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Surface Structure and Bonding of Acetylene to the Platinum (111) Surface
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Analysis of low-energy-electron-diffraction beam intensities for a 2x 2 chemisorbed
layer of acetylene on the Pt(111) surface shows that the molecules are adsorbed in either
a threefold position or a twofold bridge position at a distance of 1.95+0.10 A above the

topmost plane of platinum atoms.

In recent years the technique of low-energy-
electron-diffraction (LEED) beam-intensity-vol-
tage (I-V) analysis (surface crystallography) has
been used primarily to determine bonding geome-
tries for (unreconstructed) clean metal surfaces
and simple overlayer systems of chemisorbed
atoms. Here we wish to report the first such in-
vestigation of an ordered overlayer of molecules
on a surface, the hydrocarbon acetylene (C,H,)
associatively chemisorbed on the (111) surface of
platinum.! We find that the method can distin-
guish between competing model geometries of the
metal-hydrocarbon system and that the optimum
bonding arrangement gives calculated /-V pro-
files which are in consistently good agreement
with experiment for several incident beam an-
gles and a large number of fractional and inte-
gral-order beams,

The exposure of a clean Pt(111) surface to C,H,
gas at 300 K under ultrahigh vacuum conditions
followed by gentle heating to 400 K for 1 h gives
rise to a 2X2 LEED diffraction pattern with
sharp fractional-order spots indicative of long-
range order in the overlayer.? The LEED beam
intensities from the C,H, overlayer were meas-
ured photographically at several incident beam
angles for energies 10-200 eV. The experimen-
tal apparatus, single-crystal platinum sample,
cleaning procedure, and the photographic tech-
nique have been previouly described.® The gas
was introduced into the vacuum chamber via a
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stainless -steel needle directed at the crystal sur-
face, Although gas exposures have not been ac-
curately determined, it was found that at 300 K a
well-ordered C,H, overlayer was obtained only at
low exposures (~1 L=10"% Torr sec), in agree-
ment with earlier work.* The adsorption and or-
dering characteristics of C,H, were independent
of the electron beam. However, the fractional-
order beams lost intensity under electron-beam
exposure at a rate approximately proportional to
the incident beam current., The electron-beam
exposure was therefore limited so that the maxi-
mum loss in fractional-order beam intensity was
about 5% during the period of photographic data
collection (2 min),

The surface structure analysis was carried out
by comparing calculated 7-V profiles from mod-
els of the Pt-C,H, geometry to the experimental
results, The model geometries considered were
the likely ones in which the C-C axis of the mole-
cule is parallel to the surface plane with the mol-
ecule oriented in various symmetric ways with
respect to the substrate atoms (Fig, 1). The ob-
served three-fold symmetry of the diffraction
pattern could arise from three 120°-rotated do-
mains of either 2x2 or 2X1 packing of C,H, on
the substrate, and both types of translational
symmetry were considered in the anaysis. The
calculations employed a multiple-scattering theo-
ry using a beam representation and the layer-
doubling method.® The Pt geometry and scatter-
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FIG. 1. Trial geometries of C,H, on the Pt(111) sur-
face. Positions A, B, C refer to coordinations to one,
two, or three neighboring Pt atoms. The labels 1 and
2 distinguish 90°~rotated molecules.

ing parameters were the same as those used pre-
viously for the clean surface® with the exception
of the electron damping (imaginary part of the po-
tential) which was taken as 2,5 eV,

Details of the construction of the C,H, scatter-
ing potential will be reported elsewhere.” Trial
calculations showed that the inclusion of H scat-
tering produced negligible changes in the I-V pro-
files, and the H atoms were therefore neglected
in the structure analysis (the scattering cross
section of hydrogen is about 15% that of carbon
in the energy range 15-90 eV). The C atom scat-
tering potentials were constructed from a self-
consistent-field molecular-orbital calculation®
for C,H, and then spherically averaging the poten-
tial within spheres centered on each of the two C
atoms, The I-V profiles were calculated in the
energy range 15-90 eV using five partial-wave

\ (4 %)8eam

c2
I,

-\Al

Intensity (arbitrary units)
———

:

T

-fi-;?/ _—

(0] 20 40 60 80 100
Erergy (eV)
FIG. 2, Comparison of calculated I-V profiles (solid
line) for the trial geometries (z2=1.9 A) to experiment
(dashed line) at normal beam incidence.

phase shifts for each atomic species and a con-
vergent number of atomic layers and beams,

For each of the planar orientations shown in
Fig. 1 the z distance of the molecule above the
surface was initially varied between 1.3 and 2.5
A in 0,2 A intervals and was later refined to 0.1
A intervals in the optimum range 1.8-2,1 A. The
C-C distance was allowed to expand from the
triple-bond (gas phase C,H,) distance of 1,20 A
to the double-bond distance of 1.34 A, but the cal-
culated I-V profiles were found to be insensitive
to this variation, exhibiting only minor changes
in relative intensities and peak positions.

