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LOW ENERGY EIECTRON DIFFRACTION STUDIES OF THE ADSORPTION .
OF UNSATURATED' HYDROCARBONS AND CARBON MONOXIDE ON - -
THE PLATINUM (111) AND (100) SINGLE CRYSTAL SURFACES ’

| l
A, E. Morgan and G. A. SomorJal

Inorganic Naterlals Research D1v151on, Lawrence Radlation Laboratory,

" and Department of Chemistry,
University of Callfornla, Berkeley, California

ABSTRACT
The 1nteractlon of 31mple allphatlc hydrocarbons and earbon monoxide

with Pt(lll) and Pt(100) surfaces, at gas pressures < 1x10 -7

torr, has
been studled using ‘low energy electron diffraction (LEED), mass spec-

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

' Pt(111) substrate was characterized by a (1x1) diffraction pattern while

a (5XL) surface structure was yisible on Pt(100). In conbrast‘to the
saturated hydroCarbonsy all the other gases used (CQ,vCQHé,_CeHﬁ, CBH6’
.l,ﬁ-butadiene and the isomeric butenes)'were readi}y chemisorbed on both
substrates. Relatively large'decreasesbin ¢ resuited'from the chemi-
sorptlon of the unsaturated hydrocarbons while a small increase 1n ¢ was
measured -due to the adsorptlon of CO. All gases were held in one bondlng

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

surface,

A (2x2) surface structure was produced on the (111) face by all of

the unsaturated hydrocarbons studled with the exceptlon of 1sooutylene

- which exhlblted longer range ordering. CeHé and CaHh produced. a

c(2x2) structure on the'(loo) face of platinum. The adsorption of the
other hydrocarbons however, generated no extra features in the (lOO)
d1f11actlon.pattern, i. € 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(111) surface and for




tﬁeir absence on Pt(100), The'results of thesepstfﬁctural studies
indicaté that the carbon atoms are sp2 hybridiéedvin thecadsorbed state.
The chemisorption of CO xesultéd-in the appearance of a (Ux2) structure
on both (111) and'(lOO).éurfaées., This structure was transféfmed by. |
electron beam desorption_into a (3x3) structﬁre on the Pt(100) surface.

P



I. INTRODUbTION
Few reactions in surfacevchemistry have recei&ed more atténtian than
the hydr?genation‘of unsagugated hydrocarbons- over transitioh Tetal
catalysts. Although a greatydeai of daté are available,l the reaction
mechanisms remain elusive. Since it has been c'le.arly'e'stabli.she'd‘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-

tioh mechanisﬁs. Low energy electron diffraction (LEED) permits such
studies to be made uéing well-defined, single crystal metal sﬁrfaces under
carefuily controlled experimental conditions.; Mass specﬁrOmetrié, WOfk
function énd fiash desorption techniques can beTchQeniently combiheﬁ '
with LEED meaéurements to complement the diffractioh data.

. ‘Platinum is one of the most widely-used metals for catalytic.hydro-
genation reactions; _Since the (110) face facets above 600°C,2 the (100)
and (111) faces-were chosep to examine how the struéture of the meﬁal |
surface influénces the chemisorption process. Carbon mohoxide; a major
constituent of the ambient in a stéinless'sﬁeel’ultra high'vacﬁumf(UHV)
system,.readiiy chemisorbs'on_platinum substrates forming ordered surféce

structurés.5 It often competes with other gases for adsorption sites _

or even displaces some of the more weakly-held moleculés on a catalyst |
. . | . . L

:surface. Therefore the interaction of CO with the Pt surfaces was first

examined to distinguish these surface structures from those formed by S
hydrocarbon chemisorption. .
The gaseoué.unsaturated hydrocarbons- used were acetylene (Czﬁé),

ethylene (CEHh)’ propylene (C§H6)’ l-butene (C2H5Cnc}%), cis~- and

frans-2ebgtene (CHSCHCHCHS), isobutylen? ((CH3)2CCHé) and l,j;butadfeﬁg
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(CHéCHChCHé);Y By;varying the.substituent alkyl‘groups around‘thevolefin,
double bond in th1s manner, the éeometric and sterlc 1nfluences on olefin -
chemisorption could be studied. Electronic effects due to the electron
donatlng or w1thdraw1ng properties of the substltuents were examlned by | et .

measuring the change 1n the work function of the metal surface auring

_chemisorption.

'II.-:EXPERIMENTAL ?aOCEDURE
The experimental procedures have been described’ prev1ously.§ :SumA'
mar1z1ng brlefly, a Varian post-acceleration LEED apparatus was utlllzed,
‘along with a quadrupole mass spectrometer to monitor flash desorptlon
-species{ Work function changes due to gaseous adsorption were measured
by the contact potentlal dlfference method using the LEED electron gun

iltself.s

During the adsorption studies, a steady state hydrocarbon flux,
: corresponding to v1rtual pressures of 10 -10 -1 torr, was flow1ng throughv
the dlffraction chamber to'minimize the generation (and hence chemlsorption)

'of'CO.%- The;substrates”were maintained near»room temperature_since_crack-

" ing of adsorbed hydrocarbons becamevapbreciable at elevated -temperatures.

III. RESULTS

_A.‘ The Structures of the Platinum Substrates

Diffractlon patterns were obtained from both the (lOO) and (lll)

surfaces by mere anneal of the crystals 1n UHV Rlngsei. were rlslble

-on both patterns, these result from randomly-orlented domains of carborlon the
_substrates. - The dlffraction characteristlcs of the rings indlcate that the carbon
;'was'present as graphlte w1th the basal plane parallel to the substrate.

