) used in these 

experiments. The structure has also been observed7,8 on the (100) face 

of gold, which directly follows platinum in the periodic table. 

Structurally, there is very little difference bet.leen gold and platinum, 

I 

but their electronic properties (magnetic susceptibility, electrical 

conductivity, .etc.) are substantially different since gold has a- filled 

d-electron shell while platinum has unpaired d-electrons. Moreover, 

there are also dramatic differences between the catalytic properties 

of the metals. Auger spectrosco1'y studies on both pt(100)9 and Au(lOO )10 

I, 
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surfaCES failed to detect a .stabilizing impurity for the. surface struc-

ture suggesting that it is characteristic of a clean surface. 'Fedak 

and Gjostein
ll 

proposed a coincident site model for the gold structure 

consisting of a hexagonal surface layer superimposed on the square 

Au(lOO) substrate. Using this mOdel,12,limitedsuccess was achieved in 

trying to reproduce the LEED pattern by the method of optical simulation. 13 

However, these ideas assume the: validity of a kinematic 'scattering model 

" and hence their plausibility is questionable. Thus, atthEi moment; a 

complete description of the atomic arrangements at the ·pt(lOO) and 

Au(lOO) surfaces is lacking. 

2. Adsorption of Carbon Monoxide 

Carbon monoxide readily Che'misorbson .the ~t(lOO) substrate causing 

the 1/5th order diffraction spots to.rapidly disappear.
4 

The intensi

ties of the integral order spots' increased during the initial stages of 

CO chemisorption as the extra spots disappeared. Continued adsorption 

of CO then caused a gradual decrease in, the intensities of the remaining 

(lXl) diffraction spots until new diffraction features appeare,d.. Figure 

2(a) illustrates schematically the diffraction pattern visible after, 

the adsorption of CO had reached saturation at room temperature. The 

extra spots were less intense and more diffuse than the (lxl) diffrac-

tion flpotS. They were visi.ble only at incident beam voltages E < 150 V 

and reached their maximum intensities at E = 15 V and 90 V. The pattern 

is indicative of domains of a (4x2) unit mesh rotated at 90
0 

to each 

'Slther. The transformation matrices giving the components of the new 

unit mesh in real space, referred to the substrate mesh, are 

.,' 11 -2
1

' 12 -1
1 ,A = _ 2 0 and B = 0 2· 

_I 
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Tne Pt(lOO) -( 4><2 )-CO structure was stable in vacua provided that the 

crystal ,~as turned 8i-lay from the electron gun. However, if the electron 

beam "ias allO\~ed to strike the surface for a few minutes , the more 

weakly bonded co(al-co) was desorbed and the diffraction pattern changed; 

the extra diffraction spots first became streaky, then those along the 

x- and y-axes disappeared leaving very faint and ill-defined extra 

spots [Fig. 2(b)J. The pattern now suggests the presence of (3x3) unit 

meshes with transformation matrices A = Ii -~I and B = I_~ il. Flash 

desorption stUdies showed that the binding of the CO(~-CO) to the surface 

was only slightly stronger, the relevant desorption temperatures being 

130°C for aI-CO and 170°C for a2-co~ 

A small" .amount of CO($-CO) remained on the surface above 200°C; 

this was characterized by a (lXl) diffraction pattern and a flash 

desorption temperature of 600°C. When all the CO w.as desorbed by heating 

the crystal above 600°C, the usual (5Xl) surface structure of clean 

platinum readily reappeared. 

The chemisorption of CO on the Pt(lll) 'Surface at room temperature 

gave rise to the diffraction pattern shown schematically in Fig. 3. Once 

again, the extra features were fainter and more diffuse than the "normal" 

spots. The former were most clearly visible at E = 19 V, 76 V and 110 V. 

The 1/2 order spots were weak relative to the 1/4 order spots. The 

pattern again suggests a (4x2) unit mesh, with domains at 60° to each other 

and with transformation matrices A = I~ ~I, B = l~ _~I and C = I~ _~I. 

Tee pattern was st~ble in vacua; the extra features became sliehtly 

more diffuse, and tended to streak and coalesce under the influence of 

the electron beam but no new surface structure viaS apparent. The flash 

I 

desorption spectrum shm·Jed a large m/e = 28 (a-co) peak centered at 

170°C but no resolution into a
1

- and a
2

-co was achieved. No other peaks 
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were detected suggesting the absence of ~ more stronglychemisorbed form 
i 

of CO. Also all extra diffraction features vanished above 170°C; the 

diffraction pattern gave no indication of CO adsorption above this 

temperature. 

C. Adsorption of Unsaturated Hydrocarbons 

The diffraction pattern, shown in Fig. 4(a), resulted from' the chemi-

sorption of acetylene, ethylene, propylene, I-butene, cis-2-butene, 

t':rans-2-buterie artd 1,3-butadiene 'on the pt(lll) substrate. There are 

sha.rp 1/2 order spots which are visible throughout the entire beam voltage 
i i 

range (0-2,50 V) although somewhat fainter than the (1)<1) diffraction' 

spots. They were 'mdt intense at E = 17 V !3.nd '55 V. 'The pattern indicates 

that a (2)<2) surface, structure had been formed (transformation matrix 

1
2 0 f, 

2 21). The structures were stable in vacua and not affected by the 

electron beam. 

