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dispersed, being present in large metallic particles. The CO-
assisted formation of Rh+ at temperatures <473 K is then strongly
retarded; Rh° particle disruption is inferred to be rate determining.
As the CO adsorption temperature is increased to 773 K, particles
of Rh° are re-formed, most probably through a reductive de-
sorption process similar to that proposed earlier.18 Surprisingly,
the relevant Rhx(CO) species have not been detected; their low
concentration is tentatively ascribed to the involvement of their
CO ligands in surface reactions with neighboring -OH groups
activated at the higher temperatures.

3. Successive cycles of CO adsorption and regeneration in H2
at 473 K cause a deterioration of the dispersion of the metallic
precursor to an extent exceeding that resulting from the reductive
preparation of a fresh sample in H2 at high temperatures. The
resulting large Rh° aggregates exhibit an increasing resistance
to the oxidative conversion to Rh+ at 473 K, even in an 02 at-
mosphere.

4. H2, in the presence of CO, seems not to prevent the oxidation
of Rh° to Rh+ at temperature <473 K, but it hinders further
oxidation by attacking the CO ligands of the Rh+(CO)2 species.

5. Water in the presence of CO in the gas phase in contact

with a reduced catalyst may enhance both the oxidative formation
of Rh+ and, simultaneously, a water gas shift reaction with the
Rh+(CO)2 thus formed.

6. Catalysts under working conditions of CO + H2 reactions
are exposed to complex gas mixtures containing water. We
therefore expect that the composition of the gas atmosphere will
strongly influence the dispersion of the metallic Rh particles and
the abundance of Rh+ surface complexes and, hence, the activity
and selectivity of the catalyst.
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The reactions of propylene, propadiene, and methylacetylene with Rh(lll) crystal faces in ultrahigh vacuum (UHV) from
80 to 800 K have been studied by low-energy electron diffraction (LEED), high-resolution electron energy loss spectroscopy
(HREELS), and thermal desorption spectroscopy (TDS). All three hydrocarbons adsorb intact at 80 K. At this temperature,
methylacetylene forms a p(2X2) LEED pattern while propylene and propadiene adsorb as disordered monolayers. Above
200 K, propylene and propadiene also form p(2X2) LEED patterns which are stable up to 270 K. The propylene fragment
in this temperature range is propylidyne (CCH2CH3). By room temperature all the C3 hydrocarbons have decomposed to
ethylidyne (CCH3) and polymerized CXH fragments. Surface hydrogen is instrumental in the C-C bond breaking, and partial
deuteriation studies were performed to determine which C-C bonds break first. The ethylidyne species are stable up to 400
K, above which they decompose to CXH fragments. The bonding and the thermal decomposition pathways for propylene
on Rh(lll) are compared to Pt(lll) surface chemistry.

1. Introduction
Similar transition-metal surfaces often perform quite differently

in heterogeneous catalysis. For example, platinum and rhodium,
neighbors in the periodic table, catalyze very different hydrocarbon
synthesis and conversion reactions. Rhodium surfaces are much
better catalysts for the synthesis of hydrocarbons from CO and
H2, while platinum surfaces are among the most active catalysts
for the conversion of straight-chain hydrocarbons like «-hexane
into aromatics, saturated rings, and branched isomers.1

These differences between platinum and rhodium in hydro-
carbon catalysis must be the result of different bonding of the
reactants, intermediates, and/or products to the metal surfaces.
Consequently, we are studying in detail how hydrocarbons bond
to and react on well-defined, platinum and rhodium single-crystal
surfaces under ultrahigh vacuum (UHV) conditions in order to
gain a molecular level understanding of why these metals do such
different catalysis.
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We have previously reported our findings on how ethylene2 34"5

and benzene6 78"9 bond and thermally decompose on the close-packed
Rh(l 11) crystal surface. Interestingly, for these molecules, the
thermal chemistry on Rh(l 11) is quite similar to that reported
for Pt(lll)10 *"14 in that the same sequence of decomposition
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fragments are formed. However, the molecular adsorption ge-
ometries of ethylene and benzene on these isostructural surfaces
are somewhat different. Also, the decomposition temperatures
of these two adsorbates are 50-100 K lower on Rh( 111) than on
Pt (111), consistent with Rh surfaces being the more active cat-
alysts for hydrocarbon bond breaking reactions.

In this paper we report our results on the bonding and thermal
decomposition of propylene, propadiene, and methylacetylene on

Rh(l 11) in UHV. The main experimental techniques used in our
studies were high-resolution electron energy loss spectroscopy
(HREELS), low-energy electron diffraction (LEED), and thermal
desorption spectroscopy (TDS). Partially deuteriated compounds
of propylene and methylacetylene have also been used to confirm
the surface chemistry. We find that all the C3 unsaturated hy-
drocarbons adsorb molecularly for temperatures below 200 K.
Propylene decomposes above 200 K to form propylidyne (CC-
H2CH3). Several of the previously reported LEED structures
produced by large exposures of propylene and methylacetylene
can be reproduced by smaller doses with the presence of coad-
sorbed CO. Above 270 K, all three C3 hydrocarbons decompose
on Rh(l 11) by C-C bond breaking to form ethylidyne and po-
lymerized CXH species; this chemistry of propylene on Rh(l 11)
is substantially different from Pt(l 1 l)/propylene chemistry where
no ethylidyne is formed.

2, Experimental Section

Experiments were performed in two different ultrahigh vacuum
chambers with base pressures of 1 X 1 O'10 Torr. Each chamber
is equipped with LEED, Auger electron spectroscopy (AES), a
mass spectrometer for TDS, and a HREEL spectrometer and both
have been previously described.6·7,18 Three different Rh(l 11)
single-crystal surfaces were used during the course of the ex-

periments. All three were 0.5-1-cm2 disks, ~2-mm thick, and
cut from a single-crystal rod of >99.996% purity obtained from
the Materials Research Corporation. After polishing by standard
methods,3 the crystals were mounted in UHV by spotwelding
0.020-in. Ta wire between the crystal edges and the manipulator.
The crystals were resistively heated to temperatures > 1200 K and
cooled to 77 K by flowing liquid nitrogen through the manipulator.
The single-crystal surfaces were cleaned by a combination of
heating in 02, Ar+ sputtering, and annealing in UHV until free
of C, S, O, and B19 as detected by AES, LEED, and HREELS.

Gases were adsorbed on the Rh(lll) surfaces by using mi-
crocapillary array dosers. Dosages are reported in langmuirs (1
langmuir = 10"6 Torr-s) where the measured dose pressure has
been corrected for X5 or X20 enhancements of the molecular flux
at the crystal surface as a result of the array dosers in the two
chambers, but are uncorrected for differing ion gauge sensitivities
of the gases. The term saturation coverage is used to mean the
highest attainable surface coverage of the hydrocarbons for the
temperatures above multilayer desorption. Typically, exposures
>5 langmuirs gave saturation coverages of about one hydrocarbon
molecule per four surface Rh atoms.