Ion bombardment using hlgh purity argon, followed by hlgh temperature
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anneal, improved the overall quality of'the diffraction patterns but
the rings remained visible. These were ultimately removed by heating
the crystals at 1000°C in|1X1Of5ytorr oky'gen.h | _ .

The diffraction patterns of the carbon-free substrates are shown
in Fig. 1. The pattern of the (111) surface (Fig. la) is typical for
that of & fce crystal whose bulk structure ié maintained at the surface.
No extra spots, indicative of a reconstruction of the surface atoms,
~ were present.. Howefer the patﬁern of the (100) surface (Fig. lb) was
far from simple; 1/5th order diffraction spots were present along the
X- and y-aXeé (or sometimes along only ohe é#is) initially suggesting
two dbmains Qf (5X1) periodicity. Using the matrix formulation,6 this"
_ structufe is generated in real space by two sets of unit mesh’veétoré,

T and 33 whose components are given by‘the'rows of the transformation

10

0 5|; - These unit mesh vectors are defined

matrices, A = lg gl and B = I
relative to-the substrate unit mesh. However, from lack of a morei
complete deséfiption, the structure will be referred héreafter to
P(100)-(5%1). |
Providing that‘the surfaqe carbon had been completely removed, tﬁe'>

(5X1) structure was stablé at all températures (< 1k00°C) used in these
experiments. The structure has‘alsb been observed7’8 on the (100) face
of gold,-which directly follows plafinum in the periodic table._

Structﬁrally, there is very little différénce between gOld éﬁd platinum,
~but their electropic,propef%ies (magnetic éuséeptibility, elecérical
conductivitj,-etc.) are substantialiy different since gold has a filled
'v.d;electron shell while platinum has unpaired d-electrons. Moréover, |

there are also dramatic differences between the catalytic properties

of the metals. Auger spectroscopy studies on both Pt(lOO)9 and Au(lOO)lo
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surfaces faiied'to detect a»étabilizing impurity for.theleorface struc-
ture suggesting that it iS‘chéraoterietic_of a clean surface. 'Fedak

" and Gjosteinll proposed.a coincident site model for the golé'structure t oo
fconsieting of a hexagonal surface_layer sdperimposed on tﬂe'sqoare
:Au(ldo)'substrate. Using this model 12 limited'succees wae-achieved'in -
'trylng to reproduce the. LEED pattern by the method of optlcal s1mulat10n.l§
waever, these 1deas‘assume-the;valldlty of a klnematlcwscatterlng_model-;
and hence their piausibility is qqestioﬁeblew‘ fhus;.atrthe momentj'a '
complete_deecription of theiatomic arrangemente;at therPt(loo)ténd'

Au(100) surfaces is lacking.

2. Adsorption of Carbon Monoxide‘

| Carbon monox1de readlly chemlsorbs on the Pt(lOO) substrate cau51ng
vlthe l/5th order dlffractlon spots to rapldly dlsappear.h The 1ntens1-.
"tles of the 1ntegral order spots increased durlng the 1n1t1a1 etages of
- CO chemlsorptlon.as the extra_spots dlsappeared. Contlnued adsorptlon
o£:CO'then ceueed'a graqual decrease1in:the'intenSities of theiremainihg
"(lxl)_oiffraction'spots until new diffraction features eppeared;' Figure
2(a) illustratesvschematically the diffreotion_pattern visible afterg. |
:‘the edsorption of Co hed_reaehed saturation at room teﬁperature;'vThe‘
extra spots were;iess intense end more diffuse than the (le)vdiffrac;*.
"tioh spote; ‘They.were visible oniy at incideﬁt'oeamrvoltageé'E;<'15O V 
and>reached their maximum’intensities at E =15 V and 90.V.. The pattern

| 1s 1ndlcat1ve of domalns of a (hx2) unit mesh rotated at 90 to each

~9ther. The transformatlon matrlces glving the components of'the new o =

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

.‘A'='L} | and B = |0 >
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The Pt(100)-(4x2)-CO structure was étable in vacua provided £hét‘the
crystal ﬁas turned away from the electron gun. However, if the electron
beam was allowed to strike the surface for a few minutes, the more
weakly bonded CO(al-CO) was desorbed and the diffréction pattern changed;
the extra diffraction spots first became streaky, then those along.the .
X~ and y-axes disappeared léaviné very faint and ill-defined extra

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

ll -2 2 L
11 -1 o1l

desorption studies showed that the binding_of the CO(aé-CO) to the surface

meshes with transformation matrices A = l and B = | Flash

was only slightly stronger, the relevant desorption temperatures being
130°C for @;-CO and 170°C for 0,-CO. |

A small amount of CO(B-CO) remained on the‘su?face above 200°C;
this was characterized gy a (1x1) diffraction pattern and a flash .
desorption temperature of 600°C. When all the CO was desorbed by heating
the crystal above 600°C, the usual (5x1) surface structure of clean
plétinum‘readily reappéared,'

The chemiéorpfion of CO on the I%(ill>”surface at room temperature
gavelfige to the diffraction pattern shown schemafically in Fig. 3. Once
again,kthevextra features were fainter and more diffuse than the "normal"

spots. The former were most clearly visible at E = 19 V, 76 V and llQ V.
The 1/2 order spots were weak reiative to the 1/4 order spots. The |
.Pattern again ;uggests a (hx2) uﬁitbmesh, with domains at 60° to eaéhvother
and with ﬁransformation matrices A = ]% g], B = Ig _;l and C = l; _;r,.

