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THE SURFACE STRUCTURE ANMD BONDIWNG OF (2X2) ACETYLEE OVERLAYERS

ON PLATINUM (111): LECD INTENSITY ANALYSIST

by

L. L. Kesmodel, R. C. Baetzold* and G. A. Somorjai

Materials and Molecular Research Division, Lawrence Berkeley Laboratory
and Department of Chemistry, University of California,
Berkeley, California 94720
ABSTRACT

The structure and bonding of (2x2) overlayers of acetylene on a
platinum (111) surface has been studied by low-energy electron diffraction
intensity-voltage analysis. A discussion is given of likely bonding modes
and their stereochemical analogies in transition-metal clusters, multiple-
scattering calculations and the construction of overlayer sc§tterinq
potentials and the influence of electron scattering by hydrogen. The
favored bonding geometry for the stable acetylene overlayer is found to
be a triangular site at 1.95x0.10 K above the plétinum surface (C-Pt dis-
tances of 2.25 K and 2.59 K). We also report evidence that rehybridization
of the adsorbed acetylene in terms of CCH angle-bending is weak to

moderate (180° 2 CCH angle 2 150°).

¥ This report was done with support from the United States Energy
Research and Development Administration. ~Any conclusions or
opinions expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of the University
of California, the Lawrence Berkeley Laboratory or the United States
Energy Research and Development Administration.

Permanent address: Eastman Kodak Laboratories, Rochester, Hew
York 14602. |
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IHTRODUCT ION

)

In a recent letter we outlined the results of the first 1ow-enéﬁgy
g]ectrdn diffraction (LEED) study of molecular chemfsorption by intensity-
voltage (I-V) analysis. In this method, which has been rather widely
applied to clean crystalline surfaces and atomic adsorbates, the surface
geometry is determined by analysis of the beam intensities of slow e]ec;
trons (10 S E < 200 eV) diffracted from the surfaces of wei]-ordered systeins
under u]tfahigh vacuum conditions.(z) Our study has dealt with the cheni-
sorption of acetylene (C H ) that forms (2x2) overlayers on the platinum
(111) crystal surface. A principal motivation for this work has been to
show that definitive structural information on adsorbed molecules can be
extracted from LEED I-V ana]ysié; stereochemical arguments may then bé
emp]oyeq'to elucidate.the nature of the chemical bonds in these heterogeneous
vsystems. | |

In their recent experimental étudies, Stair and SOmofjai have reported

(3)

the LEED I-v proff]es for the acety1ene—p1atinuh_system. In particular,
two different (2x2) structures of adsorbed acety]ene were identified, which |
we refer to br1ef1y as "stab]e" and "metastable" states and which have been
interpreted as 1nv01v1ng different chemical bond}nga( ) -The metastab]e

(2x2) structure is observed to form initially at low exposure (~1 Langmu1r =: 
10—6 Torr-sec) of CZHZ at room temperature but transforms in 1 h to thé
stable (2x2) structure upon gentle heating to 100°C. Both struttqres are
characterized by the same (2x2) surface unft cell and involve the same
carbon coverage as determined by Auger electron spectroscopic analysis.
However, they are readily distinguishable by their differént I-V character-

istics.(3)
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In»this paper we present an extensivé diséussfon.of‘the I-v aﬁaﬁysis
of the stable acetylene overlayer and Some‘prelihinary remérks cqncérning‘
.the metastéb]évsystem. The main fesuTts of this study as defai1éd in.the
later sections are the fo]]owing: (1) the_favdred bgnding—site'for the
stablé sfructure is a 3-fold (trianqular) positidn_at-a i-distance of
__1.95t.1>K above the topmost plane of platinum atoms (C-Pt distances of
2,25 R and 2,59 R), and (i) electron scattering by hydrogen sfgnificant]y |
.ihfluences on]j tﬁe vefy'1ow—energy (10-40 eV) région of the I-V cuers; |
»-preiiminary.ana1ysis of thfs region suggésts thatifehybridization‘of the
adSorbéd acetyiene'in terms of CCH ang]e-bending-is_weak fo'moderate'f

(180° 2 CCH angle 2 150°).