Gases were checked for purity by gas chromatography (GC)
or mass spectrometry and were used as obtained from the following
sources: propylene (Matheson Cp, 99%), methylacetylene (LBL,
contains 7.5% C2H2), propadiene (Matheson, 97%), propylene-^
(MSD isotopes, 99 atom %), propylene-5,3,3-d, (MSD isotopes,
98 atom %), methylacetylene-i/] (MSD isotopes, 98 atom %), H2
(Matheson, 99.9%), D2 (Matheson, ~99.5 atom %). The C3H4
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isomers (methylacetylene and propadiene) did not isomerize in
the stainless steel gas handling lines as proven both by GC and
by a chemical test to distinguish alkenes and alkynes.20

For TDS, both sides of the single-crystal disk were cleaned and
exposed to gases by using the array dosers. The crystal was heated
at 10-30 K/s with one side facing a UTI mass spectrometer with
the ionizer ~5 cm from the surface. Multiple masses were re-
corded as a function of time and temperature by using a Com-
modore PET 2001 computer interfaced to the mass spectrometer.
Peak areas were determined by integration of the mass vs. time
spectra. For overlapping peaks, perpendiculars were drawn from
the base line to the point of minimum intensity in the region where
the peaks overlapped.

The HREEL spectrometers are similar to designs commonly
used and consist of 127° cylindrical monochromator and analyzer
sectors. In one of the spectrometers6 the total scattering angle
is fixed at 120°, so for specular HREELS 0in =

60Ut
= 60° from

the surface normal. The other HREEL spectrometer has a ro-
tatable analyzer and was operated with 8m = 65° from the surface
normal.7 Both spectrometers were operated at an overall system
resolution (fwhm) of 5-7.5 meV (40-60 cm"1, 1 meV = 8.0655
cm"1) and with incident beam energies of 2-5 eV. HREEL spectra
were recorded either at room temperature or at 77 K after briefly
annealing the adsorbed monolayer to the temperatures indicated
on the spectra. All transformations with heating were irreversible.

3. Results and Interpretation
3.1. Thermal Desorption Spectroscopy {TDS). Heating the

rhodium crystal gives H2 gas as the primary desorption product
from the (111) surface that has been covered with propylene,
methylacetylene, or propadiene. Figure 1 shows the H2 TD spectra
for 10-langmuir doses of methylacetylene, propadiene, and pro-
pylene adsorbed at 77 K on Rh(l 11). These are compared with
the TD spectrum for ethylene adsorbed at 220 K. All the C3
hydrocarbon desorption profiles have similar H2 desorption peaks
at — 370, ~420, and 500-800 K. Ethylene also has similar peaks
above 400 K.

There are several reasons for the similarities of the H2 thermal
desorption spectra for these four hydrocarbons. First, the work
of Yates et al.21 has shown that adsorbed hydrogen atoms desorb
from a clean Rh(lll) surface with TDS peak temperatures
ranging from 390 K at low surface coverages to 275 K at high
surface coverages. Therefore, even though ethylene, propylene,
propadiene, and methylacetylene all decompose below room

temperature (as determined by HREELS), the adsorbed hydrogen
atoms which result from this decomposition do not desorb until
about room temperature, giving rise to the lowest temperature
peak in all the H2 TD spectra shown in Figure 1. It is not clear
why surface hydrogen desorbs at lower temperature for the
ethylene monolayer; however, the first H2 desorption peak does
not occur at 330-380 K like the C3 hydrocarbons when ethylene
is adsorbed at lower temperature.2

The similarity of the H2 TD peaks above 400 K suggests that
these hydrocarbons all decompose to similar hydrocarbon frag-
ments) above 400 K. This is supported by HREELS results,
which we discuss in detail in separate publications.8,22 We note
here that the long H2 desorption tail from 500 to 800 K is
characteristic of hydrocarbon decomposition on Rh(lll).8,22 This
desorption feature, as previously discussed for benzene decom-
position on Rh(l 11), has been attributed to polymerization of CXH
fragments on the surface to form graphitic carbon.8

Variation of the hydrocarbon coverage changed the appearance
of the H2 desorption spectra substantially. The coverage effects
were studied for methylacetylene and propylene and are similar
to those found for C2H4 adsorption on Pt(l 11).23 At low hy-
drocarbon coverages that H2 TD peaks overlap and are poorly

(20) Rice, F. O.; Haynes, W. S. J. Am. Chem. Soc. 1948, 70, 964.
(21) Yates, J. T„ Jr.; Thiel, P. A.; Weinberg, W. H. Surf. Sci. 1979, 84,

427.
(22) Crowell, J. E.; Bent, B. E.; Mate, C. M.; Somorjai, G. A.; Koel, B.

E., manuscript in preparation.
(23) Creighton, J. R.; White, J. M. Surf Sci. 1983, 129, 327.



C3 Hydrocarbon Reactions on Rh(lll)

Figure 1. H2 thermal desorption spectra for ethylene, propylene, prop-
adiene, and methylacetylene decomposition on Rh(lll). Propylene,
propadiene, and methylacetylene were adsorbed at 77 K, and ethylene
was adsorbed at 220 K. The heating rates were 20 K/s.

resolved. However, HREEL spectra show that the hydrocarbon
fragments formed in the low coverage decompositions are the same
as those for saturation coverages. The coverage effects in the TDS
are probably mainly due to the shift of the surface hydrogen TDS
peak to lower temperature with increasing surface hydrocarbon
coverage.

In the case of propylene and methylacetylene, we have checked
for desorption of products other than H2. For methylacetylene,
masses 2, 16, 27,40, and 78 were monitored and, at all coverages,
no masses other than mass 2 were detected. For propylene, masses
2, 16, 27, 28, and 42 were monitored; besides mass 2, only mo-
lecular propylene desorption (mass 42) was observed (at 200 K),
and then only for coverages above about 80% of saturation cov-

erage. Analogous results have been found for ethylene on Rh-
(lll).4

3.2. Low-Energy Electron Diffraction {LEED). In Figure 2
we summarize the LEED patterns observed for saturation cov-
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erages of the C3 hydrocarbons and compare them with those
observed previously for C2H44·24 and C2H2.2·25 These LEED
patterns turn out to be a convenient way to identify the different
hydrocarbon monolayers produced in the C3 hydrocarbon de-
composition. As shown in Figure 2 by the vertical solid and dashed
lines, the surface LEED pattern usually changes at the same

temperature where the surface vibrational spectrum indicates a

change in bonding on the surface. The LEED patterns in Figure
2 are consistent with those reported previously,24,26·27 except that
the (2v/3X2v/3)R30° and c(4X2) LEED structures were pro-
duced here by coadsorption of CO. The coadsorption of CO is
indicated in Figure 2 by an

Several observations about the LEED patterns summarized in
Figure 2 are noteworthy. First, propylene and propadiene do not
form ordered monolayers at 77 K, but methylacetylene, like
acetylene, orders into a p(2X2) overlayer. Second, propylene and
propadiene do form p(2X2) structures above 200 K, the tem-
perature at which ethylene decomposes to form a p(2X2) ethy-
lidyne (CCH3) overlayer.2"4 These p(2X2) structures for all the
C3 hydrocarbons as well as for ethylidyne change to c(4X2)
structures at ~270 K in the presence of coadsorbed CO.