Two experimental criteria were necessary to ensure the generation of 

the (2)<2) pattern; a) the cleanliness of the surface. If carbon was pre

sent on the substratJ, as indicated by the appearance of rings in the 

diffraction pattern, ;no extra diffraction features were generated by 

hydrocarbon chemisorption. After an unsaturated hydrocarbon had been 

adsorbed and then desorbed a few times, rings were visible in the pattern . 

indicating some cracking of the adsorbate., The surface was then cleaned 
, . 

by high temperature treatment in oxygen. Also, since CO was I frequently 

preferentially chemisorbed on the pt substrates in competition with the 

olefin, the surface was cleaned by flashine the crystal to 800°C immediately 
, ' 

before introducing the hydrocarbon; b )slieht heatine of the pt' crystal, 

was required to order the chemisorbed hydrocarbon. If the gases were 

.. 
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introduced into the diffraction chamber with the pt substrate at room 

temperature, the pattern background increased but no extra features 

resulted. However, if the crystal was then heated at 100°C f~r ~ few 

minutes, the 1/2 order spots appeared, initially diffuse but gradually 

becoming sharper. 

Isobutylene was the only unsaturated hydrocarbon whose chemisorption 
I 

did not give rise to the (2)<2) surface structure. The gas was readily 

chemisorb,ed causing an increase in the pattern background. Extrerr,ely 

faint (1/5, 1/5) order spots were sometimes visible around the (00) spot 

but sufficient detail to identify a surface structure was lacking. 

The flash desorption spectra of all the chemisorbed hydrocarbons 

were similar. The hydrocarbon desorbed around 140°C while hydlDgen peaks 

were detectable ar()und 200°C and 340°C. If the crystal was cooled < 200°C 

in the presence of a hydrocarbon, the (2)<2) surface structure first 

appeared at a substrate temperature of approximately 130°C. The surface 

structures were easily removed by heating the crystal to 150°C. 

The chemisorption of, acetylene and ethylene on the pt(lOO) substrate first 

caused a rapid disappearance of the (5Xl) surface structure. Then extra spots 

of half integral indices appeared at the center of each pt reciprocal unit 

mesh [Fig. 4(b) J, indicating the formation of a C(2)<2) surface structure 

(transforn~tion matrix Ii _il). Although fainter than the (IXI) diffrac

ti.on spots, these were visible at all beam voltages ,used (0-250 V) and 

were most intense ~t E = 16 V, 42 V, 96 V and 155 V. The same experimental 

conditions "Iere necessary to the generation of the C(2)<2) surface struc-

ture as were employed during the formation of the pt(111)-(2><2)-structure. 

Again, cracking of adsorbed hydrocarbons eventually contaminated the sub-

strate. 
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Chemisorption of propylene, cis-2-butene, trans-2~butene and 

1,3-butadiene produced a (lXl) diffraction pattern with no indication 

of any extra features. During the initial stages of hydrocarbon chemi

sorption, the intensities of the integral order spots increased as the 

1/5 order spots disappeared. Continued adsorption caused a gradual re

duction in the intensities of all of the diffraction features and an 

increase in pattern background. However, after isobutylene had chemi

sorbed to saturation, the (5Xl) surface structure was still clearly 

visible along with very faint, broad .stre aks, parallel to the x- and 

y-axes, at .1/3 positions. There were no discernible differences in the 

rates of hydrocarbon chemisorption from those observed on the (111) 

substrate. Also, the flash desorption spectra were similar to those 

obtained previously. By heating the crystal. to 150°C, the hydrocarbons 

were desorbed and the (5Xl) surface structure reappea~d. 

D. Work Function Changes 

The changes. in the work function, </J , (error iO.02V) of the 

metal substrates due to gaseous chemisorption are summarized in Table I, . 

along with the surface structures formed. 

The chemisorption of CO caused an increase in the work function, </J, 

'Yhile chemisorption of an unsaturated hydrocarbon always resulted in·a 

decrease in the 'work function of the (111) and (100) surfaces of 

. platinum. If carbon was present on the sUbstrate· (as indicated by the 

ring-like diffraction pattern), the work function change upon chemi

sorption was appreciably reduced. In order to minimize possible surface 

contamination by carbon monoxide and hence to achieve greater repro

.ducibility 6f the DJp values, the work function measurements were macie 
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as follo''';s; the crystal was first flashed to 800°C to remove chemisorbed 

co. When the sample had cooled to about lSO°C, the hydrocarbon \-Ias 

. -8 
introduced at a pressure of about lxlO torr. \iithin 1,2 minutes, the 

chemisori-,tion had· reached satu.ration as indicated by no fUrther change 

in ¢. The diffraction pattern was then examined to ascertain the 

surface structure formed. 