The pattern was stable in vacua; the extra features became_slightly

more diffuse,vand tended to streak and coalesce under the influenc¢ of

the electron beam but.no new surface structuré was apparent. The flash

: ! : , _
desorption spectrum showed a large m/e = 28 (a-c0) peak centered at

170°C but no resolution-ihto al- and ae—CO was. achleved. No other peaxs

|
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Wereddetected suggesting. the absence of a more strongly-chemisorbed form

of CoO. Also all extra . dlffractlon features vanlshed above 170 C; the -

dlffractlon pattern gave no indication of CO adsorption above ‘this

temperature.

C. Adsorptlon of Unsaturated Hydrocarbons

~ The dlffractlon pattern, shown in' Flg. h(a), resulted from the chemi-

sorptlon of acetylene, ethylene ’ propylene, l-butene, 01s-2-butene,
‘ trans—2-butene and 1 3—butad1ene on the Pt(lll) substrate._-Therecare
sharp l/2 order spots whlch are v1s1ble throughout the entlre beam voltage.
range (0-250 V) although somewhat fainter than the (lxl) dlffractlon
spots. They were most 1ntense at E = l7 v and 55 V. 'The pattern 1nd1cates
that a (2x2) surface structure had been formed (transformatlon matrlx
lg gl). The structures were stable in vacua and not affected by the
'electron beam,

| “Twé experimental'criteria were.necessary to ensure the generatlon Qf _f-
the (éxé) pattern,ba)vthe cleanliness of the Surface.VFIf'carbon.was pre-
vsent‘on'the substrate, as indléated’by the'appearancefof rings in the
~r-diffractionfpattern,1no'eXtra diffraction.features_were generatedfby:-
hydrocarbon chemisorption. After an unsaturated hydrocarbon had'been
adsorbed and then desorbed a few tlmes, rlngs were v1s1ble 1n the pattern
1ndlcat1ng some cracklng of the adsorbate.~ The surface was then cleaned
by hlgh temperature treatment in oxyéen. Also, s1nce CO was’ frequently
‘_preferentlally chemlsorbed on the Pt substrates in competltlon w1th the-
olefln, the surface was cleaned by flashing the crystal to 800°C. 1mmed1ately
.before 1ntroducing the hydrocarbon b) sllght heatlng of the Pt crystal

- was requlred to order the chemisorbed hydrocaroon. If the gases were
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introduced into the diffraction chamber with the Pt substrate at room
. temperature, the pattern background increésea but no extra features
resulted. However, if the crystal waS'then-heated at‘lOO°C for a few
minutes, the 1/2 order spots appeared, initially diffuse but graduall&
becoming sharper. |
Isobutylene was the only un§aturated hydrocarbon whoselchemisorption '
did not give rise to the (2x2) surface structure. The gas was readily
chemisorbed causing an ihcrease in the paﬁtern background. Extremely -
faint (1/5, 1/5) ordef spots Were_sometimesbvisible around the (OO)vspot
but sufficient detail to identify a surface'strucﬁure was lacking.
The flash desorption spectra of all the qhemisorbed hydrdcarbons
were similar. The hydrocarbon desprbéd around 140°C while hydiogen peaké
were detectable afgund 200°C and 3k0°C. If the-crystalvwaé,céolea < 200°C
in the presencé of a hydrocarbon, the (2x2) surface structure first
appeared at a substrate tempefature'of'approximately 130°C. The surface
structures Qere easily-remdved by heating the erystal -to 150°C. | ,
.The chemisorption of acetylene and ethylene on the Pt(100) substrate first
_caused a rapid disappearance of the (5x1) surface structure; _Then>extra spots
of half integral indices appeared at the center of each Pt reciprocal unit
mesh [Fig. 4(b)], indicating the formation of a c(2x2) surface‘stfucture
,(trqnsfornmtion matrix li _i]). Although fainter than thév(ixl) diffrac-
tion spoté, these were visible at all beam vdltages,used‘(0-250 V) and
" were most intense at E = 16 V; h2 V, 96 V and 155 V. The same experiméntal
conditions were necessary to the'géneration of the c(2x2) surface struc-
ture as were empioyed during the formation of the Pt(lll)-(2x2);structure..
Again, crackiﬁg of adsorbed hydrocarbons eventuaily contaminafedvthe sub-

strate.
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Chemisorption of propyleng, cis-2-butene, trans-2;butené and

lQ}-BQtadiene_pgoduced a (lxl) diffradﬁibn pattern with.no indiéation.
. of any extra féatﬁres; ‘During the initial stages of hydrocarbon chemi-
séfption, the.intensities of “the integral.brder spots increased as the
1/5 order spots disappeared. Contiﬁued édsorétionlcaused a gradual re-
duction in the intenéities of all ofgthe‘diffraction features and an
increase in pattérn backgrdund. ’waever? éfter‘isobu?ylene had chemi-,
vsorbed to saturatién, the (5x1) surface‘gtfuctﬁre was still cleérly
visible along Qith-very faint, broad streaks, parailel to £he.xf and‘
y-axes, at . 1/5 positions. - There were no discernible'differenées'ih thé
rates of hydrocarbon chemlsorptlon from those observed on the (lll)
substrate. - Also, the flash desorption spectra were s1mllar to those
'obtained érev1ously. By heatlng the crystal. to 150 C, the hydrocarbons.

were desorbed and. the (5X1) surface structure reappeared.

D. Work Function Changesv

The changés in the work function, ¢ , (error iO.Q2V) of.thé
'ametal.éﬁbstratés dué to gasebﬁs chemisorption are summarized in Table I,
'falong with the surface strudturés‘formed.