Above 420 K, all the C3 hydrocarbons, like the C2 hydrocarbons,
form only (1X1) LEED patterns with some diffuse background
intensity indicating that the hydrocarbon overlayer is disordered.
This disordering temperature corresponds to the 420 K H2 de-
sorption peaks in the TD spectra of Figure 1.

3.3. High-Resolution Electron Energy Loss Spectroscopy
{HREELS). Surface vibrational spectra were taken by HREELS
for all the ordered C3 hydrocarbon monolayers listed in Figure
2. The spectra were taken after momentarily warming a saturation
coverage of the hydrocarbon to the temperature necessary to
produce the hydrocarbon or hydrocarbon fragment monolayer.
The temperature of the sample, when the spectra were taken, was
either 77 K or room temperature.

3.3.1. Propylene below 200 K. Figure 3 shows the vibrational
spectra of a Rh(l 11) surface saturated with propylene at 77 K
and after warming to the indicated temperatures. Also shown
are the surface fragments responsible for these vibrational spectra
which we now assign. The vibrational spectrum below 200 K has
many poorly resolved and overlapping peaks, making assignment
of this spectrum difficult. Upon deuteriation, the overlap of the
bending modes between 900 and 1400 cm"1 becomes even more
severe and does not aid in the assignment. Also, most of the
vibrational normal modes of molecularly adsorbed propylene are

dipole active because of the low symmetry of propylene and,
consequently, can be observed in the specular direction.

We assume that propylene is molecularly adsorbed in this 77
K spectrum. This assumption is consistent with molecular pro-
pylene desorption at ~200 K for high surface coverages and with
the fact that ethylene does not decompose until 200 K on Rh(l 11).
An approximate assignment of the 100 K propylene spectrum can
be made by comparison to the frequencies (in cm"1) of gas-phase
propylene28 as follows: 2960 = v(CH3) + v(CH2) + v(CH); 1425
Ss(CH3) + CH2 scissor; 1200 = CH2 wag or CH deformation;
1050 = CH3 rock; 925 = v(CC) +CH2 twist, rock.

3.3.2. Propylene at 220 K. As indicated in Figure 2, chem-
isorbed propylene forms a (2X2) LEED structure on Rh(lll)
between 200 and 270 K. This structure has been previously studied
by LEED by Koestner et al.24 These researchers proposed that
this (2X2) structure consists of propylidyne (CCH2CH3) species,
whose bottom two carbon atoms are ordered in a (2X2) lattice,
while the methyl groups are disordered. This proposal was based
on the similarity of the LEED I-V curves for the (2X2) pro-

(24) Koestner, R. J.; Van Hove,  . A.; Somorjai, G. A. J. Phys. Chem.
1983, 87, 203.

(25) Kao, C.-T.; Mate, C. M.; Bent, B. E.; Somorjai, G. A., to be sub-
mitted for publication.

(26) Van Hove,  . A.; Koestner, R. J.; Somorjai, G. A. J. Vac. Sci.
Technol. 1982, 20, 886.

(27) Koestner, R. J.; Frost, J. C.; Stair, P. C.; Van Hove,  . A.; Somorjai,
G. A. Surf. Sci. 1982, 116, 85.

(28) Sverdlov, L. M.; Kovner,  . A.; Krainov, E. P. Vibrational Spectra
of Polyatomic Molecules·, Wiley: New York, 1974.
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LEED Patterns for Cg and Cg Hydrocarbons on Rh( 111) ^

Ethylene
C-C

Propylene

CeCsc

Propadlene

C=C=C

Methylacetylene

C=C-C

Acetylene
C=C

-(/3X/DR30

-(2X2) —

-0(4X2)

-(2X2)—*i*- -OXO- -0X1)-

-0X1)-

(2V3X2/3)

-(2X2)- • 0(4X2) -11XD-

-

< 1 X 1) - - (2X2)- - 0(4X2)   4-0X1)-

______+
UX-), *

> l
* t1x1)

C(4X2)*--*.

_l_ _i_tlX _I_i _i_
100 200 300 400

TEMPERATURE(K)

500

Figure 2. LEED patterns observed for the adsorption and thermal decomposition of the C2 and C3 unsaturated hydrocarbons on Rh(l 11). Solid dividing
lines indicate temperatures at which the HREEL spectrum changes. The dashed line indicates a change in LEED pattern as the surface hydrogen
desorbs as H2. (*) LEED pattern for 0CzH4

= 1/3. 25% of the C2H4 in this overlayer desorbs at 210 K to give 0C2H4 =1/4. (#) LEED pattern formed
by coadsorption of CO.

Figure 3. Surface vibrational spectra by HREELS in the specular di-
rection for a saturation coverage of propylene adsorbed on Rh(lll) at
100 K and warmed momentarily to the indicated temperatures.

pylene/Rh(l 11) structure with those taken at the same temper-
ature for the (2X2) ethylene/Rh(l 11) structure, which had been
previously determined to be a ethylidyne (CCH3) species. Further,
Koestner et al. observed, for large propylene exposures (>100
langmuirs), a (2V3X2V3)R30° LEED structure, which they
interpreted to result from the propylidyne methyl groups ordering

Kh( m > + ¡2/3 X 2/3 ) R30° C3H„ (cropylidyne ) + C(1

Figure 4. An atop view of the proposed (2V3X2V3)R30° propylidyne
+ CO structure. In the upper portion of the figure, the slashed circles
represent hydrogen atoms and the solid circles represent CO molecules;
van der Waals dimensions are shown. In the lower portion of the figure,
the hydrogen atoms are represented by small solid circles in order to
make more visible the Rh surface atoms and the carbon skeleton of the
propylidyne.