6t:/J was independent of the hydrocarbon pressures used in these 

studies (:S.lXIO-7 torr). However, as the crystal remained in vacua, 

a slight increase in ¢ was observed due to a gradual adsorption of 

residual CO. In one experiment, cis-2-butene was adsorbed to saturation 

on the pt(lll) surface producing the .c2X2) surface structure and ty:jJ 

equalled -1.31 eVe co was then introduced into the diffraction chamber 

at 4XIO-
8 

torr •. After about 2 hours, the extra spots had disappeared 

and ¢ was slightly greater than that of the clean surface. Hmvever, 

the pt(11l)-(4X2)-CO pattern was not generated. Conversely, CO'l-las 

first adsorbed to saturation on the (111) surface (6t:/J = + 0.17) and 

-8 .. 
then cis-2-butene introduced at 2XIO torr. A very slight decrease 

in ¢ was noted but the (4)<2) surface structure was not removed. 

Finally, saturated gaseous hydrocarbons, methane, ethane, and 

n-butane at temperatures up to 700°C and at gas pressu.res in the range 

of 10-9 to 10-7 torr did not seem to chemisorb on the pt(lOO) and 

pt(lll) faces. The su.rface structures and work function increases 

characteristic of ads?rbed CO vlere slowly formed,with the substrate 

at room temperature. Tnus, this apparent absence of chemisorption 

of the paraffins on the platinum surfaces could result from prfC feren-

tial CO chemisorption. 
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IV. DISCUSSION 

The relative ease of desorption of the adsorbed molecules which 

were studied, their large size (with the exception of C2H
4 
andC2~) in-' 

dicate that their chemisorption does not involve replacement of the 

platinum atoms (reconstruction). The correct identification of the new 

unit mesh from the extra diffraction beams which appear during adsorption, 

however, in the absence of detailed intensity analysis, does not lead to 

a unique assignment of the position of the adsorbate molecules On the 

surface. 
..' 14 

For example the (2)<2) diffraction pattern c~m be generated 

by at least eight simple arrangements of the adsorbed species on the. (Ill) I 

face of a fcc metal. The results of other measurements (work function, 

flash desorption, . etc) geometric andsteric arguments and 'cnemical intui-

tion, must be used to reject the more unlikely arrangements. 

One of the striking results of this study is the 'discovery that almost 

all of the chemisorbed C
2

-C4 ole fins form ordered surface structures on 

the Pt(lll) sur-face while there is no indication- of ordering of these 

molecules (with the exception of C
2

H
4

) on the (100) face of platinum. 

Work function measurements indicate that there is not much difference 

between the amounts of adsorbed gas on the two substrates. A model will 

be proposed which, in addition to explaining other data, shows that close 

packing of the adsorbed molecules on the PtCIII) surface which exhibits 

three-fold symmetry gives rise to a preferred arrangement and hence, an 

ordered surface structure. The two fOld symmetry of the (lbO) sllrface allows 

the adsorption and close packing of different olefins in several arrangements, all 

of which are equally pr?bable and lead to the same surface coverage. 

Thus, ordering of the adsorbed molecules into one type of surface structure 

does not take place. 

" 
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A. Chemisorption of the Unsaturated Hydrocarbons 

1 
There are two basic structures proposed, for an adsorbed olefin, 

an cr-diadsorbed and a IT-adsorbed configuration. A cr-diadsorbed olefin 

is formed by sp3 hybridization of the olefinic carbon atoms and by the 

formation' of two cr bonds between the carbons and two metal atoms; i. e. 

I H H 
I I 

R-'C C -lb a / \ 
pt pt 

Alternatively, it is proposed
l 

that any olefin may form a IT-donor bond 

with a surface metal atom. As the carbon atoms are still sp2-hybridized, 

the groups attached to the carbon atoms are almost coplanar in a plane 

parallel 'to the surface. The presence of IT-adsorbed ole fins on the platinum 
I 

substrates is indicated by the observed decreases in the work function 

showing t,hat the IT-electron system of the adsorbate is electron deficient; 

increases in the work function'would be expected for cr-diadsorbed olefins 

using electronegativity considerations. That the adsorbed ole fins retain 

their s/ hybridization is also indicated by the adsorption characteristics 

of acetylene and ethylene on the platinum surfaces. From consideration 

of the geometry of a ,cr-diadsorbed hydrocarbon on fcc metals, (tetrahedral 

bond angles), it foHows
15 

that acetylene should only adsorb on surface s 

which provide the larger interatomic spacings (e.g. on the (100) and (110) 

orientations) but not on the (111) face, vlhereas cr-diadsorbed ethylene 

may adsorb on either surface [(Hl) or (100)] across the shorter inter-

o 

atomic spacing (2.77A). However, acetylene and ethylene adsorbs 'readily 

on both the (100) and (Ill) platinum substrates as they should if they 

retained their IT-bonding characteristics. The ligand field theory, .... ihich has 
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been applied to explain bonding of adsorbed molecules on transi t:i.on 

, 16-18 
metal surfaces regards the adsorbent metal atom as the central' atom 

in a complex where the surrounding metal atoms and,the chemisorbed molecule 

are the ligands. Although a ' reasonable descript'ion of the binding of an 

olefin (as either the cr-diadsorbed or IT-adsorbed species) at the (100) 

surface of a fcc metal can be achieved using this model, no simple analogy 
~ 

" is available for binding a hydrocarbon're s idue to the (ill) surface since 

no orbitals emerge normal to the surface.
17 

Also, this molecular orbital 

model is inadequate- for a descr'iption of a: ;.r~adso'rbed alk;yne Oil th~ '(100) 

surface of afce metal since there are no surface' o'rbitals available to 

bind thealkyne by both its IT-orbitals simultan:eously. The application 

of ,the results' of ligand field theory to surface atoms which are in a 

hignly asYmmetric environment can also be questioned. Thus an adequate 
i 

description of the adsorption sites on a. metal surface is lacking. 