 MODELS OF ACETYLENE CHEMISORPTIOH :

The disposition and chemical state of unsaturated hydrocarbons on-
transitiqh;metal surface$ has for mahy years been an unresolved problem
of considerable interest in the fields of édébrption, adhesion and hcferoé
genédus'cata1ysis.(4)‘,Competing models 1nv01vin§ the formation_of m
bcomhlexes and o complexes Have been postulated fqr acety1éh¢ and ethylenc
:chemisorptiOn.(4). Genefa1izatjons df these models are also expected to
apply to'otheY?Unsaturated hydrocafbons on meta]'éurfaces.' In the?préseht;
§tudy of acety]ene chemisorptioh on’p]atian‘we:examiﬁe theselyaribus
modes of bonding invthe context of‘the high—symmetryvbOhding sités'avail—
able on the (111) face of an f.c.c. crystal, |

As illustrated in Fig. 1 we'distinguiéh'four,sites designated: as (a).
. one-coordinate T, (b) di-o , (c) bridging'(sqmetimes referred to as p-

bridging) and (d) triangular complexes. We have indicated for each site

only those surface metal atoms expected to have significant metal-carbon
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interaction} It is natura] to discuss these surface geometrwes in terms
of structural analogies 1n orqanomota1]1c comp]exps. In these terms the
one-coordinate m complex (a) involves the interaction of one or bdth'sets
of‘nforbita1s of the'acétylene molecule with a single metal surface atom.
- The bridgfng site (c) utilizes both sets of w-orbitals to.bond with two |
surface atoms; both (a) and (c) in principle entail little rehybridi-
zation of the molecule since essentially undiétorted 7 orbitals would be
invo]Ved.(s) However, the di-o bond (b) implies sp+sp2 rehybridization'
~and the formation of two éarbon—meta] o} bondsvéccombanied by large hydro{
gen cis-bending (CCH angle ~120°). This poésibi]ity has réceived serious

(4)

_considpration in the catalysis literature. F1na11y, the tr1dnqu1ar
structure (d), common]y found in trinuclear metal- a]Pyne comp]exes,
illustrates a mode of bonding 1oose1y referred to in terms of both it and'
T bonds.( ) As discussed below we find th1s triangular qeometry to be:
the favored arrangement in the stable structure. In Table I we'CTte
varioﬂsvorganometallic compounds demenstrating the four geohetrfeé we
have conéidered.(7)

Let us note that we have examined'only high;symmetfy structures
having the C-C axis parallel to the Pt surface. wevconsider'it un]ike]yh.
that 1arge distortions from p]énarity (e.g., "end-on" bonding characteristic
of'metal—carbony1;) wouid occur for chemisorbéd'aﬁetyiene a§ it leads to
vmfnimum overlap of bonding molecular orbitals. 'Furthgrmore, in'previouél
-work it was noted that a rather closely-packed layef of p1anar_acety1ene
molecules is consistent with the observed (2x2) unit cc]l,(g) The

possibility of dissociation of acetylene to CH fragments bound to thevéurface

in a (2x2) configuration was ruled out based on experimental evidence to



be. discussed below.

THTENSITY CALCULATIONS

“In this secfion we outline the calculational prodedure for obtaining‘
tne ref]ected beam intensities for low-energy electron diffraction'given
a model geometry. In'recenf years'the quantum-mechanical.methods for
treating the multiple-scattering of Slew electrons from crysta11ine sur—’l
‘%aces‘have become'fair1y standardized; we refer the reader te revieWS on
the subject for details of the LEED mn]tip1e4§catteringtheory,(g) Here
we mention on]y the'most important features of the calculation and some
spec1f1c aspects perta1n1ng to the scatter1ng from an acet/1ene molecule.

Mu1t1p1e Scatter1ng Method: Genera] Features :

An accurate descr1pt1on of the I-V prof11es requires thc cons1derat1on
of several orders of (elastic) multiple-scattering of the e]ectrons from -
the attract1ve (screened) Coulomb fields of the atomic nuclei, which by
virtue of the1r periodic lattice arrangement and the wave- -like behav1or of
the electronS‘(x=h/,/2mE) g1ve rise to diffraction effects.