into a (2V3X2V3)R30° superlattice. We were able to reproduce
the (2V3X2V3)R30° LEED pattern more simply by coadsorbing
CO with the (2X2) propylene/Rh(l 11) structure. The C-O
stretching frequency of the CO in the (2V3X2V3)R30° structure
is 1750 cm"1, consistent with CO adsorption in the vacant hollow
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TABLE I: Vibrational Frequencies of A' Normal Modes in CCH2CH3 Species

approx normal-mode description0 ci3cch2ch3°
Rh(l 11)/C3H6,

240 K6
Pt(l 1 i)/c3h6,

310 K6
Pt( 111 )/C3H6,

300 K“ Co3(CO),(C3H5)'
<v(CH3) 2989 2930 2980
,s(CH2) 2944 2870 2920
"s(CH3) 2933
5,-(CH3) + 5s(CH2) 1455 1445 1435 1465 1450
js(ch2) 1430 1420
as(CH3) 1382 1385 1370 1370
ów(ch2) + v(cc) 1323 1290 1240 1295
p( ch3) 1107 1120 1105 1115 1155
r(CC) + p(CH3) + 5w(CH2) 1066 1055 1045 1055 1050

929 950 925 940 1040

“Reference 31. 6This work. “Reference 32. dReference 29.

Figure 5. Specular HREEL spectra of propylene adsorbed on Pt(lll)
at 310 K and on Rh(l 11) at 220 K to produce (2X2) LEED patterns.
These vibrational spectra are attributed to propylidyne (=CCH2CH3)
species on these surfaces and are assigned in Table I.

site present in the structure proposed by Koestner et al. for the
(2V3X2V3)R30° propylidyne structure. The proposed propy-
lidyne plus CO structure is shown in Figure 4.

Figure 3B shows the vibrational spectrum for a propylene
monolayer annealed to 220 K in order to form the (2X2) mon-

olayer. The vibrational spectrum for the (2V3X2V3)R306 CO
+ propylene structures is the same except for the added C-0
stretching mode. We have also taken the surface vibrational
spectrum for the (2X2) propylidyne overlayer on Pt(lll) to
compare with Rh(lll). A similar spectrum for propylene de-
composition on Pt(lll) has also recently been reported and as-

signed to propylidyne by Avery and Sheppard.29 Figure 5 shows
the vibrational spectra for the propylene-derived (2X2) monolayers
on Pt(111) and Rh(l 11). The spectra are indeed quite similar.
(The extra modes between 500 and 700 cm"* 1 on Rh(lll) are

probably the result of a condensed contaminant, since the spectrum
was taken at 77 K and since hydrocarbons do not generally have
modes in this frequency range.) The complexity of these spectra
prohibits a definitive assignment. However, as we show in Table
I, the vibrational spectra are consistent with propylidyne species.

In Table I, the first two columns list the measured IR fre-
quencies and approximate normal-mode descriptions determined
by a normal-mode analysis for 1,1,1-trichloropropane,31 a pro-
pylidyne species bonded to three chlorine atoms. Only frequencies
for modes of A' symmetry are listed, since only these modes will
show dipole activity for a surface propylidyne species having Cs
symmetry. The vibrational frequencies of 1,1,1 -trichloropropane
were chosen to predict the surface vibrational frequencies of

Figure 6. Comparison of the specular HREEL spectra for room tem-
perature decomposition of ethylene-d4 and propylene-d6 on Rh(l 11). The
vertical lines indicate the spectral differences. The C2D4 fragment is
ethylidyne (CCD3) and the C3D6 fragments are CCD3 and CAD species.

propylidyne, since an analogous comparison between the vibra-
tional spectra of gas-phase 1,1,1 -tribromoethane and surface
ethylidyne showed good agreement.10 Columns 3 and 4 of Table
I list the frequencies we have observed by HREELS for the (2X2)
propylene-derived monolayers on Pt(lll) and Rh(lll). Column
5 tabulates the frequencies observed by Avery and Sheppard for
propylene adsorbed on Pt(lll) at 300 K;29 they also assigned their
spectrum as propylidyne. Column 6 lists the IR frequencies
attributed to a propylidyne ligand in an organometallic tricobalt
cluster: Co3(CO)9(CCH2CH3).32

Qualitatively, the Rh(lll) frequencies are consistent with
propylidyne. Also, the relative intensities are similar to those for
propylidyne on Pt(lll) and to those for analogous modes in
1,1,1 -trichloropropane. We conclude, in agreement with Koestner
et al.,24 that propylene decomposes above 200 K on Rh(l 11) to
form propylidyne which bonds in a threefold hollow site like a

methyl-substituted ethylidyne.
Further chemical evidence supports the conclusion of a pro-

pylidyne species. The chemical evidence for propylidyne is based
on a comparison of propylene chemistry on Rh(lll) to ethylene
chemistry on Rh(lll) and to propylene chemistry on Pt(lll).
C2H4 adsorbed on Rh( 111) forms an ethylidyne species (CCH3)
above 200 K which “stands up” on the surface in a threefold hollow
site with the C-C bond perpendicular to the surface. Analogous
bond breaking and bond formation for propylene produces pro-
pylidyne. On Pt(lll), TDS33 and secondary ion mass spectrom-
etry34 results indicate that propylene forms propylidyne at the same

temperature at which ethylene decomposes to ethylidyne. Also,

(29) Avery, N. R.; Sheppard, N. Proc. R. Soc. London, Ser. A 1986, 405,
1.

(30) Mate, C, M.; Somorjat, G. A., submitted.
(31) Goursot-Leray, A.; Carles-Lorjou, M.; Pouzard, G.; Bodot, H.

Spectrochim. Acta, Part A 1973, 29A, 1497.

(32) Seyferth, D.; Rudie, C. N.; Merola, J. S. J. Org. Chem. 1978, 162,
89.

(33) Salmerón, M.; Somorjai, G. A. J. Phys. Chem. 1982, 86, 341.
(34) Ogle, K. M,; Creighton, J. R.; Akhter, S.; White, J. M. Surf. Sci.

1986, 169, 246.
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on both Pt(l 11) and Rh(l 11), propylidyne and ethylidyne form
(2X2) LEED patterns.

3.3.3. Propylene at 300 K. Figure 3C shows that, when an-
nealed to 300 K, propylidyne decomposes leaving a much simpler
vibrational spectrum. Several aspects of this vibrational spectrum
suggest that C-C bonds have broken and that propylidyne has
decomposed to ethylidyne plus C^H fragments.

First, the peak frequencies and relative intensities in the 300
K vibrational spectrum are quite similar to ethylidyne on Rh(l ll),4
Pt(lll),11 and Pd(lll).35 The only differences are extra peaks
at 730 and 3005 cm"1. This suggests that two species are produced
from propylidyne by C-C bond breaking: ethylidyne and another
hydrocarbon fragment.