The I-V profiles were calculated for a large
number of fractional and integral-order beams
at incident beam angles of 8§ =0° 4° 8° and 16°;
the results are summarized in Figs. 2-4, Fig-
ure 2 shows a comparison of the I-V curves for
various planar orientations at the z distance of
1.9 A above the substrate with the 2X2 transla-
tional symmetry and the C-C distance of 1,20 A.
The 2X1 arrangements gave poor agreement with
experiment. Because of intensity averaging over
equivalent 120°-rotated domains the I-V profiles
for geometries A1 and C1 are virtually identical
to those for A2 and C2, respectively, The Bl and
B2 profiles are very different, however, because of
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FIG. 3. Comparison of calculated I-V profiles (solid
line) for the optimum geometries (B1,C2; 2=1.9 A) to
experiment (dashed line) at normal beam incidence.
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FIG. 4. Comparison of calculated I-V profiles (solid
line) to experiment (dashed line) at incident angle 6 =4°.
Other conditions as in Fig. 3.

the lower symmetry of the B site. As illustrated
in Fig. 2 the best agreement is found for the B1
and C2 (or C1) orientations with poor agreement
for the A1, A2, and B2 geometries. The C1 ge-
ometry, however, in which the two carbon atoms
have different atomic environments appears quite
unfavorable from a carbon-platinum bonding view-
point and is rejected for that reason., Figures 3
and 4 show several additional comparisons of the-
ory and experiment for the B1 and C2 geometries,
Visual evaluation of the /-V profiles over all an-
gles and diffraction beams rates the B1 and C2
geometries as the most favorable. An objective,
computerized analysis” of the profiles with re-
gard to peak positions, line shapes, and relative
intensities is consistent with the visual rating and
further indicates that the C2 geometry is some-
what more favorable than the B1 geometry, The
Al, A2, and B2 arrangements can be ruled out,
We conclude that acetylene is chemisorbed on
Pt(111) in one of two possible local bonding modes
at a z distance of 1.95+0,10 A above the topmost
plane of platinum atoms. In the most likely bond-
ing mode (C2) the molecule is centered on a tri-
angular site, the carbon atoms are equivalent by
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symmetry, and relevant C-Pt distances are 2.25
and 2,59 A. Inthe other possible bonding mode
(B1) the molecule is in an approximately twofold
position with each carbon coordinating to three
platinum atoms, C-Pt distances being 2.47 and
2.65 A. The C2 mode of bonding is found to oc-
cur in various trimetallic metal-alkyne complex-
es whereas a bridging structure analogous to Bl
occurs in bimetallic complexes.®'© On the other
hand, popular notions of acetylene adsorption on
transition-metal surfaces have involved an acety-
lene 7 complex coordinated to a single metal
atom (model geometry A1 or A2) or a di-¢ com-
plex in which each of the two carbon atoms forms
a o bond with a different metal atom'' (model ge-
ometry B2). In particular, the di-o model has of -
ten been cited in connection with the mechanism
of dehydrogenation of ethylene (C,H,) to an acety-
lenic species upon adsorption with the ligand mol-
ecular orbitals in an sp® hybrid configuration. Al-
though these bonding modes could be operable in
the less stable acetylene overlayer,? our results
show that they are not the favored bonding ar-
rangements on the platinum (111) surface.
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of the U. S, Energy Research and Development
Administration. We wish to thank N, Bartlett,

L. Falicov, K, N, Raymond, and H. F, Schaefer
for helpful discussions on various aspects of this
research,

*Permanent address: Eastman Kodak Laboratories,
Rochester N. Y. 14602.

1A preliminary report of this work was presented at
the First Chemical Congress of the North American
Continent, Mexico City, December, 1975 (unpublished).

%A less stable 2X2 structure having different I-V
characteristics that is a precursor to the more stable
structure analyzed herein has also been experimentally
identified: P. C. Stair and G. A. Somorjai, to be pub-
lished.

