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THE SURFACE STRUCTURE AND BONDING OF (2X2) ACETYLENE OVERLAYERS

ON PLATINUM (111): LEED INTEASITY ANALYSIS

by

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

Materials and Molecular Research Division, Lawrence Berkeley Laboratory
~and Uepartment of Chemistry, University of California,
Berkeley, California 94720

ABSTRACT
We report the results of a low-energy electron diffraction intensity

analysis of the structure of (2x2) arrays of acetvlene (CBHZ) on the Pt(111)
éurface{ We hayeﬁdetermined the strucpure of two different bonding Stétes

of the chemisorbed species‘(separated‘by a therma]iactivation barrier)

which were recently identified by LEED and ultraviolet photoelectron
speqtroécopy. The more weakly bound (metastab]e) state involves coordination

to basically one sufface inetal afom_(Pt-C bond Tengths of 2.5(1) R)_whereas
attachment to three metal atoms is found for the more stronaly bouhd
(stab]e) state (Pt-C bond 1ength§ of 2.2(1) Z and 2.6(]) R). A Tack of
sensiti?ity to possible C-C bond elongation and CCH angle-bending for the

adsorbed molecule is also reported and discussed.

* Permanent address: Eastman Kodak Laboratories, Rochester, iew

York 14602,
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I. INTRODUCTION

The unsaturated hydrocarbon acetylene (CZH2) has been observed by

low-energy electron diffraction (LEED)(]) and subsequently ultraviolet

, 9
photoelectron spectroscopy (UPS)(“’3) to adsorb on the platinum (111)

surface in (at least) two different undissociated chemisorption states
(referred to here as "metastable" and "stable") which are separated by a

therial activation barrier. In the first study of molecular chemisorption

by LEEU intensity-voltage (I-V) ana]ysis,(q) we reported on our initial

findings: concerning the stereochemistry of the stable adsorntion state

which is formed {irreversibly) by heating the room-temperature metastable

state to T~359) K.(]’J) (Fragmentation of CZHZ occurs only above T~450 K.)

In the method we employed, which has been rather widely avnlied to clean
crystalline surfaces and atomic adsorbates, the surface geometry is
determined by analysis of the beam intensities of slow electrons (10sE

<200 eV) diffracted from the surfaces of well-ordered systems under ultra-

. o . 5y _ :
nigh vacuum conditions.'”’ e found that an acetvlene attachment to

s
. . . (e e
three surface wetal atoms is favored Tor the stable State;\;) significantly,

a similar configuration is commonly found in trinuclear metal-alkyne

(6)

and there involves "¢" bonds to two of the metal atoms and

(7)

coimplexes
a "u" bond to the third metal atom. We ruled out, in the course of
our analysis, the "di-g" mode of attachwment to two metal atoms, a config-

uration which has received considerable attention in the catalysis Titer-

(8) (9)

In recent UPS studies Demuth and Lo et al. have used acetylene-

ature, as well as in semi-empirical, wolecular-orbital calculations.

induced speetral features to identify activsted metastable-stable C2H2

2)

transitions on Pt(11])(2’3) and Pd(]l])( surfaces. Lo et al. also found



{304;,;‘;%&345@;3529

that ethylene (CZH4)‘exhibits a room-temperature UPS spectrun (hv= 21.2 eV)
on Pt(111) which is virtually identical to that of the stable acetyiene
species, indicating dehydrogenation (C2H4+C2H2+2H) as‘suggéstgd.gar1{er

by the LLEED expériments of Stair and Somorjéi.(]) DJemuth has proposed an
interpretation of the UPS spectré in terins of a. transition from a “w-bonded"
specfes to an "olefinic" species, basing his conclusions -primarily on tﬁe
similarity of the photoemission difference spectrum ét hv= 40.8 eV for
stable acetylene to that of associatively chemisorbed ethylene (T~380 K),(z)
It seems 1ike]y‘t0 us that the olefinic species identified by Demuth
corresponds to the stable spbecies we identified by LEED analysis as in-
volving attachment ‘to three metal atoms at apnroximate]y'covaient C-Pt

(4)

. distances, This correspondence remains uncertain, however, since the

formation temperature of the stable species analyzed at this 1aboratory‘]’3’4)

differs from that reported by Uemuth.(z)
In the present paper we report extensive results of a dynamical

LEED I-V analysis of the Pt(]H)-CZH2 system. We elaborate on and further

(4)

Justify our initial results dealing with.the stable C2H2 state, and we
also identify the surface structure of the metastable state. The main
results of this study as detailed in the later sections are as follows:
(i) the metastable state involves coordination of C2H2 to essentially one
Pt surface atom at a z-distance of 2.45t0.10 R above the topmost plane

of Pt atoms (a C-Pt bond length of 2.53 3), (ii) the bonding site for the
stable state is a triangular position at a z-distance of 1.95:0.10 K (C-Pt
bond lengths of 2.25 A and 2.59 A) and (ii1) very limited sensitivity is
found to'either CC bond length or CCH bond angle variations, and hence

no conclusions are reported here concerning these structural properties.
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The metastable-stable transition thus involves sizeable contraction in
C-Pt bond lengths but more importantly a change in coordination from one
metal atom to three metal atoms. This observed éhange in coordination is
likely accompanied by a-change from a basically m-bonded species to a more
strongly bound o—bonded acetylene.