Nonetheless, the model ofa IT-adsorbed olefin on the (100) -surface~' 
I ' 

, - 17 
proposed by Bond, will be adopted (Fig. 5). The bonding, Fig. 5(a), 

involves 1) a a-bond formed by electron donation from 'the filled bonding 

orbital of the olefin, to the metal's e orqital and possibly, 2) a IT-bond 
g 

fOrmed by back donation from the t2 orbitals into the vacant IT-antibonding 
- g 

orbitals of the olefin. This tends to reduce the accumulation of negative 

charge on the metal atom. The Pt(lOO) substrate is represented in Fig. 5 

by the usual square array of surface atoms, since the (5xl) suriace 

structure converts to (lXl) during the adsorption of most olefins. Figure 

5(b) isa scale diagram of the close packing of chemisorbed ethylene; the 

o 

Pt.,.Pt near neighbor distance, a, is 2.77A while the dimensions of the 
- '-

, 0 

'adsorbate molecule are taken to be those of gaseous ethylene [C=C 1.34A, 

. I, 
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o .z 0 

C-H 1.07A, ~HCH - 120 J. The unit me sh is a centered square of side, 2~, 

and the fractional coverage e (defined as the ratio of the number of ad-

sorbate molecules to the nwnber of substrate atoms) is 1/2. The observed 

decrease in the work function, ¢, indicates that the electron donation 

from adsorbate to metal is not fully compensated by back donation into 

the antibonding orbitals of the adsorbate. 

The disordered chemisorption of propylene, resulting from the random 

o 
filling of the adsorption sites, is depicted in Fig. 6 [C-C 1. 51A]. T!J.e 

molecule lean take up several orientations~, all equally probable, on the 

(100) platinwn surface. Preswnably, the adsorbed molecules vlould not 

rotate into preferred alignments due to the close packing and thus, the 

LEED pattern displays no extra features. The surface coverage, e, is 

still 1/2 and hence the larger decrease in ¢ observed with propylene 

(-0.28 V) when compared to ethylene must renectthe influence of tile 

methyl group. Similar argwnents apply to the packing of cis-2-butenej 

in this case, e is slightly less than 1/2 and the further decrease of 

-0.31 V in ¢ when compared with propylene can be acribed to the presence 

of the second methyl group. The more open structures of· isobutylene and 

trans-2-butene will probably reduce the coverage still further and this 

can account for the sma~ler changes in the work function than tilat observed 

with cis-2-butene. The different work function changes observed for tile 

adsorption of the cis- and trans-butene (-1. 34 V and -1.12 V, respectively) 

indicate that the adsorbate molecules did not isomerize and most likely 

have the same configuration as in the gas phase. Platinwn is known
l 

to be a poor catalyst for the isomerization of the butenes. 

1,3-butadiene can exist in the syn or anti configurations; 

(anti) <-"::> \'_fI (syn) 
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In the gas phase it c~)llsists almost ent~rell9 as the ariti conformer 

since rotation about the C-C single bond is hindered bysteric repulsion 

of the vinyl groupsiri the syn conformer. However there' is no guarantee 
, , 

that the surface concentrations' are the: same as for- the gas s'ince inter-

convers ion betw'een the two conformers may take place via the formation 
i 

of the mono-rr-adsorbed diene. 'Usingth~ model by Bond, 17 if butadiene 

ischemisorbed as the syn conformer botl1 rr-b,onds' of the adsorbate molecule 

can interact similarly with surface metal a toms. This is illustrated in 

Fig. 7 where, for simplicity, the C-C bqnd lengths are drawn as equal. 

The work function decreas'e is approximately twice that observed ,:-with 

ethylene.' However, the surface' coverage should be somewhat less than 1/2. 

, , The relatively greater decrease in work function with butadiene might be 

explained by 1) the possibl~ del~catizationof 'the' rr-electronsover 'the' 

four carbon' atoms which could result in a 'more efficient transfer of 
\ 

'electrons to the substrate or 2) there is less possibllity o'f back donation 

,to the antibonding orbitalf! of the olefini~ bond due 'to the structure of 

the- adsorbed molecule.' 

,-
The C(2X2 ) surface structure generated by chemisorption ofC2~ 

indicates that the adsorb'ed species are packed in a similar arrangement as 

for ethylene (Fige 5(b)), with e = 1/2. However, the measured decrease 

in work function is considerably larger for acetylene chemisorption suggest-
, , 

ing the simUltaneous interaction of the two rr-bonds with surface.orhitals. 