' In virtﬂa11y all ca]cu]ationS-the'muffin—tin_medef(]o) is:eMployed,~
i.e., the seattering potential is taken'to be’spnerically Symmetricvin.the_
neighberhood.of each atomic eenfer and to be approximateTy constant in’

- the interstitial region between muffin-tins. _The assqmption of sphericity;
thougn inadequate for the general problem ef yglgngg;e]ectron hehaVior,

is quite a good approximation at LEED energ1es that is, inrorder‘to
undergo baek scatter1ng the LEED electron must exper1ence the strong

forces of the core=reqgion of Lhe atomic potent1a1 where the charge dis-

tribution is 1ndord spherically Svmmptr1c

The scattering from the spherically symmetric atomic sites is given

-
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by the conventional partial wave expansion(]]) in terms of the phase
shifts, 6y,

flo) = ¢ :E:: (2241)e 82(K) sing (k) Py (cos6) - (1)
- =0 . ' |

77|

where k ='(2mE/h2)]/2vand Pe are the Legendre polynomials. The atomic
vscattering féttor f(0) describes the amplitude and phase.dependence of a
scattering’evenﬁ on the'scéttering angle 0 from the forward direction.

The mathematical formulation of multiple-scattering processes involves
essentially the products of single-scattering events given by Eq. (1) with
the intermediate process of electron propagation. Due to efficient loss
pfocesSés in the solid such ég plasmon excitétion,-the mean free path

. o _
Aee for the occurence of an inelastic event is ~4-8 A at LEED energies

(20-200 eV). Since these large energy loss events (AE~10 eV) remoVe

electrons from the observed elastic beams, we note that the e]ectrbn pro—.
pagation between scattering events is‘a high]yédamped process. This
~electron beam attenuation is commonly treated as being isotropic and is
described in terms of Aee or equivalently in terms of an imaginary con-
tribution (Xi~3 eV) to the‘scaftering.potentia1.

The main physical features of the.calcu1ation, then, are the elastic
evenfs parameterized by the phase shiits &y (which are derived from the
potential V(r) associated with each atomic site) and inelastic damping
parameterized by'zi. Mu]tib]e scattering formulae essentially involve these
parameters in varioUs‘Tattice summations, In pérticu]ak,.wevhave employed
a beam representation and the layer doub]ing!method;(lz)

Finally, we note that we have used-the "no-reflection" treatment of

" the barrier between vacuum and the solid surface; that is, we consider the
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barrier to smoothly accelerate the incident.e]ectrdn-in the difection normal-
to the surface and neqlect reflections from the bakrfer itself. .This appfox—
imation is vé]id for energies greater than about 30 eV.(]3)

" Scattering of Low-Enérqy Electrons from Platinum

The parameters describing the platinum scattering were the same as
those used previous]y(]4) with the exceptibn'of the e]ecfron damping L
which was taken to be 2.5 eV in this work rather thah.the value of 4 eV
used Qrevious]y..'The value of 2.5 éV gives a better description of fine
structuré in the I-V prdfi]es for both the c1ean Pt and Pt-C2H2 syStems._
The vaTue of the'cbnstant potential between‘muffih-tfn spheres (muffin-
tin zero) was Vo= 14.3 eV bé]ow the vacuum leve],(]4) We have:neg1ected
~ the decrease in work functidn (Ad = 1.5 eV)_associated with acetylene

adsorption. The platinum'phase shifts (Ref. 14, Fig. 1) were derived from
(15) for

(16)

the band-structure potential used by Andersen and Mackintosh
which the exchange,contributioh was given by the STater formula.
(Eq. (3) below:)

Scattéring of Low-Energy Electrons from Acetylene

Applying the muffin-tin model to acety1ene,'we consider spheres
vcentered on each of the'cafbdn and hydrogen.atoms. Within these atomic
'spheres a spherical averagé of.the potential is performed; the régioh
- outside the spheres (intermdlecu]ar) has a vo]umé average which in our
case wés assumed equal to the platinum value V0 = 14.3 eV,

.The e]ectrbnic charge density in the mo1ecu1e was calculated using
mo]ecu]ar?orbital wave functions given'by Palke and’Lipscomh(]7) in a
| se]f~c0nsistent field treatment with a minima] basis.Sét'of Slater atémic

orbitals. The electrostatic contribution to the potential enérgy.was




calculated from Poisson's integral

. o(r') d3r'f , ' o I
.@(F)=i)f~—:—~—~—f—— L v ’ (2)

. ~ [Y“‘Y"I . ‘ . ‘ . )
emp]bying the molecular charge densitv'p(r) consisting of electronic and

and nuc1ear‘parts; The exchange potential was ca]cu]ated from the local.