In Sec. IT below a brief overview of pertinent acetylene-metal
bonding and structures in ofganometa]]ic clusters is nresented. We
describe in Sec., III the various aspects of the intensity analysis. The
main results are presénted in Sec. IV, and conclusions are summarized in
Sec. V. In the Appendix,vsénsitivity of the.ca]cu1ated I1-V profiles to

important structural and non-structural parameters is examined.
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II. MODELS OF ACETYLENE CHEMISORPTION: STEREOCHEMISTRY

The disposition and chemical state of unsaturated hydrocarbons on
transition-metal surfaces has for many years been an unresolved problem of
considerable interest in the fields of adsorption, adhesion and hetero-

(8) '

géneous catalysis. Competing models involving the formation of w com-

plexes and o complexes have been postulated for acetylene and ethylene |

(8)

chemisorption. Generalizations of these models are also expected to
apply to other'unsaturated'hydrocarbons on metal surfaces. In the preéent
study of acetylene chemisorption on platinum we examinevthese various
‘modes of bonding in the context of the high-symmetry bonding sites avail-
able on the (111) face of an f.c.c. cryéta].

As illustrated in Fig., 1 we distinguish‘four sites.designated as
(a) w complex or.the_"aton“ site, (b) p-bridging, (c) di-o and (d) tri-
angular. These surface sites are labeled in this way to draw attention
to the interesting stereochemical analogy between these surface config-
urations and known modes of attachment of acetylenic ligands to small

(10)

transition metal clusters. (We refer to ligands of the type RC=CR where

the radical R (=C6H5, CH3, etc.) substitutes for‘H.) In Fig. 1 we schemati-
cally indicate the types of bonds fouhd in clusters of 1-3 metal atoms and
their parallel association with‘the particular surface sites of interest.
-The one-coordinate w comp]ex_(a) is aSsociated with attachment of an
acetylene to a single transition-metal atom,and the nature of tﬁis bond in
clusters is described by a model originally developed by Dewar(T])‘for
metal—o]efin bonding. In this model, tﬁe doubly occupied nu,orbita1 trans-

fers electron density to a metal hybrid orbital and this transfer of charge
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of a filled dw orbital of the metal and an empty antibonding né orbital
of the acetyTene. A similar scheme has been adopted for the p-bridging
configuration (b) (favored in binuclear complexes) in which each of the

two perpendicular us orbitals is directed towards a different metal atom
(12)

thereby forming two orthogonal "u" bonds.
The geometries illustrated in Fig. 1(c) and Fig. 1(d) are generally
associated in clusters with rehybridization of the acetylene to an olefinic
bending (as indicéted schematically) on the basis of stereochemical data
(i.e., CC bond length, CCR ahgies, as well as the orientation of the
acety]ene.to thé meta]l atoms). The di-o geometry (c) involves the formation

£

of two carbon-metal o bonds and has received considerable discussion in

the catalysis literature as a probable surface'complex,(S) although its

occurrence in organometallic clusters is uncommon. The triangular geometry

{d) 15 thought to involve formation of two carbon-metal o bonds as well

but with an additional u bond derived from the 7 framework to the unique

meta] atom. (6)< )

[

. -bHence, in the triangular geometry each (equiva]ent)vcarbon atom has
Sjgn1f1cant interaction with two metal atoms. This arrangement is commonly
found in trinuclear metal-alkyne complexes.

In Table I we cite various Organometa111c compounds exhibiting'the
four basic surface geomeiries we have Eonsidered. One finds that with
few exceptions all of the known clusters exhibit gohsiderab]e CR,
"distortions” from the gas-phase configdration in terms of CC bond length
expansion and CCR angle bending.(G) For the various mohonuc]ear'meta]-
alkyne complexes associated with geometry (a) an average (taken over

several clusters) CC length of 1.29 A and a CCR angle of ~145° are found



coﬁpared to.gas phase values of 1.20 Z and 180°. Binuclear clusters of
the p-bridging kind exhibit average CC lengths of 1.36 K and CCR angles

of ~134°, ’There seems to be no s}stematic difference in the distortions
_ found in the binuclear and trinuclear clusters, the CC length seeming]y
stabilizing around 1.4 R for the compounds. thus fqr analyzed.

The extent of the C-C bond elongation and changes in CCH bond angles
for surface adsorbed C,H, species as wei] as other hydrocarbons with re-
spect to their gas phase structures remains an open question presently
under investigation by variods surface speétroscopies. It is probab1e
that ¢.C bond stretchihg and possibly bond scission occurs with Tow
activation energy on soue transition-metal surfaces. . Both Pd(111) and
Pt(111) exhibit two different chemisorption states of C2H2>corresponding
to dffferent stereochemistry which is likely related to changes in C-C

bond,order,(]-3)

On the other hand, UPS data indicates the distortion on
Ni(111) at 300 K tolbe very sma]1,(]3) |

Let us note that we have examined in this work only those acétylene
structures having the C-C axis pdra]]e] to the Pt surface. . We consider
bit unlikely that large deviations from in-plane C-C orjentation (without
accompanying hvdrogen wiaration) would occur for chemisorbed acetylene
as it leads to'minimum overlap of bonding molecular orbitals. The
possibility 6f dissociation of acetylene at T~300-409 K to adsorbed CC,

CH, €, or C,H radicals also seems improbable in view of the recent UPS

studies.(2’3)



II1T, INTENSITY CALCULATIONS

In this section we outline the calculational procedure for obtaining -»

the reflected beam intensities for Tow-energy electron diffraction given
4 model geometry. In recent years the auantum-mechanical methods for

treating the multiple-scattering of slow electrons from crystalline sur-
faces have become fairly standardized; we refer the reader to reviews on

(14)

the subject for details of the LEED multinle-scattering theory. Here
ve menticon only the most important features of the calculation and some
specific aspects pertaining to the scattering from an acetvlene molecule.