~ . The chemisorption of CO caused an increase inlthe work function; ¢,
while chemisorption of.an unsaturated hydrdcarbdn élways fesﬁlted in a
Tdecregse in the»wofk fﬁnction of the (lll) and (100) surfaces of |
Jplafinum.If;carbon was préseht on the substrateh(as indicated b& the
iriﬁg-like diffraction pattern), the work funétion_chahge upon.chemi-vb
.jsorption was appreciably reducéd; . In order to minimize'possiblé surface
cchtaminafion’by carbon monoxide and hence to»achievé greater repro-

_,ducibility of the A¢ values, the work function méasurements were made
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as fdllows;,the crystal was first flashed to 800°C to remove chemisorbed .
CO. Wﬁen the sample had cooled to about 150°C, the hydroca%bon.was
intfoduced at a pressure of.aboﬁt l><lO_-8 torr. Within 1-2 minutes, the
xchemisorption had' reached saturation as indicated by no further change
in ¢. The diffraction pattern was ﬁhen examined to ascertain the
surface structure formed. |

NP was independent of the hydroearbon pfessures used in these
studies (§;x10‘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 experimént,.cis-E-butEne was adsorbed to saturation '
on theth(lll) surface producing the (QXé) surface structure and AQ
equalled -1.531 eV. (O was'then ihtioduced into the diffraction chamber
at l&)(lO-8 torr. = After about 2 hours, the extraISpots-had disappeared
ahd ¢ was slightly greater than that of the cleaﬁ surface. However,
the Pt(111)-(bx2)-CO pattern was not generétea. Conversely, CO was
first adsorbed tb saturation on the'(lil) surface (A¢ = + 0517) and
then cis-2-butene introduced at 2x10-8 ﬁérr. A very slight decreasé
in ¢ was noted but the (4x2) surface structure was not removed.

Finally, satuféted gaseous hydrocarbons, methane, ethane, and'
n-butane at temperatures up to 700°C and at gas pressures in the range
of 1077 to 10"‘7 torr did not seem to chemisorb on the Pt(lOO) andf
Pt(111) faces. The surface structures éndiwork.function increases
charaéteristic of adsorbed CQ vere sléwly forméd,:wifh the subétrate-
at room teﬁperature. Thus, this apparent absence of chémisorption
of thé paraffins on the platinﬁm'éurfaces could result from pféferen-

tial CO chemisorption.
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IV. DISCUSSION

The relative ease of desorption of the adsorbed molecules which.

were stud;éd,ltheir large s%Ze (with the exception of CéHh and'CzHé) in-
dicate that their chemisorption does not involve replacement of the
platinum atoms (reconstruction). Thé‘éorréct_identificétion of the:new
ﬁnit mesh from the extra diffraction beams which'appeér_during‘adsorption,
.;however, in the aBsence of detailed intensity'analysis,'does'not'lead to

_a unique assignment of the position of the adsorbate moleculgS'ﬁn_the 1
E surface. For example the (2x2) diffraction pattern can be ge.‘neI"l'a’f,ed-l

by‘at leaét eight éimple»arrangements of the adsorbed species on thé.(lil) !
face of.g fec metal. vThé‘resﬁlts of other measurements (work.functioh,
_flaéh déédrptién;'etc) géometric and steric argumentévand“chémidal'intui-xf‘~'
tion, must be used to réjgct the ﬁore'unlikely'arrangemenﬁs.
One of theAstriking results of this Study is thezﬁiSCCVery that.almosﬁ

all.of fhe>éhemi50rbed CQ'CM blefins form'ordered surface struéturesvonv_
the Pt(111) sufféce while there is no indication of ordering of these .
" molecules (with the exception of C2Hh> on the (100) face of'platinum;
Work function measurements indicate that there is not much difference
between fhe amounts of adsorbed gés on the two substrates. A quel.will
. be propoéed which, invaddition to éxplaining'other data, shows that close.
packing of the adsorbed moleéules Qh theth(lll) surface whicﬁ eihibit%
fﬁree—fold symmetry giVés rise - to a preferfed arfangementvand hepce, an
ordered surface structure. Thé two fold symmetry of the (100) Sﬁfféce ailowsv .
the adéorption and close paéking of different olefins in several arrangements, all
of which are equally prpbablé and lead to the same éurface covgrage;
’Tﬁus, orderiﬁg of the adsdrbed molecules into one type of éurface structure

‘does;not take place..

i
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A. Chemisorption of the Unsaturated Hydrocarbons

. : 1 : ; . as
There are two basic structures proposed,” for an adsorbed olefin,

an g-diadsorbed and a m-adsorbed configuration. A g-diadsorbed olefin

b}

is formed by sp” hybridization of the olefinic carbon atoms and by the

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

| H H

| | :
R—C— C —R
a / ,\_Rb,
Pt Pt

Alternatively, it is-proposédl'that any olefin may form a mw-donor bond

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

the groups attached to the carboh atoms afe almost coplanar in a plané

) paralielfto the surface. fhe presence of m-adsorbed Qlefins on the platinum
o : -

sqbstratgs is indicated by the observed decreases in the work function

showing ﬂhat the m-electron systeﬁ df the adsorbate is eledtron‘deficient;

increasesiin the work function would be‘expécted for o-diadsorbed olefins

using electronegativity'considerations. That - the adsorbed olefins retain

their sp2 hybridization is also indicated by:the adsbrption.characteristics

of acetylene énd ethylene on the platinum surfaces; From conéidér;tion

of the geometry of a o-diadsorbed hydroca}bon on fce metals, (tetfahedral

15

bond angles), it follows™~ that acetylene should only adsorb on surfaces
which provide the larger interatomic spacingS'(e.g. on the (100) and (110)
orientations) but not on the (111) faée, vhereas dfdiadsorbed ethylene
mgy'adsorb on either surface [(111) or (100)] across the'shorter>inter-
atomic spacing (2.77Z), Hoyever; acetylene and ethylene'adsorbé'reédily