Figure 6, A and B, compares the vibrational spectra of C2D4
and C3D6 adsorbed on Rh(lll) at 300 K. The C3D6 derived
spectrum has all the peaks in the C2D4 spectrum along with extra
peaks 575, 1455, and 2185 cm"1. The 575- and 2185-cm"1 peaks
are due to C-D vibrations, since they correspond to the 730- and
3005-cm"1 peaks in the undeuteriated spectrum shifted in fre-
quency by factors of 1.27 and 1.37, respectively. The 1452-cm"1
peak is probably a C-C stretching mode, unshifted upon deu-
teriation and obscured by the C-H bends in Figure 3C. The
presence of this C-C bond, in addition to that in ethylidyne (v(CC)
= 1155 cm"1), indicates that the 1-carbon species left when
propylidyne converts to ethylidyne must polymerize.

We propose that the other hydrocarbon fragment(s) for de-
composed propylene are CXH species. Such species, with vibra-
tional frequencies similar to those observed in Figures 3C and 6B,
were proposed for decomposed benzene on Rh(l 11).8 In that case,
the vibrational spectrum was assigned by comparison to that for
C2H ligands in organometallic clusters as ¿(CH) ~ 800, v(CH)
=s 3000, and y(CC) ~ 1400 cm"1. Consistent with this polym-
erization interpretation, we have observed that the relative intensity
and position of the 730-cm"1 (575 cm"1) modes vary some, de-
pending on whether the monolayer is formed by annealing from
77 to 300 K or by dosing propylene at 300 K.

For two reasons, we rule out the presence of a C3 hydrocarbon
species on Rh(lll) at 300 K having a vibrational spectrum re-

sembling that of ethylidyne. First, the C-C stretching frequencies
at 1130 cm"1 in Figure 3C and at 1155 cm"1 in Figure 6B are the
same as for CCH3 and CCD3; it is highly unlikely that a three-
carbon species would have the same C-C stretching frequency.

Second, the intense 1340-cm"1 peak and weak shoulder at 1430
cm"1 are characteristic of Ss and 5as CH3 vibrations excited by
dipole scattering for a methyl group with its symmetry axis close
to the surface normal. Such a geometry would be highly unlikely
for a C3 hydrocarbon chain with nearly tetrahedral bond angles.
Therefore, we conclude that propylidyne decomposes at room

temperature on Rh(l 11) by both C-H and C-C bond breaking
to form ethylidyne and CXH species.

3.3.4. Propylene above 450 K. By annealing to 450 K, all
vibrational features due to ethylidyne disappear, indicating that
the ethylidyne species decompose at this temperature. From 450
to 800 K, the surface vibrational spectrum undergoes subtle,
gradual changes, consistent with the broad H2 desorption tail in
the TDS over this temperature range. This behavior of the
HREELS and TDS above 450 K is characteristic of the thermal
decomposition on Rh(lll) of all the C2, C3, C4 hydrocarbons, and
benzene.8·22 In our previous report for benzene above 450 K on

Rh(l 11), we proposed that CXH species are present from 450 to
800 K on the surface.8 As the temperature increases above 450
K, these fragments dehydrogenate and polymerize to form longer
chains and, eventually, a graphitic overlayer. The spectrum of
decomposed propylene at 500 K, as shown in Figure 3D, illustrates
the general features in the vibrational spectra of these C*H
polymer species: intense C-H bending modes at 750-850 cm"1,
weak and broad C-C stretching modes at 1300-1500 cm"1, and
C-H stretching modes at 2950-3050 cm"1.

3.3.5. Methylacetylene and Propadiene below 270 K. As-
suming that propadiene and methylacetylene are molecularly

(35) Gates, J. A.; Kesmodel, L. L. Surf. Sci. 1983, 124, 68.

ENERGY LOSS (cm1)

Figure 7. Specular HREEL spectra for 10-langmuir exposures of (A)
propadiene at 77 K, (B) propadiene at 240 K, and (C) methylacetylene
at 240 K on Rh(l 11). Propadiene begins to decompose at 210 K while
methylacetylene does not decompose until 270 K on Rh(lll).
TABLE II: Comparison of the Vibrational Frequencies for Gas-Phase
Propadiene with Those for Propadiene Adsorbed on Rh(lll) and
Those for Gaseous 1,2,2,3-Tetrachloropropane

vibrational frequencies, cm'1

CH2CCH2/

mode0
sym-

metry6 CH2CCH2(g)c
Rh(lll),

77 Kd
CH2C1CC1
CH2Cl(g)‘

VCH3) e 3086 3020
vs(CH2) al 3015 2950 2986
v,(CH2) b2 3007
v(CC) b2 1957 \ 1076
KCC) al 1073

> -1400 998
CH2 seis al 1443 1423
CH2 seis b2 1398 )
CH2 rock e 999 975 938
CH2 twist bi 865 925 1209

1123
CH, wag e 841 735 938
¿(CCC) e 355

“Approximately normal-mode description for propadiene. 6For
gas-phase propadiene. “ Reference 36. d This work, Figure 7A.
'Reference 37.

adsorbed at 77 K, we find by taking HREEL spectra as a function
of temperature that propadiene, like propylene and ethylene, begins
to decompose on Rh(l 11) at ~200 K, while methylacetylene, like
acetylene, does not decompose until 270 K. Figure 7, A and C,
shows the vibrational spectra of propadiene at 100 K and me-

thylacetylene at 240 K, respectively. The methylacetylene
monolayer is ordered in a p(2X2) LEED pattern while the
propadiene monolayer is disordered. Figure 7B shows the HREEL
spectrum of a propadiene monolayer annealed to 240 K to form
a p(2x2) LEED structure.

The HREEL spectra for molecularly adsorbed propadiene and
methylacetylene shown in Figure 7, A and C, are interpreted by
comparison to the gas-phase infrared spectra for these molecules.
These frequencies are given in Tables II and III. Also included
in Table II are the vibrational frequencies for 1,2,2,3-tetra-
chloropropane,37 which was chosen to mimic di-  bonding of

(36) Shimanouchi, T. Natl. Stand. Ref. Data Ser., Natl. Bur. Stand. 1972,
No. 39.
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TABLE III: Comparison of the Vibrational Frequencies for
Gas-Phase Methylacetylene with Those for Molecularly Adsorbed
Methylacetylene on Rh(lll)

mode”
sym-

metry*

vibrational frequencies, cm"1

HCCCH3(g)“
HCCCH3/Rh(l 11),

T < 250 Kd

-(CH) al 3334
-»,(CH3) e 3008 2930
-,(CH3) at 2918
-(CC) Bl 2142 1115
-(CC) al 931
¿a,(CH3) e 1452 1445
5,(CH3) al 1381 1370
P(CH3) e 1053 1005
5(CH) e 633
¿(CCC) e 328