Multinple~-Scattering Method: General Features

An accurate description of the I-V orofiles requires the consideration
of several orders of (elastic) multiple-scattering of ihe electrons from
the attractive (screened) Coulomb fields of the_atomic‘nuc1ei, which by
virtue of their periodic lattice arrangement ahd the wave-like behavior of
the electrons (A=h/ v 2ul) give rise to diffraction effects.

1(75) is employed,

In virtua]]y-a11 calculations the mufvin-tin mode
1.e., the scattering potential is taken to bé spherically symmetric in fhe
neighborhood of each atowic cenfer and to be approximately constant in
the interstitial region between muffin-tins. The assumption of sphericity,
thouqgh inadequate for the general problem of valence electron behavior,
is quite a goad approximation at LEED energies: that is, in order to
undergo chk—scattering the LEED electron must experience the strong
forces of the core-reqion of the atemic potential where the charge dis-

tribution is indeed spherically symnetric.

Tho scattering from the spherically symmetric atomic sites 1s given
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by the conventional partial wave expansion(16) in terms of the phase
shifts, 8; 5
Y i89(k) ‘-
flo) = + (22+1)e ' °% STﬁGQ(k) Pz(cosﬁ) (1)
[N ),\,___(" .

3
[

n
where k = (2mE/ﬁL)]/ and Py are the Legendre polynomials. The atomic

scattering factor f(0) describes the amplitude and phase dependence of a
scattering event on the scattering angle o from fhe forward direction.

The mathematical formulation of multiple-scattering vrocesses involves
,éssehtia}1y'the products of single-scattering avents given by Eq. (1) with
the intermediate process of electron propagation. Due to efficient loss
processes in the so1id.such as plasmon excitation, the mean fkee path
Aoe for the occurrence of an inelastic event is ~4-8 A at LEED energies
(20-200 éV). Since these large enerqgy loss events (AE~10 eV) remove
electrons from'the observed elastic beams, we note that the electron pro-
.pagation between scattering events is é'highly-damped 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'(zi~3 eV) to the scattering potential.

The main nhysical features of the calculation, then, are the elastic
events barameterized by the phase shifts &y (which are derived from the
potential V(r) associated with each atomic site) and inelastic damping |
narameterized by I.. Multiple scattering formulae essontially involve these
parameters in Vqrious lattice summations. In particular, we have employed
a heam represenfation and the‘1ayer doubling method.(]7)

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 smoothlv accelerate the incident electron in the direction normal
to the surface and neglect reflections from the barrier itself, This approx-
imation is valid for energies greater than about 37 eV.(]S)

Scattering of Low-Energy Electrons from Platinum

The paraineters describing the platinum scattering were the same as
' 19)

o

=

{
those used previously:® with the exception of the electron damping

.
which was taken to be 2.5 eV in this work rather than the value of 4 eV

used previouslv, The value of 2.5 eV gives a better description of fine

(20)

structure in the I-V orofiles for both the clean Pt and Pt-C2H2 systems.

The value of the constant notential between muffin-tin spheres {(auffin-

. - . 1
tin zero) was VO= 14.3 eV below the vacuum 1eve1.( 9)- tle have neglected

the decrease in work function (Ad = 1.5 eV) associated with acetylene
adsorption. The platinum phase shifts (Ref. 19, Fig. 1) were derived from

(21)

for
(22)

the band-structure notential used hv Andersen and Mackintosh
vihich the exchange contribution was given by the Slater formula.
(Eq. (3) below.)

Scattering of Low-Enerqgy Electrons from Acetylene

Applying the muffin-tin model to acetylene, we consider spheres
centered on each of the carbon and hydrogen atoms. Within these atomic
spheres a spherical average df the potential is performed; the region
outside the spheres (intermolecular) has a volume average ("inner po-
tential") which in most of the reported calculations was assumed equal
to the platinum value V0 = 14.3 eV, We have in addition carried out
calculations (see Appehdix) in which the acetylene layer has a different

inner potential from the platinum value, and we do not observe sensitivity

to sizeable (5 eV) differences in potential levels even at very low

electron energies.
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The electronic charge density in the molecule was ca]cu]ated using
molecular-orbital wave functions given by Palke and L1pscomb(23) in a
se]f-cons1stent field treatment with a m1n1ma] basis set .of Slater atomic

orbitals. The electrostatic contribution to the potential energy was

caleulated from Foisson's inteural

n(?’} djr. | . ' B
o(r) = [~ - (2)
~ - 1 ?”- _r‘ l ] . . | .