on both the (100) and (111) platinum substrates as they should if they

retained théir m-bonding characteristies. The ligand field theory, which has
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been applied to explain bonding of adsorbed molecules on transition
.metal surfacesl§'18 regards the adsorbent metal atom as the central‘atom
in a complex where the surroundlng metal atoms and- the chemlsorbed molecule
are the ligands. Although 8 reasonable descrlptlon of the blndlng of an
‘olefin (as e1ther the d-dladsorbed or m-adsorbed species) at the’ (lOO)
surface of a fcc metal can be achieved u51ng this model no. 51mple analogy
is avallable for blndlng a hydrocarb0n~res1due to the (lll) surface since
“no orbitals emerge normal to the.surfa'ce;17 Also, this molecular orbital
model is inadeQuate;for a'deSeertion of a‘ﬁ;aasorted-alkyne'onrthe:<l00)
_surface of a'fcelmetaltsince'there are no surface-orbitals'available to
blnd the alkyne by both its m- orbltals s1multaneously. The applloation
of . the results of llgand field theory to surface atoms Whlch are in a
'hlghly'asymmetrlc env1ronment can;also be questloned. ‘Thus an_adequate"‘
‘ fgescriptlon'of the adsorptiontsites on & metal surfaoe is‘laekingf |

: Nonetheless, the'modeliof‘a ﬁfadsorbed olefin on:the_(lQO)"surface;'
jproposedlby Bond,17 will be.adopted'(Fig- 5)e 'The*bohding,'rig. 5(5),
uinvolVes'l) a o-bond forned'by electron.donation fron”thelfilled.tonding
-orbital of the olefln-tothe metal's e, orbital and possibly, 2) a m-bond

1formed by back donation from the t. orbitals into the vacant m-antibonding

2g
orbitals of the olefin. This tends to reduce the:accumulationVOf'negative"
charge on the metal atom.v The'Pt(lOO) substrate is representedﬁin Fig. 5-
by the usual square'array of Surface atoms, dince the.(5xl) surface

structure converts to (1x1) during the adsorption of most olefins. Figure

'5(b) is 'a scale dlagram of the close packlng of chemlsorbed ethylene, the

" Pt-Pt near nelphbor distance, a, is 2, 77A while the dimenslons of the

faasorbate molecule are taken to be those-of gaseous ethylene [C=C I.BMA,'
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C-H 1.07A, HHCH ~ 120°]. The unit mesh is a centered :square of side, 2a,
and the fractional coverage 8 (defined as the ratio of the number ofvad~
sorbate nolecules:tobthe number of sﬁbstrate atoms) is 1/2. The cbserved
decrease in the vork function; ¢, indicates that the electron donation
from adsorbate to metal is not fully compensated by baék donation into

the antibonding_orbitels of the adsorbate. -

The dlsordered chemlsorptlon of propylene, resultlng from the random

A filling of the adsorptlon sites, 1s deplcted in Fig. 6 [C-C 1. 51A] Tae
molecule can take up several orlentatlonS3 all equally probable, on the |
(100) platinum surface. Presnmably5 the adsorbed molecules would not
ro?ateAinto nreferred alignments due to the close packing and thus, ﬁhe'
LEED pattern displays no extra feetures. The surface coverage, 6, ié'.
stlll ]/2 and hence the larger decrease in ¢ observed with perylene
(-0. 28 V) when compared to ethylene must reflect the 1nfluence of thne
methyl group. Similar arguments apply to the packing of cis-2-butene;
in this case, 0 is slightly less than 1/2 and the further decrease of-

»-O 31 Vin ¢ 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 probablyvreduce the covefege still further and thisv
can account for the smaller changes in the work function than that observed
with cis-2-butene. The different work function changes observed_for the
adsorption of the cis— and trans-bntene (—l.3h_v'and -1.i2 V,.respectively) ’
indicate that the adsorbate molecule;did not isomeriie and most likely :
hene the eame confignration as in the gasvphase. .. Platinum is'knownl
to be a poor cetalysﬁ for theiisomerization of ﬁheﬁbutenes.
| l,}—butadiene can exist in the syn or anti configuretions; _

= (anei) <>/ (syn)




-1h-i-" e ' UCRL-18796
'In the gas phase it consists almost entirelyl9 as the anti confbrmer
since rotation about the C~C 51ngle bond is hlndered by sterlc repu151on
: of the v1nyl groups ‘in the syn conformer. Howeverithere 1s‘no guarantee
that the surface concentratlons are thelsame-es fOr'thejgas'sinCe inter;
conversion'between the two conformers may take place via thevformation
V of the monofneadSOrbedldiene. :Usinglthe model by”Bond}l? if butadiene
‘is chemisorbed.as theISynconformer*both ﬂ-bonds"Of theiadSOrbate molecule
?can interact similarlj with surface metel atoms. This is 1llustrated 1n
-Flg. N where, for s1mp11c1ty, the C~C bond lengths are drawn as equal.
 The workvfunctlon.decrease is approx1mately twlcevthat observediw1th_
: ethylene.'vaweVer,_the surfscelcoverage:sh0uld’be-somewhat lésSithan‘l/EQ
"d.The'relatively greater decresse:in work function with butadienelmightrbe
‘eXplained by 1) the poss1ble delocatlzatlon ‘of the ﬂ-electrons over the
four carbon atoms Whlch could result in a more eff1c1ent transfer of
’electrons to the substrate or 2) there is less pos51bi11ty of back donation
rto the antlbondlng orbltals of the oleflnlc bond due to- the structure of’
the adsorbed molecule.."‘ : | | |
The - C(2x2) surface structure generated by chemlsorptlon of CeHév
.1nd1cates that the. adsorbed spec1es are packed in a simllar arrangement as
for ethylene (Fig. 5(b)),vwith 6 = 1/2. However, the measured decrease
‘in uork function is considerably lsrger for.scetylenerchemisorption suggest-
ing the simulteneous interaction of‘the tWo.nébonds with surface‘orbitals.'
| “In order to illustrate chemisorptlon on the. (111) substrate, it will
'~agsin be assumed (for lack of a more complete molecular orbital descrlptlon)'
ﬂdthat an adsorbate molecule bonds to one surface metal atom; Flgure 8