(16)

'approx1mat1on due to Slater

Ve () = -6 3 p(r)}m o O

~

Finally, contributions to the potential in the C2H2 atomic spheres from -
substrate interaction was approximated by simple over]ap of p]at1num
potent1a]9 using standurd methods.(]o) _

We have used o ver]apg g atomic spheres on the carbon and hydroqen
atoms; this departure from a strict muff1n—t1n treatment was made in order}
‘fo.include more of the electronic charge, a substantial portion of which
1ie$ outside of non—oVér]apping spherés. This problem has been dealt
with earlier in connection with electronic structure caicu]ations with the
SCF Xa scqttered—wave Eethod(]8) and arises, for_examp]e, in organic
mo]eéu]es With n—e1ectron systéms. |

In Table IT we 11st the muffin-tin potent1a1 for carbon in C?H2
obtained by the aboye method and compare th1s potent1a1 to_that of atomic
carbon.(]g)' We note that these two potentials are nearly identical for
small radii (as expected) and that their difference at the sphere radius
(re

course, only because we have spherically averaged around each of the

= 1.50 au) is only 0.2 Rydbefg. This similarity is obtained, of

acetylenic carbon atoms. If one compares, for example, the electrostatic

potential é(r) along the C-C bond direction with the potential at the same-
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radius perpendiculdr.to the C-C bond, diffetéhces up to ~1 Rydberg are
fand.correSDOhding to the buildup.of bonding_chafge befween the carbon .
atoms. .Given the similarity of the spheficé]]y—averaged acetylenic-carbon
. _boténtia]s to tHose dérived from‘the corfesponding atom we have according]y'
employed  atomic hydrogen potentials tb approximate the hydrogen scatterfng
in acety]ené,_as indicated in Table II.

- Phase shifts.(sg) derived from the muffin-tin potentja]s of carbon

and hydrogen are shown in Figs. 2-3. }Their béhavior with energy is very
similar to but they differ quantitatively from the‘corresponding'free atom

(20) since the pbtentia1s are truncated at the sphere radii

phase shifts
rc and r, given in Table II. e note~thatvthe S; p and d-waves are quife
" strong for cérbon'whereas the hydrdgen scattering is weak with 6n1y the
' §7Wave being relatively strong. We may ajéo compare relative elastic
scattering cross sections;determined-from thé phase shifts. At 80'ev,
for example, the platinum croés section is over 3 times larger fhan_the.

carbon cross section and 25 times ]arger than the hydrogeh cross. section.

Intensity Averaging Over EquiVaTent Domains

The observed diffraction pattern for the acety]enc overTayers may
arise from doma1ns of either (2x2) or (2x1) real space unit ce]]s In
thevcase of (Lxl) periodicity the presence of the three equ1va1ent ]20°—"
‘rotatéd domains of the molecule on the surface would be essential to '
produce the necessary spots that give avnominal (2x2) diffraction pattern,
In thé case of efther (221) or (2x2) symmetry, however, the'pkeéence'of
equal numbers of the three domainsvis also necessdry'since unequal.
mixtures.would not give the observed threefold symhéfry of the spot

intensities.
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Thevsma]] size, hfgh intehsity and good dcfinition éf thg fracfioha]-
-order diffréétioh spots indicates that order ih the over]ayer'persists on
.‘a'scale comparable to or larger than the coherehce width‘df thé.electron‘
beém (~]00 R); We make the assumption that only one of thé three rotatidna]
Aoriehtations is present wifhin a given coherence zbhe, i;e.; we assﬁme
that boun%gny effects may be neglected. _This.assumption is valid pro?iding
efthér that the domains of a given orientafion'are mﬁch 1argér than thé coherQ
- ence zoné or that no particular phasé relation connects different'doméins;
With this assumption it is oniy necessary to average togethef'intensities
(as opposed to adding amp]itudés) ca]cﬁléted for the three orientations,
'Fok a generai ihcident beam angle (0,9) this procedﬁre’then’inyo]Vesjthreé |
.fndépendent intensity ca]cu]ationé.  Howevéf,_a1ong high—symmetry azimdths
{¢) 6h1y twO-ca]cu]atfons are neéessary, and at normal incidence (0¥05)
only one ca]cu]étion is needed. a

It has been noted that a (2x1)fOVer]ayerAjs un]iké]y’in the Tight of
both helium scattering results as well as cbnsidefation of van'der Waals

(8)

rad11 However, in the absence of quant1tat1ve coverage data we. |
carr1ed out ca]cu1at10ns for (2x1) overlayer goometrIes at norma] 1nc1dence.
We did not find acceptable agreement for the (2x1) acety]ene lattice .
' with~the observed I-V profiles and in the following sectibn,_then, WGA

consider only results for (2x2) arrangements.