employing the molecutar charge density p(r) consisting of electronic and

and puclear narts,  The exchange notential was calculated from the local

approximation due to S]ater‘zzj:
; ‘
v (r) = u[é— p(r):l”" ‘ | | (3)
X '~ oT ~ v

1

Finally, contributions to the notential in the C?H? atomic spheres from
substrate interaction was approximated by simple overltan of platinum

potentials using standard methods.(15)
generally
e have/usad overlapping atomic spheres on the carbon and hydrogen

atoms; this denarture frow a strict muffin-tin treatment was made in order
to include more of the electronic charge, a substantial nortion of which
Ties autside of non-overlapping snheres. This problem has been dealt

with earlier in connection with electronic structure calculations with the

o

5CF Xa scattered-wave nethO((24) and arises, for examnle, in organic

molecules with w-electron systems <y

e T T g T - o J—

(”/ In the Aonend1x, howeve} we compare I-V prof11es calculated using-

~— .

phase shifts derived from both overlapping and non-overlapping sphere
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parameterizations, and we demonstrate that differences are too small to
influence structural determinations.
In Table Il we 7ist the muffin~tin potential for carbon in Cqu'
L

obtained by the above method and compare this potential to that of atomic
(25) '

small radii (as expected) and that their difference at the sphere radius

carbon., He note that these two potentials are nearly identical for

(rc = 1.50 au) is only 0,2 Rydherg, This similarity is obtained, of
course, only because we have spherically averaged around each of the .

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

notential @(r)'a7ong the C-C bond direction with the potential at the same

radius perpendicular to fhe C-C bond, differences up to ~1 Rvdherqg are
found correspbnding to the buildap bf bonding charge between the carbon
atoms. Given the similarity of the sphericallv-averaged acety]enfc—carbon
notentia1s to those derived from the corresnonding atowm we have éccording]y
cmployed atomic hydrogen potentials fo approximate the hydrogen scattering
in acetylene, as indicated in Table II.

Phase shifts (§ﬁ) derived from the mﬁffin—tin potentials of carbon
and hydrogen are shown in Figs. 2-3, Their behavior with energy is very
similar to but they differ guantitatively from the corresponding free atom
phase shifts(zs) since thé.potentia?s are truncated‘at the sphere radii
rc and r, given in Table II. e note that the s, p and d-waves are quite
strong for carbon whereas the hvidrogen scattering is weak with only the
s-wave being rethive]y stronc. e may also compare relative elastic

scattering cross sections determined from the nhase shifts. At 80 eV,
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for example, the platinum cross section is over 3 times larger than the

carbon cross section and 25 times larger than the hydrogen cross section.

Room-temperature vibrations of carbon and hvdrogen were included
: \

in the ana]ysis using the conventional Debye-Walier factor approach and
assuming spherically-symnetric vibrational amofitudes. The vibrational
amp]itude of the molecule was estimated from ekperimenta] meaSufements
on metal-alkyne clusters which generally show a frequency of 400-600 en”!
for metal-acetylene stretching modes. The actual amplitude of vibrafion
at room-temperature is relatively small, comparable to that of platinum,
and hence the'Debye—wa11er cbrreétions are of minor significance in the‘

energy range be]ow'loo eV.(]g)

Intensity Averaqing Over Equivalent Domains
The observed diffraction pattern for the acetylene overlayers may

arise from domains of either (2x2) or (2x1) real space unit cells. In

“the case of (2x1) periodicity the presence of the three eauivalent 120°-

- rotated domains of the molecule on the surface would he essential to

produce the necessary spots that give a nominal (2x2) diffraction pattern.

In the case of either (2x1) or (2x2) symmetrv, however, the presence of

cqual numbers of the three domains is also necessary since unequal
mixtures would not aive the ohserved threefold svimietry of the spot

intensities,
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The small size, hinh intensitv and cood definition of the fractional-
order diffraction srots indicates that order in the ovér]ayer persists on
a scale comparable to or largerfthan the coherence width of the electron
heam (<109 R). e make the assumntion that on]y.éne of the three rotqtiunal
orientations is present within a given coherence zone, i.0., ve assume
that boundary effects may be neglected, This assumotion is valid providing
~ither that the domains of a given orientation are much larger than the coher-
ence zone or that no particu1ar phase relation connects different domains.
Jith this assumption it is only necessary to average ﬁoqether intensities
(as onposed to adding amn1itudes) calculated for the threr orientations.

For a ceneral incident beam angle (O,¢) this procedure then involves three
1ndenendent intensity caiculations. However, along high-svmmetry azimuths
(») only two calculations are necessary, and at normal incidence (O=ﬁ°)
only one calculation 1s needed,

[+ has been notad that a (2x1) overlaver is unlikely in the light of
soth helium scattering results as well as consideration of van der Yaals
radii.(27) However, in the absence of quantitative coverage data we
carried out calcu]agjons for (2x1) overlayer geometries at normal incidence.
We did not find accéptab?e agreement for the (2x1) acetvlene lattice.’
with the Qbserved I-V profiles and in the fol]owihg section, then, we

consider only results for (2x2) arrangements.