. then 1llustrates the close packing of ethylene on the Pt(lll) surface’

(cf. Fig. 5(b))e Just like on the (lOO) surface, 9 is again 1/2 the
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overlap of the Van der Waals envelopes of the ethylene molecules however,
- must be mdre severe due to the closeness of the platinum atoms on the
(111) surface. _AI(2xl) unit mesh is proposed and since 60° rotated
domains of this structure are equally probable,ithe IZED. pattern indicates
a (2x) surfade structure. 'The_decrease in work function is 0.36 V greater
than that observed for ethylene;oﬂvthe-Pt(lOO) surface indicatingya»more
'.efficient-OVerall transfer of electrqné from adsorbate to surface. The
decfease in work function when proéylene chemi;orbed-on the (111) sﬁrface
waé 0.25 V larger than that measured- for éthylene. This difference is
very close to thét‘found on the'(lbo) surface and indicates that the
coverage of propylene on the (111) surface is again equal tovl/2.:'This
is illustrated in Fig. 9 (cf. Fig. 6). The adsorbate ﬁoleguleé must be
packed closély as ‘in row AB or row CD. The (2x2) surface struéture observed
by LEED signifiés that‘there are surface domainé in whicﬁ one orientation
is preferred thus geherating domains of étructures with (2x1) uﬁit mesh.
Steric considerations indicate that the Pt(lll)-(2x2)-(-2~butené)(ci$
or trans) diffraction patterns cannot resUlt‘frbm domains of surface
structures with a (2x1) unit mesh; thus formation of a (2x2) unit ﬁésh;
Fig. 10 (drawn for trans-2-butene), must be evoked. This more open
.'structure presumébly'allows'the'adsorbed molecules to align into_an ordered
array. The fractional surface cerrage is l/h and hence the A¢p values
for'tﬁe adsorption of the two'buteﬁes are identical within experimenfal 
erfor. By extrapolating'the results. obtained onkthe (100) surface, év 
work funcfion change of around -i.70 v shouid have been expected for‘é
half-monolayer coverage of thev2~butenes on the (111) substrate.  If, as
is commoﬁly assumed, & 1s directiy proportional to thé coverage,_é, then

the measured work function changes indicate a coverage of about 5/8'whereas
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a (2x2)runit mesh implies that 6 = 1/L. It is possible to pack botﬁ
trans- and cis-butene more tightly on the (111) surface snd to increaée
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 with l-butene in compliance with the observed Pt(lll);(2x2)
surface structure; howéver.no work function determination was carried out
.with this_hydrocarbon.

Figure 11 illustrates the packing of 1:3-butadiene on the_Pt(lll)
substrate; once: again, the adsorbate is‘depicted in the syn configuration
.so.that both olefinic bonds can intéract with surféce metal atoms in a
like manner. The unit meéh is (2x2) and the effective coveragé is 1/2
Ithus resembling‘the pécking of chemisofbed ethylene, However,'butadiené
.gives rise to a greétér decrease iﬂ work function than ethylene siﬁilar
to the trend observed on the (lOO) substrate.

- Isobutylene was the only hydroéarbon among those which-were>studied
whose chemisorptioh on the (111) su}face did nbt pfodqce a well;defineq;
surface structure. A (2x2) unit mesh, with 6 = l/h,vcan be'constfucted
but the closest-packiné is achieved'with the arrangement shown in Fig.
.12(3). vThé coverageris 2/5 and the unit mesh is of_dimensions.@f? x-J3)
and rotated 30° relative to the substrate unit mesh (transformation
matrix [i _gl). The likely diffraction pattern from this surface struc-
ture is sketched in Fig. 12(b). The six (1/5 » 1/5) order spots afound
the (00) spots (shown as hatched circles) wére in fact oﬁserved upoh the
adsorption of isobutylene indicating a tendency for this molecule to pack
as showﬁ‘in Fig.712(a); However; the difficulty of achieving such close-
pécking must be considerable and there should be a substantial amount of

disorder in the adsorbate layer. Propylene caused the Pt(11l) work function
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to decreasg by -1.36 V for 8 = 0.5 and hence a value of A¢ = ~1.09 V
would be expected for 6 = O.L4, The presence of aisecoﬁd methyl-group
on the same carbon atom (by isobutylene) would presumably increase this
vélue bﬁt, due to disdrder in the_chemisofbed layer, 6 will be sdmewhat
less than O.4. Thus the measured AP of -1.12 V' for isobutylene can be
rationalized. |

The. only alkyne used in these exper%mentS, acetyléné, generated a

| (2x2) structure on the Pt (lil) surface. The packiné presumably resembles
that of ethylene, (Fig. 8), with domains of surface structures with (2x1)
unit mesh and a coverage of 1/2. The measured work function dgcrease is‘again
greater than that %ound with ethylene.

It should be noted that the separation between.adsorbed hydrdcarbon
molebulés, assuming a close packing arrangemént may be different from
iheir intermolecular disténce iﬁ the’solid state. Such close pécking
musﬁ lead to cbnsidefable interactions among the adsorbed molecules which

may influence their §tructuré_in the adsorbed state, the observed changes

in work function, and their reaétivity on the metal surface.