In order to illustrate chemisorption on the (111) substrate, it will 

',again be assumed (for lack of a more complete molecular orbital description) 

that an A.dsorbate molecule bonds, to one surface metal atom. Figure 8 

,then illustrates the close packing of ethylene on the Pt(lU) surface' 

(cf~ Fig. 5(b)). Just like on the (100) surface, e is again 1/2 the 
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overlap of the Van der \vaals envelopes of the ethylene molecules hOi-lever, 

mllst be more severe due to the closeness of the platinwn atoms on the 

(111) surface. A' (2Xl) unit mesh is proposed and since 60° rotated 

domains of this structure are equally probable, the LEED pattern indicates 

a (2x2) surface structure. The decrease in work function is 0.36 V greater 

than that observed for ethylene on; the Pt(lOO) surface indicating: a more 

efficient overall transfer of electrons from adsorbate to surface. Tne 

decrease in work function when propylene chemi~orbed on the (111) surface 

was 0.25 V larger than that measured for ethylene. Tnis difference is 

very close to that 'found on the (100) surface and indicates that the 

coverage of propylene on the (111) surface is again equal to 1/2. Tnis 

is illustrated in Fig. 9 (cf. Fig. 6). The adsorbate molecules must be 

packed closely as in row AB or row CD. Tne (2?02) surface structure observed 

by LEED signifies that there are surface domains in 'i'lhich one orientation 

is preferred thus generating domains of structures with (2Xl) unit mesh. 

steric considerations indicate that the Pt(11l)-(2X2 )-( -2-butene)( cis 

or trans) diffraction patterns cannot result from domains of surface 

structures with a (2Xl) unit mesh; thus formation of a (2)<2) unit mesh:, 

Fig. 10 (drawn for trans-2-butene), must be evoked. This more open 

structure presumably allows the adsorbed molecules to align into an ordered 

array. The fractional surface coverage is 1/4 and hence the 6¢ values 

for the adsorption of the two butenes are identical within experimental 

errOr. By extrapolating the results obtained on the (100) surface, a 

I 

work function chance of around -1.70 V should have been exrected for a 

half-monohyer coverage of the 2-butenes on the (111) substrate. If, as 

is commonly assumed, I:Y/J is directly proportional to the coverage, B, then 

the measured work function changes indicate a coverage of about 3/8 whereas 



a (2)<2) unit mesh implies that e =: 1/4. It ispos~ible to pack both 

trans- and cis-butene more tightly on the (111) surface end to increase 

the coverage, but the ordered arrays in a closer packed configuration wouid 

not give a (2)<2) surface strucutre. A (2)<2) unit mesh can' also be con-

structed vii th l'-butene in compliance with the observed pt(lll)-(2>42) 

surface structure; hovlever no work function determination was carried out 

with this hydrocarbon. 

Figure 11 illustrates the packing of 1:3-butadiene on the pt(lll) 

sLlbstrate; once' again, the adsorbate is depicted in the syn configuration 

so .thatboth olefinic bonds can interact 1,li th surface metal atoms in a 

like manner. The unit mesh is (2)<2) and the effective coverage is 1/2 

thus resembling the packing of chemisorbed ethylene., However ,butad.iene 

gives rise to a greater decrease in work function than ethylene similar 

to the trend observed on the (100) substrate. 

Isobutylene was the only hydrocarbon among those which were studied. , . 

whose chemisorption on the (lll) surface did not produce a well-defined ... 

surface ~tructure. A (2)<2) unit mesh, with e =: l/l~, can be constructed 

but the closest packing is achieved with the arrangement shown in Fig. 

12(a). The coverage is 2/5 and the unit mesh is of dimensions. (~7 X~3) 

and rotated 30° rela'tive to the substrate unit mesh (transformation 

11 - 2

3
1). I?atrix 1 The likely diffraction pattern from this surface struc-

tilre is sketched in Fig. 12(b). The six (1/5,1/5) order spots around 

the (00) spots (shmm as hatched circles) were in fact observed upon the 

adsorption of isobutylene indicating a tendency for this molecule to pack 

as shovm in Fig. l2(a). However; the difficulty of achieving such close-

packing must be considerable and there should be a substantial amount of 

disorder in the adsorbatel~yer. Propylene caused the pt(lll) work function 

'. 
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to decrease by -1.36 V fore = 0.5 and hence a value of 6¢ = -1.09 V 

would be expected for e = 0.4. The presence of a second methyl group 

on the same carbon atom (by isobutylene) would presumably increase this 

value but, due to disorder in the chemisorbed layer, e will be somewhat 

less than O.l~. Thus the measured 6¢ of -1.12 V for isobutylene can be 

rationalized. 

The onlyalkyne used in these exper~ments, acetylene, generated a 

(2X2) structure on the pt (111) surface. The packing presumably resembles 

that of ethylene, (Fig. 8), with domains of surface structures .lith (2xl) 

unit mesh and a coverage of 1/2.. The measured work function decrease is again 

! 

greater than that found with ethyl~ne. 

It should be noted that the separation between adsorbed hydrocarbon 

molecules, assuming a close packing arrangement may be different from 

their intermolecular distance in the solid state. Such close packing 

must lead to considerable interactions among the adsorbed molecules which 

may iiifluence their Eitructure in the adsorbed state, the observed changes 

in work function, and their reactivity on the metal surf~ce. 

B. Chemisorption of Carbon Monoxide 

Finally, the results obtained using carbon monoxide will be discussed. 

It should be emphasized that although the suggested models will explain the 

experimental results, they are not unique. 