IV. RESULTS
In this section we present and discuss the I-V profiles ta]culatedvfor

-thevVarioqs model geometries shown schematiéa]]y in Fig. 1 as representing,
we believe, the likely chersorntion arrghgements of acefy]ene on the Pt(111)
surface. Acceptable structures for both the metastable and stable acetylene
states were found within the manifold of trial geqmetries’as discussed
below. The CC bond Tength and CCH angle were also studied as described in
" the Appendix but sensitivity was unfortunately toc limited to permit a re-
Tiable deiermination of these parameters, Ca]Cu]ated IQV hrofi]és reported
in this section are aécordingly restricted to a CC 1éngth of 1.2033 and"_
electron Scattering by hvdrogen is neglected. However, we suggest (see
Appendix) that.analysis of high-order beams under conditions of glancing
electron incidence'may marked]y enhance'sehsitivity‘tovin-plane bond ]engths
such as the CC length in adsorbed CZHZ. |

-_. The experimental data base for the intensity analysis was obtained by

(1) using a rapid photographic-collection meéthod with

(28)

Stair and Soworiai

automated scanning. Intensity-voltage profiles were measured for

fractional and inteqral-order beams at incident polar angles in the range
0= 0°-16° along a high-svimetry azimuth, ¢= 0°. The measurenents generally

extended over the energy range 10 eV - 209 eV but little sensitivity to

the C?“Z adsorbate is found above ~100 ev;(]) A11 of the experimental I-V

~vrofiles for both the metastable and stable o, structures were checked

for reproducibility after ion-spﬂttering and oxygen cleaning of the Pt(111)

crystal, and data from the stable C,,H2 structure was checked at 0= 0° after
repolishing the crystal. Good reproducibility of wmajor and minor features

(1)

in the I-V profiles was demonstrated.
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The I-V profiles were calculated for éevera] fractional and integra]—
order bheams at'incident angles of 6= 0°, 4°, 8° and 16° in the energy range
15 - 95 eV as outlined in Sec. III., In the analysis below we focus attention
lon the fractjonal—order heams since they are.most sensitive to the over-
Taver-substrate registrv., The planar (x, v) position of the molecule
(Fig. 1) was varied to include high-symmetry sites with the C-C axis
parallel to the surface. The z-distance of the molecule above the topmost
plane of platinum atoms was varied between ].3 E and 2.5 K. The upher |
layer z-spacing of the platinum substrate was held fixed at the bulk value

determined previously from clean surface studies.\]g_zo)

Thus we assume
that the surface platinum atom positions remain invariant durihg the chem-
isorption of CZHZ‘ The Tack of platinum relaxation during adsorption_is
supported by the exverimental observation that the higher energy (E> 160 eV)
I-V peak positions of the integra]—order beams, which are dominated by

(1)

platinum scattering, do not change with acetylene adsorption.

Analysis of the Metastable Acetylene. Structure

The optimum agreement between theory and experiment for the metastable

CZH’ structure is achieved for the atop site coordination (Fig. 1(a)).

(%%

Comparison of calculated profiles at normal beam incidence for the trial

geometries is shown in Figs. 4-5. The results are showr for a z-distance
o : o In Fig. 4 we note
of 2.5 A which was found to be optimum within 0.1 A, /that a good fit is

indicated for the atop site whereas only marginal .agreement between theory

and exnerinent results for the bridging, triangular or di-c geometries.
In Fig. 5 for the (%—%J beam the fit for the atop site is suggestive but
(o ’

not really adequate since the experimental peak near 55 eV is not repro-

. [»]
duced. iowever, by a small in-plane translation (A=.0.25-0.50"A) from the

>
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atop bdsition.(see Fig.15) the agreement is considerably improved.:

Similar comparisons for 9= 4° are shown in Figs. 6-3.  The fit for
the afop ;ite is quite favorable for all the beams and in every case is
superior to the other trial geometries. However, a small displacement
A from the atop site again appears to improve the agreement as indicated
‘1n the range 60-100 eV fdr the beams shown in Figs. 7-8,

;n Fig. 3 a comparison is shown at &= 3° for the (% 0) beam. For
tiris beam the features in the znergy range 20-50 eV are saen to he very
sensitive to the displacement A, and the shifted atop Dosifion is again
fdvured,,(Thé agreewient in all cases worsens when A exceeds -0.50 K.)

We conclude on the basis of these and other comparisons that the

C?HQ molecule in the metastable adsorption state is situated near the atop
2 A

site at a z-distance of 2.45x0.10 A; it is very probably slightly displaced
“from the direct on-top position by ~3.25 A (cf. Fig., 15).

Analysis of the Stable Acetylene Structure

The best fit to the intensity data for the stable CZHZ structure is
found for the triangufar site -«coordination (Fig. 1{d)). In Fig. 10 com-
parison of cé]Cu]ated and experimental I-V profiles af normal incidence is
shown for the z-distance of 1.9 R {the optimum spacing for the stable state).
The normal incidence data serves fo rule out the atop site geometry but'
discrimination among the trféngu]ar,'di—o, and bridging geometries is not
accomplished. However, as shown in Fig. 11 for 8= 4° and Figs. 12-14 for
o= 8°, the non-normal incidence data clearlv favors the triangular geomeﬁry.
over the di-¢ and bridging c0nfigurations.. ile note, for example, the very

ao0d agreement found for the trianqular geometry for the (%-%) and (%

0)

-

] 11 ] " .
beams at 0= 4° and the (s -;) and <§'O) beams at 0= 8°; the corresponding
- [ . .
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fitg for the di-o and bridging strucfures are generally poor.