“ Approximate normal-mode description for gas-phase methyl-
acetylene. 6For gas-phase methylacetylene. “Reference 36. dThis
work, Figure 1C.

molecular propadiene to the surface. The vibrational frequencies
for adsorbed propadiene and methylacetylene are substantially
different from their gas-phase values, indicating distortion of the
chemisorbed molecules from their gas-phase geometries. In
particular, the CH stretching modes for both propadiene and
methylacetylene shift to lower frequency upon adsorption. This
is characteristic of rehybridization of the unsaturated C-C bonds
from sp or sp2 toward sp3 and is consistent with the CH stretching
frequencies given in Table II for 1,2,2,3-tetrachloropropane. The
C-C stretching modes either shift down in frequency upon ad-
sorption or are unobserved. Both situations are consistent with
bonding geometries in which the unsaturated C-C bonds lie ap-
proximately parallel to the surface. Note, however, that if both
C-C double bonds in propadiene lie parallel to the surface, then
one of the hydrogens will point directly at the metal, if the gas-
phase orientation of the hydrogens with respect to the double bonds
is maintained.

Warming propadiene monolayers above 200 K produces a

p(2X2) LEED pattern and the HREEL spectrum in Figure 7B.
This transformation temperature is too high to be the result of
desorption of multilayer propadiene, so the spectral differences
between parts A and B of Figure 7 are attributed to propadiene
decomposition at 200 K. The main differences between the 77
and 240 K spectra are the broader peaks and the increased in-
tensity of the modes at ~ 1400 cm"1 in the 240 K spectrum. This
spectrum for decomposed propadiene (Figure 7B) begins to re-
semble that for molecularly adsorbed methylacetylene in Figure
7C. However, other species with methyl groups [<5S(CH3) s 1350
cm"1, SJCHj) s 1450 cm"1] like CCCH3 or CCHCH3 could also
explain the enhanced intensity in the 1400-cm"1 region.

3.3.5. Methylacetylene and Propadiene above 270 K. Above
270 K, the hydrocarbon monolayers formed by methylacetylene
and propadiene adsorption are virtually identical with that formed
by propylene adsorption. Figure 8 shows the vibrational spectra
at 310 K for these hydrocarbon monolayers as well the one for
ethylidyne monolayer formed from ethylene adsorption. As noted
in the interpretation of the propylene decomposition spectra
(section 3.3.3), these spectra at 310 K are characteristic of
ethylidyne and CXH species. The ethylidyne species has modes
at 440, 1120, 1345, and 2865 cm"1. The CXH species have modes
at ~750, — 1350, and 3010 cm"1. When heated above 430 K,
the ethylidyne species decompose to C^H species, which dehy-
drogenate and polymerize to form graphitic carbon by 800 K.

3.3.6. Partially Deuteriated Propylene and Methylacetylene.
In order to gain more insight into which bonds break during the
decomposition of propylene and methylacetylene, we have studied
partially deuteriated propylene (CH2CHCD3) and methylacetylene
(DCCCH3) by TDS and HREELS. First, we discuss the thermal
desorption studies.

(37) Dempster, A. B.; Price, K.; Sheppard, N. Spectrochim. Acta, Part A
1971, 27A, 1579.

Figure 8. Comparison of the specular HREEL spectra for ethylene,
propylene, propadiene, and methylacetylene adsorbed on Rh(lll) at 310
K. The deuteriated analogue of the propylene spectrum is shown in
Figure 6B. At 310 K, all the C3 hydrocarbons have decomposed to the
same fragments (CCH3 and C,H) on Rh(lll).

The integrated area for the total TD spectrum and for the
individual peaks for masses 2, 3, and 4 are given in Table IV. The
absolute areas are normalized to the mass spectrometer sensitivity
for H2 by using the sensitivity factors SHJSÜ2 = 2.0 and VH2/SHD
= 1.5. The SHl/SOl factor was determined experimentally by using
H2 and D2; the SHJSHD factor was calculated by using the SHl/SDl
factor and comparing the total desorption yields of H2, HD, and
D2 from saturation doses of CH3CHCH2 and CD3CHCH2.

The H:D atom ratios for the individual peaks and for the
complete TD spectrum are given in the last column of Table IV.
When all peaks are summed, the relative amounts of H and D
correctly match the relative amounts in the parent hydrocarbons:
1:1 in C3H3D3 and 3:1 in D3H3D. However, the individual peaks
show quite different distributions, indicating that H,D exchange
does not completely scramble the H’s and D’s in the adsorbed
hydrocarbon fragments. With complete scrambling, each peak
in the TDS would have the same isotopic composition as the parent
molecule.
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TABLE IV: H2, HD, and D2 Desorption Peak Areas for C3H3D3 and C3H3D Thermal Decomposition on Rh(lll)
absolute amounts,6

dose
area(s)

integrated” h2

arb units

HD d2 h2
percentages

HD d2 H:D ratio1

6.0 langmuirs of C3H3D3 (propylene-3,3,3-d,) all peaks 5.6 8.4 7.5 26 39 35 H:D ~ 1:1

peak 1 3.8 3.3 1.2 45 40 15 H:D =* 2:1

peak 2 1.3 3.0 3.2 18 40 42 H:D ^ 1:2
peak 3 0.4 2.1 3.1 8 37 55 H:D =* 1:3

6.0 langmuir of C3H3D (methylacetylene--i·^) all peaks 14.1 8.6 1.8 58 35 7 H:D a- 3:1

peak 1 4.0 1.4 0.1 73 24 3 H:D ^ 6:1
peak 2 5.5 3.1 0.5 61 34 5 H:D =* 3:1
peak 3 4.5 4.1 1.2 46 42 12 H:D =* 2:1

0 Integrated areas of overlapping peaks were calculated by dropping a perpendicular from the minima between the overlapping peaks to the base
line. Peak 1 = ~ 270-390 K; peak 2 = ~ 390-440 K; peak 3 = ~ 440-800 K. 6 Amounts of HD and D have been converted to the same units as

H2 by using the sensitivitiy factors SHJSDi = 2.0 and Shj/Shd = 1.5 (see text.) Arbitrary units are different for C3H3D3 and C3H3D. cThe ratio
of H to D atoms on the surface that would produce the indicated percentage of H2, HD, and D2.

For C3H3D3, the first peak has more hydrogen and the second
and third peaks have more deuterium than expected for random
scrambling. Since the second and third TDS peaks result from
decomposition of hydrocarbon fragments, their H:D ratios indicate
the following H:D stoichiometry in these fragments: ~ 1:2 and
~ 1:3, respectively.38"40 For C3FI3D, the isotopic composition of
the first TDS peak corresponds to an H:D ratio on the surface
of 6:1. This clearly implies that C-H bond breaking below room

temperature occurs predominantly in the methyl group. The
hydrocarbon fragments that dehydrogenate to produce peak 2 have
a stoichiometry H:D s3:l, and the fragments responsible for peak
3 have an H:D stoichiometry of about 2:1.