B. Chemisorption of Carbon Monoxide

Finally, the results bbtained'using carbon monoxide will be discussed.
It should be emphasized thgt‘although the suggested models ﬁill explain thé
experimental results, they are not gnique. | |
The most commonly assumed configurations of chemisorbed carbqn
‘monoxide on a metal surface are thé linear and the bridged forms. Tﬁé
-adsorption of CO in these structures on the (lOO) surface of a Tcc métal can
' bé described17 using‘the molecular orbiﬁal description asvillu:tratéd

in Fig. 13. The next nearest neighbor distance is the one spanned by the
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bridge.structure and the_teé orbifals are used for o~bonding. The linear'
_species is attached upright to the éurface by use of the eg and tzg orbi-
tals as for an olefin. The experiments clearly indicate that CO adsorbs

" on this surface in three bonding statés. No comparable models are available
for the interaction of carbon monoxide with the (111) substrate. ‘However,
none of the longer interatomic spacingsare.avaiiable on the (111) surface.t§
bind CO in the bridge structure.' It was fdund that carbon moﬁoxide is
readily chemisorbed on this surface but only'one bbnding state was detected.
The most iikely 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 adsbrbed on evaporated
Pt films and this was attributed to the linear structure. Sﬁgita et al.21
measured the change in the resistance of a Pt film due to the roém tempera-
ture chémisorption of CO and found only one binding state, concluding
thaf the CO was bound in the linear form; Park -and Farnsworth found22
that ﬁhe.surface c;verage of CO was i/? on Ni(100) but one molecule wés
adsorbed at each atomic site on the Ni(110) surface.”? The desorpfion'
temperatﬁres were 500°C for the (100) but only 150°C fbr the (110) surface,
while the work function igcrease due to adsorbed CO was less for Ni(100).
-These results suggested that CO was bowmd in a bridge sfructure on the
Ni(lOO) face rather than with the linear bond as on the (llO) surface.

An interpretation of the Pt(100)-(%2)~CO surface structure is shb?n
“‘in-Fig..lh(a);_ The open circles repraéent fhe Pt suﬁstraté atoms and the
shaded circles represent the CO molecules, each bonded to one platinum
surface atQm. The CO, in the a-bound'state, is répresehted as the linear
species since.this will presumablyAbe less strongly bound than the bridged

speciess The coverage is 3/k and the work function increase of + 0.18 V
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indicates a negative charge on the adsorbate with respect to the adsorobing
metal surface. Due to the positive charge associated with the oxygen
atoms, there must be strong repulsive forces between adjacent adsorbed

o ¥

. .
molecules. Their geparation is 2.8A whereas in solid CO it is L.1A,

There fore molecﬁles in columns such as A and C might be displaced from

‘their central positions (as illustrated in Fig. 1L(a)), to minimize these

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

achieved. The difference in bonding strengths of o = and aé—CO'is slight

1
(relevant'desorption temperatures being'lBO°C and 170°C, respectively)
and thus, the adsorbed molecules in:rows A and C mlght well correspond to

l-bonded CO. . These molecules cowld thus be removed first by heat treatment

and their desorption would result in the preferential disappearance'of the

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

tion. The extra aiffraction‘spots which -are 1eft are streeked, indicating
surface diffusion of the remaining adsorbed molecules to new ooeitions,
and finally the (3X3) surface structure is formed, [Fig.1L(b)J. The
distance of closest approach between adjécent.adsorbed molecules is now‘u
the next nearest neighbor distance (5.92). The coverage is 1/3, roughly
half the room temperature valﬁe in accordance with the flash desorption
spectrgm and the work function change. The majority of the aé;CO is
desorbed at substrate temperatures'>lYO°C'but a'smalltcohcentration of

disordered carbon monoxide (6 ~ 1/20) remains on the surface below 600°C.

- _ ‘ . | . ‘
Eischenseo found strong interactions in the adsorbed layer for

6 > 0.66,
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This B~CO is presumably bound as the bridged structure. .The'Pt<lll)—(Lx2)- .
a~CO surface structure is illustrated in Fig. 15. The coverage is 3/4 and
the work function increase is simllar.to that cherved on the (lOO) surface,
However, no displacement of the adsorbate molecules from their upright
p051tlons is likely since this will’ not minimize interactlons in the
adsorbed layer. The absence ol B~ CO on the (lll) surface dlrectly reflects

'the absence of longer interatomie spacings.

~ Ve SUMMARY ANb CONCLUSIONS
The Pt(111) substrate was characterized by a'(lxl)-diffraction pattern
_in contrast to the (5x1) pattern which characterlzed'the'Pt(lOO) orienta-
tion. Contamination cf both surfaces by carbon, which arcse either by
- diffusion from the bulk crystal-or‘ty the cracking of hydrocarbons, was
revealedtby ring-like diffraction patterns. |
‘Unlike the correspcnding'paraffins,'simple unSaturated gaseous
hydrocarbons were readily chemisorbed at pressures 5_1x1o'7 torr and at
room temperature on both the'Pt(lll) and (100) single crystal surfaces;
':Changes of work function upon adsorption were similar on the two substrates.
The bindin; was weak since.the hydrocarbons were desorbed at < 1LO°C.
The flash desorption spectra contained only one hydrocarbon peak'indicating
one type of bonding of the adsorbed species on either substrate. The work
functions of both metal surfaces were always decreased upon chemisorption
vindicating a net donation of electrons from the chemisorted molecule to
the substrate.. The observed work function changes were generally greater
on the (lll) surface.  The chemisorption oflcisFE-butene-on.the (100)
surface did not prcduce the same work function change as trans-2-butene,