RESULTS AND DI‘CUSSIOU

In’ th1s Ject1on we present and d1scuss the I-V prof11es ca1cu1ated
for the var1ous,mode1'geometr1es shown schemat1ca]1y in Fig. 1. We be11eve
“a reliable structure determination for the stable acetylene (2x2) over-

layer has been made, but further study of the metastable accty]ene systen



@

-11-

is needed. We also indicate the influence of hydrogen scattering and suggest
that it can be used to study hybridizationiof.bonding orbita]s uponichem-‘
isorption.: |

The I-V profiles were calculated for several fractional and integral-

. order beams at incident angles of 8=0°, 4°, 8° and 16°. “Structural para-
meters which wefelvaried in this study were: (i) the planar (x, y) position

. Ofvthe molecule (Fig. 1; Ref. 1, Fig. 1) to inc]ude-high—symmetry sites:

with the C-C axis parallel to the surface, (ii) the z-distance of the

o , ] o .
- molecule above the topmost plane of'p1atinum atoms from 1.3'A - 2,5 A, (iii)

the"C-C distance from 1.20 A (triple bond) to 1.54 A (sinQ]e bond) for a.

~ restricted set.of geometries, (iv) thé'CCH angle-for a restricted set of

geometries, The upper layer z- spac1ng of. the platinum substrate was he]d

f1xed at the bu]k value determ1ned prev1ous1/ from clean surfaca stud1es (14)

Thus we assume that the surface platinum atom positions remain 1nvar1ant

during the chem1sorpt1on of C2H2.' The lack of platinum re]axatwon dur1ng

adsorptwon is 'supported by our exper1menta] observat1on that the h1gher
energy (E 2100 eV) I V peak positions of the 1ntegta1 -order beams, wh1ch
are dominated by platinum scattering, do not change w1th acetylene ad- |
sorptibn. | |

No attempt at refinement of the calculations by variatfon of'none'b

‘structural parameters such as the overlayer muffin-tin potential or its

level relative to the subétraté potentiaT has beén made, and as noted
eariier, we haVe-a]éo neg]écted reflection due to the vacuum-solid barrier.
Nhereasvthese refinements would almost certain1y”reshlt in 5mbrovéhent in
the aqrcemént befwcen'theory and experiment in the low-ehergy region

E < 40 eV their omission should not affect our general conclusions vhich
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are based on a‘comgdrative study‘of varioué structurés 6ver a rafher Qide
databbase.v OVér 25 diffraction beam prof1les in the oneroy range 15- 9r
eV.were analyzed in terms of relative 1ntens1t1es, peak - pos1t1ons and 11ne
shapes.

Before comparing the various pfof11es, we f1rst note that (for.reasons :
of computat1ona] de1ngs) hydrogen scattering was not 1nc1udod in most of
the results to be presented, this procedure will be Just1f1ed-below.._
Second]y, reasohabie variation in the C-C distahce was'f0und in trial
‘calculations to be a small perturbation on the I-V profiles, and for
thfs reason the.C-C distance was he]d at the 1.20 R va]ue. In particu]ar
vie f1nd a C-C expans1on to the doub]e bond distance of 1, 34 A to ‘be below '
_the practical detection limit of the method Houever, a major expansion
to the sing1e_bond distance of 1,54 A (a]thougﬁ not antiéipated‘based on
.thé data for comn]exes in Tab1e I) causes significaht re1ative'inten§ity
changes and peak energy shifts 1n selected d1ffract1on beams and se]ncted
energy ranges. A carefu1 study, then, cou]d be expected to detect changesb
infintramo1ecu]ar bond distances down to 0.3 A but this is, of course, poor
reso]ufion'for chemicaT,app]icétiohﬁ.' Part -of this -insensitivity is due |
to.the'specia1 case vie have considefed, namely variations of fhe}C—C dis-
tance Djra11e1 to the éurface'p1ane. He expect groatek scneitivitv to .-
out-of-plane (2) var1at1ons s1nce most of the momontum transfer in con-
ventional LFLD exneriments is in the d1rect1on perppnd1cu]ar to the

surface.