The sites identified in the present ana]yéis for both_the metdstable
(i) and stable (S) adsorption states of CZHE oniPt(T]]) are i]]gstrated in
Fig. 15, HWe note that there are two inequivé]ent triandu]ar’sites within
the surface unit cell corresponding to the presence or absence:(hole site)
of a Pt atom in the second layer. As indicated in Fig. 15, the triangu]ar_
" site preferred in the stable state in over the hoTe site, In addition, we
also found that the optimum site for the metastable state is:élight]y dis-
placed from the atop site in the direction of the triangular bosition which
has a Pt atom directly below in the second layer. Relevant C-Pt bond

Tengths for each structure are given in Fig. 15.
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CONCLUSIONS

In conclusion, we have emnloyed dynamical LEED théory to identify two
different chemisorptioh states of acetylene on the Pt(111) sﬁrface. In
the metastable state the LGz 1s~basica]1yvcoordinated to one surface Pt
atom. In view of the rather ]arge Pt-C distance of 2.5 A involved for this
stéte‘itbseems probable that the molecule is weakly perturbed from‘its,gas
phase configUration; We suggest thaf thé principal component of the bond
involves overlap of the occupied T, orbitals of CZHZ with hybrid Pt orbitals;
the back-bonding component to the-ng orbita]s is likely smaI]. Support'for_
this cbntention is provided by data on mononuclear Pt-acetylene complexes;
for.thé“class of'comp]exes having rather large Pt-C distances (as large as
2.23(3) K)'the acety]éne ligand is comparatively unnerturbed, i.e., the |
R-group éis-bending is less than 20° and the CC bond stretch is less
than 0.04 A (23)

The trans1t1on from the metastable to stable C?iq‘State has been shown
to entéi] a very sizeable Pt-C bond length contraction of ~0.3 A and a
coordination change from one to three metal atoms. The strengthening of
the Pt-C bonds is'presumab1y accompanied by a weakening of the C-C bond,
and'the coordination to three metal atoms suggests the formation of symmetrié
carbon=platinum o bonds (Fig. 1(d)) as occurs in various trinuclear metal-
acetylene complexes.(6)

Finally, some remark" on the LEED analysis 1tse1f are appropr1ate.
Tnu,aqrenment between calculated and experimental urof1les, a1th0ujh
never pracise, wWas very encouraging for the optimun structures and comparable
to the best fits achieved in previous analyses of atomic chemisorption.

itesolution of the high-symmetry candidate structures is comparatively
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Sf?diﬂhtforward providing data for several diffraction angles is analyzed;
extensive statistical analysis does not seemm at this stage of refinement
to be essential. The insensitivity to hydrogeﬁ scattering was anticipated,
but the lack of significant senéitipity to %he CC length was an unexpected
and discouraging aspect of the analysis. Ue are presently.exp1oring the
possibility of enhancing the resolution of the CC 1ength by means of a
glancing incidence experiment (see Appendix).

Lastly, we would like to emphasize the important role of the_mu1tip]e—
Scattering of the electrons; were it not for the wealth of detail in the
Tow-energy reqgion (E< 100 eV) of the fractional-order beam I-V profiles
(which arises from multiple-scattering) the adsorbate-substrate registry could
not, in thevnresent exanple, have beein resolved. It is, therefore, a major
irony that the very multiple-scattering effects which complicate the LCED
analysis (and which have often been either neglected or "averaged out")
indeed provide the crucial diffraction information necessary to elucidate

the adsorbate-substrate registry.
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APPENDIX

A. Sensitivity Analysis of Carbon—Cafbon Bond Length and CCH Angle
Variations |

Ideally a LEED intensity anelysis of chemisorbed molecules islcaeable
of providing quantitative information on intrqmo]ecular bond lengths and
bond angles. We have found, however, in the present analysis of acetylene
chemisorption little sensitivity to eifher a CC bond stretch of .14 R
(C=C ~C =¢C) or a CCH angle distortion of up to 60°. The CC bondvlength
analysis is illustrated in Fig. Al for three,fractional-order beams at
.non~norma1 incidence. The intensity profiles exhibit only very minqr
changes iﬁ relative intensity whieh are evident only upon close investi-
gation,

Sensitivity to hydrogeh scattering is decidedly greater but still
minor as shown in Fig. A2. For the (%-%) beam there is a relative in-
crease in the intensity of the major peak at 35 eV to the very low-energy
peak developing neaf 15 eV as the CCH eane bendris increased. This is
a very unreliable criterion to use for structura] ana]vs1s, however, as the
1ntens1ty of the peak near 15 eV is strong]y affected bv ref]ect1on at
the vacuum—surface barrier, a factor not 1nc1uded in these ca]cu]at1ons.
The (%-%J beam (which was not experimentally determined at = 4°) does
exhibit an interesting intensity-ratio change in the doublet peak occufring
near 60 eV. A systematic analysis of such chaﬁgesvin_this energy region l
could lead to a reliable CCH angle determination provided a']arge number
of beams and incident eng]es were carefully analyzed. However, this

would at the same time require a careful* sensitivity analysis of other

structural and non-structural parameters which may influence such peak
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ratio mbdu]atibns.