‘indicating'that the isomers remained distinect in the adsorbed state. All
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géses uséd, with the exception of isobutylene, removed the_Pt(lOO)—(le)
surface structure, the latter returning once the hydrocarbon had been
desorbed from the surféce. Ordered surface structures were produced by

the chemisorption of ethylene and acetylene on both substrates; a C(?xE).
structure was generated on the (100) surface while an anélagous»(éx2)
vstructurg-appéared on the (111) surface. The Pt(111)-(2x2) structure was
also produced by propylene, cis-2-butene, trans-?—butene, l-butene and

- li>-butadiene. Isobutylene did not adsorb into this surface structure

but appeared to exhibit lbng'range or@er on the Pt(11l) surface. However, no
ordering -in the adsorbed layer of these hydrocarbons on the P£(100) surface
was detected. This was the major distinction between the'adsorption
characteristics of the two'substrates. This difference can bé explained
by assuming that there is only one type.of adsorptioﬁ-site available on
elither substfate to which the hydrocarbon molecule is attached‘in the
correct orientation to obtain the closest packing.. The subtle feature

is that if the carbon atoms maintain their sp2 hybridization and hence
their bond angle of'~l20°,'then'suCh close packing on the (lll) substrate
must give.ris; to a preferredvarrangement of the adsorbed molecules ‘
ﬁhich resﬁlts in an ordered structure due to the three-fold symmetry of the
(111) surface; the two-fold syﬁmetry of the (100) surface‘permits the‘
adsorption of the different Lydrocarbons in several arrangeﬁents; all of
which are eqdail& probabie énd 1eadvtoltﬁe same surface coverége. Thus,
ordering of the adsorbed moleéules into one type of surface structure

on the (100) surfaée does not take plaée. These arguments imply:that the
stfuéture of the gaséous hydrocarbon molecule reméins vitually unchanged

upon adsorption,
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A (N)Q)vsurface ;tructure was generated by the foom temperaturé

 éhemisorption of carbon monoxide on both the P£(100) and Pt(111) sub-

strates, Simultaneously, sméll increase in the work function of either

surface was measured. waévér,-the interaction of the LEED beam with

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

carbon monoxide into a (3X3)'structure; né t;ansformafion ocgurred on the

Pt(111) surface. Three bonding states of CO were detected.on Pt(100);

1) o, -CO which desorbediat 130°C, 2) aé;co which generated the (3x3)

sdfface structure and desorbed at 170°C and 3) a small amount of disordered
'B-CO below 600°C. The only m/e = 28 peak in the flash désorption spectrum
from the (111) surface was observed at 170°C (a—CO). The se res&lts.ére

best interpreted by assuming that 0~CO is the Linear form while B-CO

éorresponds to a bridged structure.
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Table I. Structures formed on the Pt(100) and

Pt(111) Surfaces and the change in work
function, A4Ap, by gaseous chemisorption

- Pt(100)-(5%1)

Pp(lll)-(lxi)

‘presence of 60° rotated (2x1) domains.

o0 (V) structure Ap(V) structure
co + 0,18 (b)) 40,17 (hxé)'
+ 0,08 (3%3) | "'
C,H, - 1.13 - c(2e) - l.bo (ex1)®
C,H, - 0.75 c(2x2) - 111 (2x1)®
C,Hg - 1.03 (1x1) - 1.36 (21 )2
cis-2-butene - 1.3L4 (1x1) - 1.31 (2x2)

' trans-2-butene - 112 (1) - 1.32 (2x2)‘.
1,5;butadiene - 1.61 (131) o Le (22 )
 ;S°butYlene - 1,01 none - 1.12 @J%x-f3;30°é)
a

The diffraction pattern indicates a (2x2) surface structure due to the

.-
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FIGURE CAPTIONS

Diffraction patterns of the (111) and (100) surfaces of

platinum exhibiting the a) Pt(111)~(1XL) and the

~b) Pt(100)-(5x1) structures

Schematiévrepresentations of tﬁe a) Pf(lOO)-(th)éCO'and the
b) Pt(lod)-(5x3)7co diffraction patterns. |

Schematic representation of the Pt(111)~(4x2)-CO diffraction
pattérﬁ. | _ '
Schematic représentation of the a) Pt(lll)~(2x2)(CQHh) and
the b) P(100)~C(2x2)-(C,H,) diffraction patterns.

Bonding of ethylene to the Pt(100) surface. |

The Pt(lOO)—C(EXE)-(CQHL) surface structufe5

The random closefpacked arrangeﬁent of 'propylene on the
Pt(100) surface. |

The random closé-pécked_arrangémgnt ofvl,B;butadiene on the
Pt(100) surfaée. | |

The Pt(lll)-(?xl)—(CQHh) surface structure. -

'The‘Pt(lll)—(QXl)—(C5H6) surface structure.

Pt(111)~-(2x2)-(trans-2-butene) surface structure.

@

Th

4]

Pt(lll)—(2x2)—(l,ﬁ—butadiene),sgrface structure.
The Pt(lli)~6J}_x'JB—30°) - (isobutylene) surface structure. =
Schematic fepresentatipn of the corresponding diffragtipn'-
pattern. | ‘ |

Bondingbof carbon monoxide to the Pt(100) surfaée‘in a

a) bridge structure and b) linear form.
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Fig. lka The P%(lOO)—(hx2)?(al-CO) surface structure.
Fig. 1lb The-Pt(lOO)—(3X5)-(aé~CO) surface structure.

- Fig. 15 ‘The'Pt(lll)-(hx2)~CO surface structure.
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Fig. 1b
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
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

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.

As used in the above, "'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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