The most commonly assumed configurations of chemisorbed carbon 

'monoxide on a metal surface are the linear.and the bridged forms. The 

adsorption of CO in these structures on the (100) surface of a fcc r.;etal can 

be dcscribed17 USing' the molecular orbital description as iHu::;trated 

in Fig. 13. The next nearest neighbor distance is the one spanned by the 



-18-: UCRL-18796 ' 

bridge structure and the t
2g 

orbitals are used for a-bonding. The linear 

species ~s attached upright to the surface by use of the e
g 

and t
2g 

orbi

tals as for an olefin. 'rne experiments clearly indicate that CO adsorbs 

on this surface in three bonding states. No comparable models are available 

for the .interaction of carbon monoxide with the (111) substrate. However, 

none of the longer interatomic spacings are available on the (111) surface to 

bind CO in the bridge structure. It was found that carbon monoxide is 

readily chemisorbed on this surface but only one bonding state was detected. 

The most likely model for adsorbed CO on the (111) surface appears 'to be 

the linear form. 

Eishens et al.
20 

reported that there is a strong single adsorption 

band in the infrared spectra of carbon monoxide adsorbed on evaporated 

Pt films and this was attributed to the linear structure. Sugita et al.
21 

measured the change in the resistance of a Pt film due to the room tempera-

ture chemisorption of CO and found only one binding state, concludirig 

that the CO was bound in the linear form. Park and Farnsworth founl
2 

that the surface coverage of CO was 1/2 on Ni(lOO) but one molecule was 

adsorbed at each atomic site on the Ni(llO) surface.
23 

The desorption' 

temperatures were 500°C fo!, the (100) but only 150°C for the (110) surface, 

while the work function increase due to adsorbed CO was less for Ni(lOO). 

These results suggested that CO was bound in a bridge structure on the 

Ni(lOO) face rather than with the linear bond as on the (110) surface. 

An interpretation of the Pt(100)-(4X2)-CO surface structure is shown 

, in Fig. 14(a). 'rne open circles repre,sent the Pt substrate atoms and the 

shaded circles represent the CO molecules, each bonded to one platinum 

surface atom. The CO, in the a-bound state, is represented as the linear 

species since this will presumably be less strongly bound than the bridged 

species. The coverage is 3/4 and the work function increase of + 0.18 V 
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indicates a negative charge on the adsorbate 'with respect to the adsorbing 

metal surface. Due to the positive charge associated .. ,ith the oxygen 

atoms, there must be strong repulsive forces between adjacent adsorbed 

° ° * molecules. Their separation is 2.8A whereas in solid CO it is 4.lA. 

Therefore molecules in columns such as A and C might be displaced from 

their central positions (as illustrated in Fig. 14(a)), to minimize these 

interactions. This could explain why a full monolayer coverage is not 

achieved. The difference in bonding strengths of a
l

- and a
2
-co is slight 

(relevant desorption temperatures being 130°C and 170°C, respectively) 

and thus, the adsorbed molecules in'Tows A and C might well correspond to 

a-bonded CO. These molecules could thus be removed first by heat. treatment 
1 

and their desorption .. lOuld result in the preferential disappearance of the 

1/2 order spots in the LEED pattern (Fig. 2a), in accordance with observa-

tion. The extra 'diffraction spots "lhich ·are left are streaked, indicating 

surface diffusion of the remaining adsorbed molecules to nevi positions, 

and finally the (3x3) surface structure is formed, [Fig.14(b)J. The 

distance of closest approach between adjacent adsorbed molecules is now 

° the next nearest neighbor distance (3.9A). The coverage is 1/3,roughly 

half the room temperature value in accordance with the flash desorption 

spectrum and the work function change. The majority of the a
2
-co is 

desorbed at substrate temperatures >110°Cbut a small:concentration of 

disordered carbon monoxide (~ ~ 1/20) remains o~ the surface below 600°C. 

* E · . 20 J" d t . t t' . th d b d 1 f ~scnens ~oun s rong ~n~erac ~ons ~n e a sor e ayer or 
e > 0.66. 
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This ~-CO is p:r:esumably bound as the bridged structure. The pt(1l1)-(4x2)-

a-cO surface structure is illustrated in Fig. 15. The coverage is 3/4 and 

the work function increase is similar to that observed on the (100) sllrface. 

Hmvever, no displacement of the adsorbate molecules from their upright 

positions is likely since this will not minimize interactions in the 

adsorbed layer. The absence of ~-CO on the (111) surface directly reflects 

the absence of longer 'interatomic spacings. 

v. SUMMARY AND CONCLUSIONS 

The pt(lll) substrate was characterized by a (lXl) diffraction pattern 

in contrast to the (5Xl) pattern which characterized the pt(lOO) orienta-

tion. Contamination of both surfaces by carbon, which arose either by 
, . 

diffusion from the bulk crystal or by the cracking of hydrocarbons, was 

revealed by ring-like diffraction patterns. 

Unlike the corresponding paraffins, simple unsaturated gaseous 

hydrocarbons were readily chemisorbed at pressures ~ lXIO-7 torr and at 

room temperature on both theP:t(lll) and (100) single crystal surfaces. 