Some general comments on the reasons for the notab]e 1nsens1t1v1ty
to the 1ntramolecu]ar bond ]ength and bond ang]e changes are appropriate
here. The hydrogen scattering (see text) is, qf course, very much weaker
than eithér,the carbon or platinuﬁ scattering and this fact accounts fdr
the genera]-insensitivify to CCH angle variatiOnS.- Several factors may |
contribdte‘to insensitivity to the CC bond length variatiohs, but perhaps
the major reason is due to the in-p]ahe orientatiOn.of'the C-C axis; this
ofientation-imp]ies that 'a variation Ax.in the CC 1ength wi11 bn]y be
"seen" by the in—p]ahe components of the scattering vectofs. In conventional
LEED diffraction experiments opefatinngith the incident electron beam
ét near-nbrma] incidence (6 < 15°) the diffracted beams which are typically

- monitored are those having a very small in-plane momentum-transfer g but

with a re1ative1y‘1arge transfer-AkZ in the direction normal to the sur-

face. Forva'first-order fractional-order beam at o ~ O°; E ~ 50 eV we
have g ~ 1.3 Z"? whereas Bk, ~ 7 Zf]._implying that a phase change of
say Ad ;'%4is produced'by Az ~‘0.1 R but requires Ax ~ 0.5 K. Hence, we
expect uhder these diffraction conditions adequate sensistivity to out-

(Az) changes but very poor resolution of in-plane
of-plane/ (Ax) changes, precisely as has been found in all LEED analyses

reported to date. | |
We may’note'that by employing a more nearly glancing incidence
diffractfon‘geometry (6 2 60?),’the'pafa11e1'components_of all the
allowed diffkaction béams are:svstematically increased over those at
-1

6 ~ 0°; beams hdv1nq 7 A

(&

would be observab]e with conventional LEED

il

instrumentation at 6 = 60°, for example. Hence, it seems quite brobab]e

that improVed‘reSo]ution of in-plane bond lengths and overlayer-substrate.



- 24—

registries can be achieved by analysis of the high-order beams near

glancing incidence.

N

B. - Sensitivity Analysis of Non-Structural Parameters

In fhis section we consider the influence of two sets of non-
structural parameters related to the construction of the acetylene
scattering potential. We examine (1) sensitivity to a change in the
average value of the potential between muffin-tin spheres in the over-
layer (‘inner potential") relative to the substrate value (Vo = 14.3 eV)
and (2) sensitivity to different sets of phase shifts derived frdm over-

.1apping (rC = 1.50 au) and non—over1abping (rC = 1.14 au) sphére para-
meterizations of the carbon scattering. Both sets of parameters are a
priori undetermined although an uncertainty in the overlayer innef potent-
ial of 5-10 eV is expected and the muffin-tin radii given above would seem
to represent reasonable limits. | |

In Fig. A3 results are shown for three sets of parameter choices for
two fractional-order beams. The lower two profiles in each panel compare
sens%tivity to the muffin-tin radij whereas the topmost and lowest curves
compare results for a AVO = -5 eV'in the overlayer inner potential. There
is somewhat greater sensitivity to the muffin-tin radius change, but each
parameter choice introduces relatively minor changes in the lineshapes.
Hence, we conclude that reasonable variations in these non-structural para-

meters do not influence the calculated I-V profiles to a degree significant

enough to affect the structural determinations.
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Table I. Examp]eé of bonding structures and bond lengths for acetylenic Tigands

(RC =CR) in various transition-metal complexes.*

. Average M-C C=C CCR Angle

Compound ~f: - : Bonding Geometry (K) ) Lél; (degrees)
(Ph3P),PE(C,Ph,)® ~ one=coordinate _ 2.04 .32 140
(cu)b.cOz(cZth)b ~ bridging (n) 1.97 1.37 138
(nb—CSHS)ZRhZ(CO)Z(CFBC2CF3)C  di-o 2.04 1.29 130
053(c0)10(c2pn2)d : triangular 2022 1.29 +
a . 0. Glanville, J. #. Stewart and S. 0. Grim, J. Organométal. Chem. 7,P9 (1967).
b . 6. Sly, J. Am. Chem. Soc. 81, 18 (1959); . A. Brown, J. Chem. Phys. 33, 1037

(1960). ' | | _
© RS, Dickson, H.‘P. Kirsch and D. J._L]oyd,‘d. Organometal. Chem. 101, C48 (1975).
; |

H. Tachikawa, J. R. Shapley, C. G. Pierpont, J. Am. Chem. Soc. 97, 7174 (1975).

. . . . . °
*  For reference, the carbon-carbon single-bond length (parafinnic) is 1.54 A, the
o : o
double-bond length (olefinic) 1.34 A and the triple-bond length (acetylenic) 1.20 A.

CCR.angle not reported.

—+
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potentials for carbon and hydrogen

.1.