 Analvsis of the Stable Acety]ene.(?xZ) Surface ‘Structure -
Comparisons'of calculated and experimental I-V profiles (stable

structure) for both fractional and integral-order beams are shown in
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Figs. 4-5. Several additional comparisons ﬂave been reported preyiousTy.(T)
The one—coondinate m-complex was readily ruled out (cf. Ref. 1, Fig. 25.

In Figs; 4-5 we comparé selected results for di-o, bridging.hnd triangular
structures. On the (111) surface of f.c.c. crystals (ABC. stacking) there
are two inequivalent triangular sites distinguished by the phesence of .
ahsence (ho1e—site).of a second-layer substraté atom located beneath tﬁe
center of‘the triangle formed by substrate atoms in the topmost 1ayér.

The hole-site corresponds fo the site that_wou]d be fil]ea in the formation

of an additional substrate layer and this is also found in the calculations

to be the partiéu]ar triangular site giving the optimum agreement for the

location of C2H2 molecules in the acetylene ovcr1ayer. The.z—distance_of
];9 K employed in these comparisons was. optimum for.all three structures
and all diffraction angles to within %0.1 R.

Analysis of Figs. 4-5 shows that the triangular geometry gives
consistentTy better agreement than either thé bridging * or di-o geometries.
The di—o geometry is most readily ruled outf we nbte; for example, in
Fig. 5 that whereas both triangu1ar and bridging structures give similar
good agreemcnf for substrate beams, the di-o geometry exhibits several

dfsckepancies., In Fig. 4 for the fractional-order beams the di-o geometry.

~ also does poorly, and we also see marked differences between the bridging

and triangular‘structures. Note, for example, the structure in the (1/2 0)

beam profile in the region 40-70 eV which is adequately described only

60-80 eV in the (%—%ﬁ'heam is réproduccd by the tfiangu]ar but not»thg
bridging-site calculation. Since the triangular and bridging-site cal-

(1)

culations show similar agreement at normal incidence' ’ we have thus found
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a close comparféon of several fractional-order bgams at non-nofma] in;idénce
to be essential to the analysis and to favbr the triangular'geomethy.v'

In additjon to visual evaluations we have.also carried out a corputer-
'ized'éna1&sis'of fhe I-V profiles in which comparison is made of relative
intensities énd percentage of matching peaks between {heory and exhcriment.
.BothIOf-thcse,comparisons were consistent with the visual evaluation, - For
v.QXample, at z=1.9 K the triangular strﬁcture reproduces 63% of the neaks
in the fractiona1-order experimental I-V profiles (within a 7 eV window),’
the bridging structﬂre 54% and the di-o structure 46%. However, these
overall statistical comparisohs tend to average.over%important‘discrépéncies
océuring'in selected beams and selected energy ranges. Accordingly, we
feel that visual comparison is quite essential in LEED ana1yses particularly
at the crucial stage of discérning differences hetween two favorable
candidate structures.

Fina]]y,'we note.the effect of scattering by the hydrogen atoms in a
trial calculation for the brfdging structure ét normal incidence in Fig.-
‘6. Thesé results show that above ~40 eV there is little sensitiﬁity to:
hydrogen even at a 60° gig;bending of the hydrogéns away from_thé surface
(CtH angle=120°). However, we have noted in Fig. 6 two 1ow—énergy pcgks
whose rafio does.change significant]yrwith CCH angle. These peaks also
appear for the tr{éngular structure which exhibits very similar I-VApro~'

(1)

files at normal incidence. Comparing in a literal fashion the calculated

curves to experiment we may conservatively estimate the CCH angle a to be

greater than ~150° for acetylene in the édsorbed'state. Analogous
behavior for the (%—%) beam is also consistent with this result. Although

we must view these considerations as preliminary, since the very low-enerqy

(21)

O

T
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region of the I-V proff]es is the least reliable, we certainly have evi-
dence that a major sp**sp2 rehybridization of acety1ené does not occur, |
'N¢ fully expect that refined ca]cu]atfons fn.the very 10w;energy région
of the spectrum wi]i 1eadvto a more precise measure of the deqgree of CCH
angie bending.