3p. C. Stair, T.J. Kaminska, L. L. Kesmodel, and
G. A. Somorjai, Phys. Rev. B 11, 623 (1975).

‘W. H. Weinberg, H. A. Deans, and R. P. Merrill,
Surf. Sci. 41, 312 (1974).

5J. B. Pendry, Low-Energy Electvon Diffraction The-
ory (Academic, London, 1974), p. 141.

L. L. Kesmodel and G. A. Somorjai, Phys. Rev. B
11, 630 (1975).

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

"to be published.

8W. E. Palke and W. N. Lipscomb, J. Am. Chem. Soc.
88, 2384 (1966).



VoLUME 36, NUMBER 22

PHYSICAL REVIEW LETTERS

31 May 1976

R. B. King, Transitions-Metal Ovganometallic Chem -
istry (Academic, New York, 1969), p. 30.
YR, Mason and K. M. Thomas, Ann. N. Y. Acad. Sci.

238, 225 (1974).
Y1G. C. Bond, Catalysis by Metals (Academic, New
York, 1962).

Evidence for the “Correlated Layer” Effect on the Effective Viscosity
from Brownian Motion in a Ternary Liquid Mixture*

S. P. Lee
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The translational diffusion coefficient of Brownian particles in the ternary liquid mix-
ture water-ethanol-chloroform near a plait point has been studied by the autocorrelation
spectroscopy method. It is found that the effective viscosity 7efs exhibits a strong anom-
aly close to the plait point. This anomaly can be explained in terms of the existence of a
“correlated layer” of liquid mixture of thickness equal to the correlation length £ on the

surfaces of the Brownian particles,

According to mean-field theories,? first put
forward by Fixman, the shear viscosity of a bi-
nary liquid would exhibit a strong anomaly pro-
portional to the correlation length ¢ when the
critical mixing point is approached. However,
this strong anomaly is never observed experi-
mentally. Instead, various methods of viscosity
determination® indicate that the anomaly is a
weak one.

When Bal’tsevich, Martynets, and Matizen? and
Martynets and Matizen® applied the method of
microphotography to study Brownian motion in
binary liquid mixtures, they observed the trans-
lational diffusion coefficient D to decrease by a
factor of 4 in the phenol-water system?* and by a
factor of 2 in the methanol-cyclohexane® system
near their critical mixing points. They explained
the strong anomaly by assuming that the effective
radii of the Brownian particles are increased by
the formation of a “correlated layer” of binary
liquid on their surfaces. The thickness of this
correlated layer is probably of the same order of
magnitude as the correlation length £ Unfortun-
ately, their data were not accurate enough to al-
low a quantitative study. Subsequently, Giterman,
Likht, and Steinberg® attempted to explain the
anomaly by postulating a theory of “trapping” and
“entrainment” of the particles by concentration
fluctuations. They predicted D ~(T-7T,)"*® while
the experimental data yield D ~(T-T,)°2.

Recently, Lyons, Mockler, and O’Sullivan’
studied the translational diffusion coefficient of
Brownian particles in the nitroethane—iso-octane
system by the autocorrelation spectroscopy meth-

od and found a logarithmic divergence in the ef-
fective viscosity. Their data showed that the ef-
fects of the correlated layer, as advanced by
Martynets and Matizen,® are small because they
observed only a 35% increase in the effective vis-
cosity near the critical mixing point. They ar-
gued that the correlated layer could be important
only if the Brownian particles interact strongly
with the fluid components and should be charac-
teristic of the system studied.

In this work, I report observations which can
be interpreted in terms of such a correlated lay-
er by studying the Brownian motion near a plait
point of a ternary liquid mixture using the auto-
correlation spectroscopy method.

For a binary or a ternary liquid mixture with
Brownian particles, the first-order electric field
autocorrelation function is given by ’

.g(l) (T)|=A1exP(_r17) +A2exp(1"21'), (1)

where I’y and T, are the linewidths due to Brown-
ian motion and concentration fluctuations, respec-
tively, and A, and A, are coefficients proportion-
al to the corresponding scattering intensities. In
the noncritical region where light scattering due
to concentration fluctuations is weak compared
with that due to Brownian motion, i.e., 4;>A4,,

[ gD (1) ~A, exp(-T7). (2)

In the critical region, light scattering due to con-
centration fluctuations becomes significant and
Eq. (1) has to be used. Separating the two terms
is difficult but the problem has been carefully
studied by Lee and Chu.®?
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