: Qarboy Atomic Atomic

r " Carbon Hydrogen
2nn 12.00 12.00 2.00
N.25 Be4{ 2.45 1.94
n.50 6.76 h.27 1.62
V.75 5.06 5.05 1.79
1.00 4437 4,21 1.58
1.20 3.92 3.67 1.48
1.50 3.36 3.05 1.36
+

C-C distance

C-Hl distance

i

re 1.5 au

v
¥

"

" D.06 au

= 2,28 au

= 2.00 au

(muffin-tin radius)

(muffin-tin radius)
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FIGURE CAPTIONS

Schematic showing various nigh-svimetryv bonding sites for CZHZ
on the (111} face of an f.c.c. crystal. In each case a simplified
picture.of the CZHZ-metal bonding is indicated whiCh correspbnds
to analogous structures found in organometallic complexes of
acetyieﬁes (see text).

Phase shifts in radians for carbon based on the muffin-tin
potential ahbropriate'for acetvlene used in this work. A carbon
muffin-tin‘radius (rC: 1.50 au) was used. Energies are referred
to the muffin-tin iero. |

Phase shifts in radians for hydrogen based on an atomic hydrogen

potential with the muffin-tin radius (r,= 0.86 au) used in this

H

work, Energies are referred to the muffin-tin zero.
Comparison of calculated I-V profiles for the model geometries

(Fig. 1) to experiment (Ref. 1) for the metastable C,,H2 structure

for the (0 =) beam at 8= 0°. The z-distance of the niolecule above

roj—t

the topmost plane of the Pt atoms is 2.5 A, T= 300 K.

Comparison of calculated and experimental I-Y profiles for the

metastable CZH2 structure for the (%-25 beam at 9= 0°. The effect
of a small displacement A= 0.5\3. from the atop position is shown
(see Fig. 15). Other conditions as given in Fig. 4.

Comparison of calculated and experimental I-V profiles for the

?H2 structure for the (0 %J beam at 6= 4°; A= 0,25 A

(see Fig. 5, 15). Other conditions as given in Fig. 4.

metastable C

Comparison of calculated and experimental I-V profiles for the

o
metastable C,H, structure for the (% 0) beam at 0= 4%; A= 0.25 A
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(see Figs. 5, 15). Other conditions as given in Fig. 4,
Comparison of calculated and experimental I-V profiles for the
metastable C,H, structure for the (%-%J beam at 6= 4°; A= 0.25 A
(see Figs. 5, 15). Other conditions as given in Fig. 4.

Comparison of calculated and experimental I-V profiles for the

) ) [<]
metastable C2H2 structure for the (%-O) beam at 0= 8°; A= 0.50 A

- (See Figs. 5, 15). Other conditions as given in Fig. 4.

Comparison of calculated I~V profiles for the inodel géometries

(Fig. 1) to experiment (Ref. 1) for the stable CZHZ structure

for the %-%J and {0 %J beams at 6= 0°. The z-distance of the

, o _
molecule above the topmost plane of Pt atoms is 1.9 A, T= 300 K.

Con$arison of calculated and experimental I-V profiles for the
o 11y 1 . e
2H2 structure for the (?-Z)dnd (2 ()) beams at 0= 4°,
Other conditions as given in Fig. 10.

Comparison of calculated and experimental I-V profiles for the

) and (%-U) beams at 0= 8°,

—_

11
stable C2H2 structure for the (§~§

Other conditions as given in Fig. 10,

Comparison of calculated and experimental I-V profiles for the

) beams at 0= 8°.

N —

1
2 2
Other conditions as given in Fig. 10.

stable C,H, structure for the (0 l) and (5

Comparison of calculated and experimental 1-VY profiles for the

stable L2H2

Other conditions as given in Fig. 10.

structure for the (0 7) and (1 0) beams at 6= 3°.

Schematic of the Pt(111) surface unit cell and the bonding positions
of CZ“” in the metastable (i) and stable (S) chemisorption states

indicated by the LEED analysis (hydrogen atoms are not shown).
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Platinum atoms in the first surface layer are represented by open
circles and the platinum atom in the second layer is shaded. In
the metastable state the molecule is coordinated to essentially

one platinum atom but slightly displaced from the atop position

o

as shown, Pt1-C= 2.5(1) A. In the stable state the molecule is

. [o]
coordinated to three platinum atoms, Pt2-C= 2.2(1) A, Ptd4-C= 2.6(1)
o _
A, etc. Reflection across the dashed verticle line is a symmetry
the : .
operation for the surface, hence/two carbon atoms are in equivalent

bonding positions in each structure,
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APPENDIX FIGURE CAPTIONS

Calculated I-V nrofiles for C?H? on Pt(111) showing the almost

_neg]igib1e effect of an expansion in the CC bond length from the

C=C length of 1.20 A to-the C=C lengt" of 1.34 A. The results
are shown for low-index fractional-order bheams at near-normal
heam incidence, 0= 8°.

Calculated IfV profiles for CéH2 on Pt(111) showing the generally

" Jow sensitivity to hydrogen cis-bending. dote the reversal in

relative intensity for the doublet peak at £~ 60 eV for the

11, o ‘ . '
(gféd beam as tie hydroyens are bent away from the surface.

Calculated I-V Drofiles‘for C?H2 on Pt{111) showing the effect

-of variation of the .carbon muffin-tin radius (rC) and a change

(AVO) in the relative levels of the overlayer and substrate

potentials.
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