Ana1y<1s of the otastab1e Acety]ene (2x2) Surface Structure

A sat1sfactory structure for the metastable acety]ene_over]ayer(3)
(which forms upon thevinitia]'room—temperaturc exposure of-acety]ene.to
'v the P£(111) surface) has not been forthcoming in the course of the present
intensity calculations, but some preliminary remarks are appropriate here.
It appedrs that the metastable structure involves signifitantly'different
C-Pt bond distances and very possibly a differenr pianér bonding site on
the p]atinum Qurface. In fact, the most consistent_agreement between the
experiméhta] and ca1cu1ated.intensity curves found thus far for the mcta—
sfab]e 1ayer.is when the acetyTere molecule is placed invthe bridging
or triangular positions at the z-distance ofv2 4+, R above the Pt sub-
‘strate. Th1s 1ength is 0.5 A longer than for the stab]e acetylene structure,
' cons1stent with the format1on of a stronger C- Pt ‘bond (and probab]e re-
duct1on in C-C bond order) in the course of the metastab]e %tab]e tran- .
s1t10n However, the degree of agreement ach1eved for this’ model structuro
between ca]culated and experimental I-V prof1los is not of Juff1c1ent
qua11ty to perm1t a reliable structure determination. A major reason for
"th1s may be our neg1ect of inner potent1a1 d1fferences between the sub—

strdto and overlayer, an approx1mat10n whose accuracy decrpaseq for

increasing z distance of the overlayer from the substrate. .
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Evidence Aoa1nst the D1ssoc1at1ve Adsorption of Acetjlene

A]th0uqh we have heretofore implicitly assumed acetVIene to adsorb
as$0c1at1ve1y at the low temperatures (= 400 K) relevant to th1s<study‘we:

may also consider dissociative adsorption models in which C-C bond scission

>

~occurs,; and thefapparent (2x2) diffraction pdttern is'theo due to either' |

(2x2) or (2x1) arrays of chehfsorbed»C or CH fragments. Ye have accord1ng]y
| performad ca]cu]at1oos at =00 and 8° for these "caroonareous overlayer
models, again at z-distances of 1.3-2.5 A. Fora given bonding site and
.2—distance, the calculated I-V profiles for the fragmented species are very
similar to ‘those reporfed ear]ier for (associative) mo]ch]ar adsorption;
comparat1ve1v small d1fferences in relative 1ntens1t1es and 11ne shapes are’
.generally found. | .
Important]y, the distance of z=1,9+ O 1 A is found to be optimum for
.mode1s 1nv01v1ng either assoc1at1ve1y held CZHZ or fragmented (C cH) spec1es
at the tr1angu]ar bond1ng site. Previous LEED studies of atomic adsorpt1on
“on a var1ety of metal surfaces have shown that the metal-atom bond J1stance
is given by the sum of the metallic radius of the substrate‘atom and_the

covalent radius of the adsorbed atom.(zz)

For covalently bonded.syStems

this ru]e has ronsistent]y held with an‘accuracy of 0.1-0.2 X if we'

now cons1der a carbon atom bonded to p]at1num (]]1) in the 3- fo]d ho]]ow )

* (triangular site) this rule then implies a z-distance of ].45 A (C Pt bond
distances of 2;15.3). Since this distance is 0.5 R less than that found

Sin the present LEED}aoa1ysis it scems that a carbonaceous layer is veryf
improbable. On the other hand, the associative model appears qoite reasonable
ejnce.at z=1.9”2, C;Pt distaoces of 2.2 R are found for Cél—l2 centeredVOn the
trianoular sito (see Fiq. 1d). This value is very olose to the predicted

covalent bond distance onZ.IG'K.
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CONCLUSION

We have been able to distinguish amongst various proposed bhonding
mpde]s.for acetylene adéofption on the Pt (111) surface using dynamica1
(multiple-scattering) analysis of low-energy electron diffraction intensity
profiles. We have found that bonding of aéetyTene'in a triaﬁgu]ar site on
the Pt (111) surface is the stable and preferred configuration. It is
interesting to note (cf. Table I) that this same bonding geometry is
exhibited in trinhc]ear-meta]-a]kyne cTusters; moreover, the average C-Pt
distance we find (2f4210.1 K) is similar tb that (2.22 K) determined for-the
053(00)]O(C2Ph2) c]qstér (Tab]e_I); the osmium covalent radius being'on1y
10.04 K shorter than that ofvp]atinum. Although we cannot detect a small
C-C bond length chéngé we do anticipate a C-C bond stretch of about 0.1 K
to'ocbur for acetylene adsorptioh judging frbm thé CQCvlengths-found in
X-ray cfysta] structuré determinations of the metal-alkyne clusters.