It is interesting that, for each of the H:D ratios given in the
last column of Table IV, the relative amounts of H2, HD, and
D2 desorbing are equal to the expected amounts for random
recombinations of H and D atoms in a mixture of the indicated
H:D composition. For example, a 3:1 mixture of 200 H and D
atoms randomly assembled in pairs would produce H2, HD, and
D2 in the relative amounts of 56:38:6. This distribution is nearly
what is observed for each 3:1 ratio in Table IV and implies that
the H and D atoms equilibrate on the surface before desorbing.

The vibrational spectra for these partially deuteriated hydro-
carbons adsorbed below 270 K are too complex to assign and to
determine whether the alkane, alkene, or alkyne C-H bonds break
first. However, we can assign the simpler room temperature
vibrational spectra of these partially deuteriated fragments. These
spectra are due to partially deuteriated ethylidyne and CXH(D)
species and give insight into which C-C bonds break first.

Figure 9 shows the vibrational spectra for saturation coverages
of H2CCHCD3 and DCCCH3 adsorbed on Rh(lll) at 310 K.
We assign these spectra by comparison to published spectra of
partially deuteriated ethylidynes5 and of QH and CXD species8
on Rh(lll). For the methylacetylene decomposition (Figure 9A),
the peaks at 1330 cm"1 (5S(CH3)) and 1110 cm"1 (v(CC)) are
characteristic of a CCH3 species, while those at 1230 cm"1 (CH2
wag) and 1395 cm"1 (CH2 scissor) suggest a CCH2D species. The
580-cm"1 peak (5CD) characterizes a CXD fragment. There may
be a 5(CH) peak of a CXH fragment in the 735-815-cm"1 feature,
but this region also contains vibrations of the CCH2D species. We
conclude that the predominant ethylidyne species are CCH3 and
CCH2D and the other predominant fragment is CXD. This in-
terpretation of the vibrational spectra is consistent with the TDS
H:D stoichiometry of 3:1 in the 420 K ethylidyne decomposition
peak (Table IV). The presence of CCH3 species implies that the
gas-phase carbon-carbon triple bond is the C-C bond that breaks
first on the surface.

In the room temperature HREEL spectrum of decomposed
propylene-3,3,3-d3, shown in Figure 9B, the absence of the intense
1330-cm'1 (5S(CH3)) peak indicates that no detectable CCH3 is

(38) Palfi, S.; Lisowski, W.; Smutek, M.; Cerny, S. J. Catal. 1984,88, 300.
(39) Anson, C. E.; Keiller, B. T.; Oxton, I. A.; Powell, D. B.; Sheppard,

N. J. Chem. Soc., Chem. Commun. 1983, 470.
(40) This assumes that all hydrogens in the fragment are equivalent, which

is reasonable, since the surface fragments at these temperatures are CCH3
and C,H as discussed in section 3.3.

Figure 9. HREEL spectra for 10 langmuirs of DCCCH3 and 10 lang-
muirs of CH2CHCD3 decomposed on Rh(lll) at 310 K. The spectra
are due to partially deuteriated ethylidyne, C,H, and CJ3 species.

formed. The presence of the 1240-cm"1 (V(CH)) peak and ab-
sence of a CH2 scissor at ~ 1400 cm"1 means that the predominant
species here is CCD2H, consistent with the 1:2 = H:D TDS ratio
for the 420 K decomposition peak (Table IV). There may also
be a small amount of CCD3 (<5S(CD3) = 990 cm"1). This spectrum
with an expanded intensity scale shows that the 805-cm"1 (S(CH))
peak predominates over the 595-cm'1 (5(CD)) peak, so the other
fragment is predominately C*H. The lack of CCH3 and CCH2D
species suggests that it is the C-C bond closest to the surface that
breaks when propylidyne decomposes. This assumes that the
propylidyne still has most of the deuterium in its methyl group
when it decomposes.

4. Discussion
In the previous sections we have presented and interpreted our

results for propylene, methylacetylene, and propadiene bonding
and thermal decomposition on a Rh(l 11) single-crystal surface.
The surface species identified as a function of temperature are
summarized in Figure 10 and compared to previous results for
ethylene. Nearly 100% of the C3 hydrocarbons molecularly ad-
sorbed at 77 K on Rh(lll) dehydrogenate by these pathways.
The only competing thermal chemistry is a small percentage of
molecular desorption at high coverages. In this section we compare
these results for Rh(lll) to those published for Pt(lll) and
comment on the role of surface hydrogen atoms in the decom-
position pathways.

4.1. Comparison of Propylene Decomposition on Pt{lll) and
Rh(ll 1). As mentioned in the Introduction, Pt and Rh surfaces
produce very different product distributions in heterogeneous
hydrocarbon catalysis, and yet the thermal chemistry of ethylene
and benzene on the (111) crystal faces of these metals in UHV
is quite similar. Here, the published LEED,24·27 TDS,33
HREELS,29 and theoretical41 results for propylene on Pt(lll)

(41) Anderson, A. B.; Kang, D. B.; Kim. Y. J. Am. Chem. Soc. 1984, 106,
6597.
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Hydrocarbon Decomposition on Rh( 111)

Propadiene
H H 5
m-'c=c=c'-h —>
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Ethylene
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H
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Figure 10. Pathways for the thermal decomposition of ethylene, propylene, methylacetylene, and propadiene on Rh(lll). These decomposition
intermediates, determined by surface vibrational spectroscopy and thermal desorption studies, are stable in the indicated temperature ranges.

are compared with our results for Rh(lll).
Propylene adsorbs molecularly on both Pt (111) and Rh(l 11)

below 200 K. The vibrational spectra are, however, quite different
and indicate different degrees of rehybridization and possibly
different bonding sites. Judging from the frequency of the CH
stretching modes [2925 cm'1 on Pt(lll)29 and 2960 cm'1 on

Rh(lll)], the gas-phase propylene C-C double bond is more

rehybridized toward sp3 on Pt(lll). Analogous differences in the
bonding of ethylene to Rh(l 11) and Pt(lll) at low temperature
have been noted.4 Also, analogous to ethylene chemistry, more

propylene desorbs molecularly from Pt(lll) than from Rh(l 11).
On both Pt(l 11) and Rh(l 11), propylene decomposes to pro-

pylidyne. The temperatures at which CCH2CH3 forms [200 K
on Rh(lll) and 270 K on Pt(lll)] are the same as the tem-
peratures for C2H4 decomposition to CCH3 on these surfaces. The
HREEL spectra for CCH2CH3 on Pt(l 11) and Rh(l 11) are very
similar, indicating similar bonding at threefold hollow sites. By
contrast, molecular orbital calculations for propylene adsorption
and decomposition on Pt(lll)41 have suggested that the first stable
decomposition fragment would be a surface allyl (CH2CHCH2).
Probably, this species is not formed because, as is discussed in
the next section, surface hydrogen influences the decomposition
kinetics. We have noted elsewhere4 how surface hydrogen in C2H4
decomposition could lead to formation of CCH3 rather than the
CCH2 predicted by similar calculations.