Changes of work function upon adsorption were similar on the two substrates. 
) 

The binding was weak since the hydrocarbons were desorbed at ~ 140°C. 

~ne flash desorption spectra contained only one hydrocarbon peak indicating 

one type of bonding of the adsorbed species on either substrate. Tne work 

functions of both metal surfaces were always decreased upon chemisorption 

indicat~ng a net donation of electrons from the chemisorbed molecule to ' 

the substrate., The observed work function changes were generally greater 

on the (Ill) surface.' The chemisorption of ,cis'-2-butene on the (100) 

surface did not produce the same work function change as trans-2-butene, 

indi~atingthat the isomers remained distinct in the adsorbed state. All 



-21- UCRL-18796 

gases used, with the exception of isobutylene, removed thept(100)-(5xl) 

surface structure, the latter returning once the hydrocarbon had been 

desorbed from the surface. Ordered surface structures vlerG produced by 

the chemisorption of ethylene and acetylene on both substrates; a C(2~) 

structure wad generated on the (100) surface while an analagous (2~) 

i 
structure appeared on the (111) surface. The pt(111)-(2X2} structure was 

also produced by propylene, cis-2-butene, trans-2-butene, I-butene and 

1 :3-butadiene. Isobutylene did not adsorb into this surface structure 

but appeared to exhibit long range order on the pt(lll) surface. Ho ... ·;ever,. no 

ordering in the adsorbed layer of these hydrocarbons on the pt(lOO) surface 

was detected. This was the major distinction bebleen the adsorption 

characteristics of the two substrates. This difference can be explained 

by assuming that there is only one type of adsorption site available on 

either substrate to which the hydrocarbon molecule is attached in the 

correct orientation to obtain the closest packing. 'l'he subtle feature 

is that if th,e carbon atoms maintain their sl hybridization and hence 

their bond angle of'-120o, then such close packing on the (111) substrate 

must give rise to a preferred arrangement of the adsorbed molecules 

which results in an ordered structure due to the three-fold syn~etry of the 

(111) surface; the two-fold symmetry of the (100) surface permits the 

adsorption of the different hydrocarbons in several arrangements; all of 
I 

, I I 

which are equally probable and lead to the saw£ surface coverage. Thus, 

ordering of the adsorbed molecules into one type of surface structure 

on the (100) surface does not take place. These arguments imply that the 

structure of the gaseous hydrocarbon molecule remains vitually unchanged 

upon adsorption. 
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A (4x2) surface structure was generated by the room temperature 

chemisorption of carbon monoxide on both the Pt(lOO) and Pt(lll) sub-

strates. Simultaneously, small increase in the work function of either 

surface was measured. However, the interaction of the LEED beam with 

the (100) surface gradually transformed the (4x2) surface structUre of 

carbon monoxide into a (3x3) structure; no transformation occurred on the 

Pt(lll) surface. Three bonding states of CO 'vere detected. on ?t(100); 

1) al-co which desorbed. at 130°C, 2) a
2

-co which generated the (3x3) 

surface structure and desorbedat170oC and 3) a small amount of disordered 

~-CO below 600°C. The only mle = 28 peak in the flash desorption spectrUm 

from the (111) surface was observed at 170°C (a-co). These resUlts are 

best interpreted by assuming that a-CO is the linear form while ~-CO 

corresponds to a bridged structure. 

Acknovrledgement - This. work was performed under the auspices of the 

United States Atomic Energy Commission.' 
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Table I. structures fo:nn~d on the pt(100) a.nd 

pt(lll) Surfaces a.nd the change in work 
function, ~, by gaseous chemisorption 

-pt(100)-(5Xl) pt~l11 ~-~ lxl) 

t:4> {V~ structure &P~Vl'· structure 

+ 0.18 (4~) +0.17 (4x2) 

+ 0.08 (3x3) 

-: 1.13 C(2X2) .. 1.40 (2x1)a 

- 0.75 C(2X2 ) - 1~11 (2Xl)a 

- 1.03 (lXl) - 1.36 (2xl )a 

- 1.34 (lXl) ~ 1.31 (2x2) 

- 1.12 (lXl) - 1.32 (2~) 

- 1.61 (lXl) .. 1.62 (2~) 

- 1.01 none - 1.12 (..[7X ..[3-30 0 ,?) 

a The diffraction patterh indicates a (2~) surface structure due to the 

presence of 60 0 rotated (2Xl) domains. 
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FIGURE CAPl'IONS 

Fig. 1, Diffraction patterns of the (111) and (100) surfaces of 

Fig. 2 

platinum exhibiting the a) pt(111)-(lXl) and the 

b) pt(100)-(5Xl) structures 

Schematic representations of the a) pt(100)-(4X2)~CO and the 

b) pt(100)-(3X3)~CO diffraction patterns. 

Fig. 3 I Schematic representation of the pt(lll )-( 4X2 )-CO diffraction 

Fig. 4 

Fig. 5a 

Fig. 5b 

Fig. 6 

Fig. 7 
I ' 

Fig. 8 

Fig. 9 

Fig. 10 

Fig. 11 

I 
Fig. 12a 

Fig. 12b, 
I 

Fig. 13 

, I 

pattern. 