We have also found encouraging eVidence that CCH -angle bending‘may
be'studfed by the dynamical'technique in spfte of the‘fact thaf electron

scatter1ng by hydrogen is re]at1ve1y weak.
' F1na11y, it is important to note that since sens1t1v1ty to the

(3 )

-vacety1ene over]ayer is found on]y in the low-energy range of 10- 1009V

(23) (

it is vcry doubtful that a]ternat1ve data reduct1on techn1ques wh1ch
rely on s1ng]e scat+0r ng diffraction feature° overa w1de energy. range)
“can be used to advantage on lov-coverage hydrocarbonftrans1t1on metal-
surfacés. Indeed;‘the‘comp]exity ihtroducéd by the Strong'mu1tip1ef

scattering of electrons provides the essential sensitivity needed’ to

extract the metal-ligand bonding'in these heterogeneous systems.
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Table I. Examples of bonding_structures and bond lengths
for acety]enic'1igands (RC=CR) in vaf10u§ tkansitionF

metal complexes.

Average M-C C

L =C
éﬁmygyﬂyi »I - Bonding Geometry - (R) (K)_ |
‘kpth)th(Czth)a ' - one-c§ordinatgﬁv ) '»2.04' 1.32 :
(éo)6 2(c th) | | ‘br{dgjng W L9 146
(15 ~Cyhg ) )Rh, (€0), (CF3C2CF3) Cdieo "' lé;oa B  -1l29
OSB(CO)]O(CZth)d triaﬁgu]ary : - éféz - 2.1;?§

N DN
-

a J. 0. Glanville, J. M. Stewart, and S. 0.>Grim, J. Organometa1.'Chém.
P9 (1967). -

® W, G. Sly, J. Am. Chem. Soc. 81, 13 (1959).

€ R. S. Dicksor, H. P. Kirsch, and D. J. Lloyd, J. Organometal. Chem. 101,
C48 (1975). o | | |
M. Tachikawa, J. R. Shap]ey, C. G. Pierpont, J.'Am.jChem. Soc. 97, 7174

(1975).



-20-

Table II. Muffin-tin poténtia]s for carbon and hydrogen

[-rv(r)(au)]

1.

Carbon

c

Y'H=

1.50 au (muffin-tin radius)

0.86 au (muffin-tin radius)

in CH | Atomic Atomic
r 22 Carbon Hydrogen
0.00 12.00 12.00 2.00
0.25 18,46 . 8.45 1.94
0.50 6.26 | 6.27 1.82
0.75 5.06 |  5.05 1.70
1.00 4.32 4.21 1.58
1.20 .92 3.67 1.48
150 3.36 305 1.3
T C;C disténce = 2,28 au
" C-H distance = 2.00 au
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FIGURE CAPTIONS

Schematic indicating variou§ hiqh—symmetry 1oca1 bondihg‘sites for

accty]éhe on the (111) face of an f. c. c. crysta] (a) oneF

. coordinate T, (b) di-o, (c) br1dg1ng, (d) tr1angu1ar.

Phase shifts in radians for carbon based on ‘the muffin-tin poten-
t1a1 appropr1ate for acetylene used in this work. Ehekgies-are

referred to the muff1n tin zero,

:'-Phase shifts in radians for hydrogen based on an atomic hydrogen
: potent1a1 with the muffin-tin radius (rH = 0,86 au) used in this

work. Energies are referred . to the muffin-tin zero.

COmparison of calculated I-V profiles for various mOde] geometries
(z = 1.9 A) to experirent (stable acety]ene over]ayor) for two |
fract1ona1 order beams.

Comnarlson of calculated I-V profiles for various mode1 geometr1ﬂs

(z = 1.9 A) to exper1mentv(stab]e acety]ene over]ajer)vfor tvio
Nihtegra1—order beans.
: Dependence of the La]cu1ated I v prof11es on CCH angle and com-

.par1son to experiment (stable acetylene 0ver1ayer) for the

bridgingdgeometry (z =1.9 ﬂ), Also shown is a profile for.whithb
hydrogen scattering is neglected. The ratio;of»]ow—énergy peaks

labeled 1 and 2 is sensitive to CCH ang1e.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes -
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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