The propylidyne decomposition products on Rh(l 11) and Pt-
(111) are entirely different—the first major difference reported
in the UHV chemistry of hydrocarbons on well-defined Pt and
Rh surfaces. On Rh(l 11), propylidyne decomposes at 270 K by
C-C bond breaking to give ethylidyne and C*H species. On
Pt(lll), propylidyne decomposes above 400 K producing an as

yet unassigned HREEL spectrum;29 however, no peaks in this
spectrum can be attributed to ethylidyne.

Interestingly, above 500 K the propylene decomposition products
on Pt(111) and Rh(l 11) are again the same. On both surfaces
a mixture of CH and C2H species forms at this temperature.
These species polymerize on both surfaces to graphitic carbon.

We find that methylacetylene decomposition shows similar
differences on Pt(lll) and Rh(lll): methylacetylene bonds
molecularly to both surfaces below 270 K, decomposes to very
different fragments at room temperature, but forms CXH frag-

Pt(111)

TEMPERATURE (K)

Figure 11. H2 thermal desorption spectra from Pt(lll) for (A) propylene
adsorbed at 200 K, (B) propylene adsorbed at 200 K and flashed to 470
K in 5 X 10-4 Torr of H2, (C) propylene adsorbed at 200 K and flashed
to 480 K in 5 X 10"4 Torr of H2, (D) propylene adsorbed at 200 K and
flashed to 470 K in UHV, and (E) ethylene adsorbed at 200 K. Vertical
lines indicate the decomposition temperatures of propylidyne (440 K) and
ethylidyne (520 K). These spectra suggest that propylidyne may de-
compose to ethylidyne on Pt(lll) when surface hydrogen is present.

ments on both surfaces above 500 K.42
4.2. Role of Surface Hydrogen in Propylidyne Decomposition.

An important question is “Why does propylidyne decompose by
different pathways on Pt(lll) and Rh(lll)?” In comparing the
two decompositions, the most obvious difference, at the decom-
position temperature, is the presence of surface hydrogen on

Rh(l 11) and its absence on Pt(l 11).

(42) Bent, B. E., unpublished results.
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Figure 12. The formal similarity between the reaction of methylacetylene
with a Rh(l 11) single-crystal surface in UHV and with a cobalt complex
in solution. In both cases two alkylidyne species are produced, and each
alkylidyne bonds to three metal atoms.

To test the effect of surface hydrogen on propylidyne decom-
position, we decomposed propylidyne on Pt(l 11) in the presence
of 5 X 10~4 Torr of H2.43 These experiments were carried out
in a chamber without HREEL spectroscopy, so the results were
monitored by TDS and are shown in Figure 11. Figure 11, A
and E, shows the TD spectra of saturation coverages of propylene
and ethylene. The 440 K peak in the propylene spectrum is due
to propylidyne decomposition, and the 520 K peak in the ethylene
spectrum is due to ethylidyne decomposition. Heating propylene
to 470 K in the presence of H2 might enable ethylidyne to form,
since ethylidyne is thermally stable at this temperature. As shown
in Figure 11, B and C, heating a propylidyne monolayer to 470
or 480 K in 5 X 10"4 Torr of H2 decreases the size of the pro-
pylidyne decomposition peak, and a new peak begins to form at
the ethylidyne decomposition temperature. Both of these peaks
are absent when a propylene monolayer is heated to 470 K in UHV
as shown in Figure 1 ID. This series of experiments supports that
surface hydrogen is instrumental in the conversion of propylidyne
to ethylidyne.

The role of surface hydrogen in conversion of propylidyne to
ethylidyne may be analogous to H,D exchange in ethylidyne on

Pt(lll) and Rh(lll). H,D exchange in ethylidyne on Rh(lll),
like the conversion of propylidyne to ethylidyne, was found to be
facile at room temperature,5 while on Pt(lll), this exchange, like
propylidyne decomposition, is immeasureably slow44 until tem-
peratures above the hydrogen desorption temperature.

Finally, we note a similarity between the reaction of methyl-
acetylene with Rh( 111) and with a cobalt complex in solution.45

(43) These experiments were performed by D. Godbey.
(44) Creighton, J. R.; Ogle, K. M.; White, J. M. Surf. Sci. 1984, 138,

LI 37.
(45) Fritch, J. R.; Vollhardt, K. P. C. Angew. Chem. 1980, 92. 570. An-

gew. Chem., Int. Ed. Engl. 1980, 19, 559.

The analogous reactions are shown in Figure 12. Both in solution
and on the surface the C-C triple bond in the alkyne is broken
and two alkylidyne fragments are formed. In solution the two

resulting alkylidynes bridge opposite faces of the trinuclear cobalt
cluster, and on the surface the alkylidynes bond in two threefold
hollow sites. Such an analogy between organometallic and surface
chemistry is intriguing, since many similarities in the bonding of
organic fragments in metal clusters and on metal surfaces have
been previously noted.

5. Conclusions
The major findings from our studies of the thermal decom-

position of propylene, propadiene, and methylacetylene on Rh(lll)
are summarized in Figure 10. The thermal fragmentation
chemistry of propylene shows both similarities and differences from
that for ethylene on Rh(l 11). Propylene decomposition to pro-
pylidyne on Rh( 111) occurs at the same temperature (200 K) that
ethylene decomposes to ethylidyne, and both ethylidyne and
propylidyne form (2X2) LEED patterns. However, propylidyne
decomposes at 270 K by C-C bond breaking, while ethylidyne
is stable up to 400 K. Surface hydrogen appears to be instrumental
in the decomposition of propylidyne to ethylidyne at 270 K.
Propylidyne is also produced in propylene decomposition on Pt-
(111), but surface hydrogen is absent at the propylidyne decom-
position temperature and ethylidyne is not produced in the de-
composition. Methylacetylene, like C2H2, forms a (2X2) LEED
pattern on Rh(l 11) at 77 K and does not decompose until 270
K. Unlike C2H2, whose C-C bond is intact up to 400 K, me-

thylacetylene breaks a C-C bond at 270 K. Lastly, the C3 hy-
drocarbons, like all hydrocarbons we have studied on Rh( 111),
produce C^H polymers above 500 K which dehydrogenate and
condense to graphitic carbon.
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