Schematic representation of the a) pt(lll )-(2X2){ C
2

H
4

) and 

the b) pte 100 )-C(2X2 )-( C
2

H
4

) diffraction patte ~ns. 

Bonding of ethylene to the pt(100) surface. 

The pt(lOO )-C(2X2 )-( C
2

H
4

) surface structure. 

The random close-packed arrangement of propylene on the 

pt(100) surface. 

The random close-pacKed arrangeme~t of 1,3-butadiene on the 

pt(lOO) surface. 

The Pt(111)-(2Xl)-(C
2

H
4) surface structure. 

The pt(111)-(2Xl)-(C
3

H
6

) surface structure. 

The pt(lll )-(2X2 )-( trans-2-butene) surface structure. 

The pt(111)-(2X2 )-(1,3-butadiene) surface structure. 

The Pt(111)-(J"7 ,X.[3-300) - (isobutylene) surface structure. 

Schematic representation of the correspo.nding diffraction 

pattern. 

Bonding of carbon monoxide to the Pt(lOO) surface in a 

a) bridge structure and b) linear form. 

I' 
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Fig~ l4a The pt(lOO )-( 4><2 )-(O:l-CO) surface structure. 

Fig. l4b Thept(lOO )-(3X3 )-(0:
2 

-CO) surface structure. 

Fig. 15 Thept(111)-(4><2)-co surface structure • 

. ., 



-27- UCRL-18796 

XBB 693-1972 

Fig. 1a 



-28- UCRL-18796 

XBB 693-1 973 

Fig. lb 



-29- UCRL-18796 

0 0 0 
(01) (" ) 

0 0 o 0 -
(ll.)(g g) 

0 0 
. 3 q 3:3 

(1 -)CP.r.) 
0 o 3 3 3 3 0 

(00) (10) 
0 0 0 0 

0 0 0 0 

0 0 0 

~. 

(b) 
XBL 693-31 R 

Fig. 2 



-30- UCRL-18796 

0 0 0 0 0 
(T I ) (0 I ) (! I ) ( II ) 

0 0 I~ 3
0

3 
. (2 4) (4 4) 

0 0 0 o 0 a 0 0 0 
(OL) (1 1) (ll)(~ !) (I~ ) 2 4 2 22 4 2 

0 a 0 0 
(1 1) (11) 

0 
4 4 24 

0 0 o . 0 

(00) (10) ( 10) 
0 0

2
0 0 

0 0 0 0 0 ·0 0 0 0 

0 0 0 0 

0 0 0 0 0 

(aT) ( IT) (2 T) 

XBL 693-319 

Fig. 3 

.. 



-31- UCRL-18796 

0 0 0 0 0 
.,;{ . 

(Oil ( l,) (/I ) 
2 

0 0 0 0 
>- (0 1 ) ell) (I ~) 2 - 2 2 

0 () 0 0 0 
(00) (1..0) 

2 
(10) 

0 0 0 0 

0 0 0 0 0 

(0) 

0 0 

(01) (II ) 

0 0 

(~ ~) 

0 (> 0 
(00) ( 10) 

0 0 

o o 

( b) 
XSL 693-320 

Fig. 4 



-32-

. Fig. 5a 

UCRL-18796 

C\J 
o 
C\J 
C\J 

I 

1\') 
(j) 
(D 

--1 
m 
X 



-33- UCRL-18796 

.' 

X 8 L 693- 2216 
Fig. 5b 



-34- UCRL-18796 

Fig. 6 

/ 

-o 
{\J 
(\J 

I 

tt) 

en 
.(0 

...J 
en 
x 



-")5-



-36- . UCRL-18796 

XBL693-2178 

Fig. 8 



-37- UCRL-18796 

. ., 

. I· '. Fig. 9 
X BL693-217 9 

. .~, 



-38- UCRL-18796 

X.8 L 693 - 2 I 75 

Fig. 10· 



-39-

X BL693 -2203 

Fig. 11 
\ 



-40- UCRL-18796 

• • (01) 
0 0 0 .. 

0 0 0 0 

0 0 c 0 oct ~) 
0 0 Q () 0 0 

• 0 
cH)(ti)(H) 

0 
(00) (10) 

0 0 Q C 0 0 

0 0 () 0 0 

0 0 0 0 

0 0 0 

• • 
(b) 

(0) 

x'Sl693-2176 

Fig. 12 



,,' - , 

-I -

_ t
2g

-

( a) 

-41-

! 

" "'i ,i" 
. ; , 

X B L693·-2J77-

_ Fig. 13 



A 8 

-42-

c 

(0 ) 

(b) 

Fig. 14 

UCRL-18796 



-43- UCRL-18796 
,.' . 

XBL 693-322 

Fig. 15 " ' 

, I 



LEGAL NOTICE 
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Neither the United States, nor the Commission, nor any person acting on 

behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 

respect to the accuracy, completeness, or usefulness of the informa

tion contained in this report, or that the use of any information, 

apparatus, method, or process disclosed in this report may not in

fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of; or for damages 

resulting from the use of any information, apparatus, method, or 

process disclosed in this report. 
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vides access to, any information pursuant to his employment or contract 

with the Commission, or his employment with such contractor. 
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