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Structure-Reactivity Correlations in the Reactions of Hydrocarbons on Transition Metal Surfaces.
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Cyclooctatetraene to Benzene on a Platinum(111) Surface
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The adsorption and subsequent reactions of the Cs cyclic hydrocarbons cyclooctane (COA), cyclooctene (COE),
1,3-cyclooctadiene (1,3-COD), 1,5-cyclooctadiene (1,5-COD), and cyclooctatetraene (COT) have been studied
on a platinum(111) single crystal surface. On clean Pt(111), the majority of the adsorbed COA desorbs
molecularly, whereas all of the unsaturated hydrocarbons are dehydrogenated to COT and then converted to
benzene. In several cases, intermediates in the dehydrogenation pathway can be identified spectroscopically;
for example, COE is dehydrogenated to COT via the diene 1,3-COD. In all cases, whether added directly to
the surface or formed via dehydrogenation reactions, COT is bound to the surface initially in a tub-shaped »*
fashion and is converted to a planar n® structure at higher temperatures. The conversion of COT to benzene
follows thereafter. Co-adsorption experiments with COT and COT-d; indicate that the majority of the benzene
is formed via an intramolecular rearrangement and not by complete fragmentation of COT to acetylene followed
by cyclotrimerization. We propose that, at 475 K, COT undergoes ring contraction to form bicyclo[4.2.0]-
octa-1,3,5-triene (BOT). ‘The BOT is then transformed via a retro[2+2]cyclization to benzene, which desorbs,
and acetylene, which is dehydrogenated first to surface ethynyls and then to a surface carbon overlayer. The
reactions of these cyclic Cg hydrocarbons have also been studied in the presence of coadsorbed Hy: 1,5-COD
and 1,3-COD hydrogenate to COE and isomerize to a distribution of cyclooctadienes. Interestingly, COT and
COE neither react with coadsorbed H; nor undergo deuterium exchange with coadsorbed D,. Correlations

between the structures of these Cg cyclic hydrocarbons and the reactions they undergo are discussed.

Introduction

The catalytic transformation of hydrocarbons is unsurpassed
among chemical reactions in industrial importance owing to the
centrality of such processes in the efficient production of fossil
fuels, and it is well appreciated that metals such as platinum are
exceptionally effective in activating the C-H and C-C bonds of
organicmolecules.! Inordertounderstand the mechanistic details
of processes such as the hydrogenation, dehydrogenation, isomer-
ization, and cyclization of hydrocarbons, the interactions of small
organic molecules with platinum single crystals have been
intensively studied. Under ultrahigh vacuum (UHV) conditions,
molecules such as n-alkanes, alkenes, and alkynes react with the
surface predominantly via dissociative processes, of which
dehydrogenation is perhaps the most important. The end result
of these processes is either the formation of a stable molecule that
desorbs into the gas phase or the decomposition of the adsorbed
species to a carbonaceous overlayer. Perhaps the best-known
example of the former reaction channel is the facile dehydro-
genation of cyclic C¢ hydrocarbons such as cyclohexane, cyclo-
hexene, and cyclohexadienes to benzene on a Pt(111) surface.2®

We have become interested in whether cyclic hydrocarbons
with other ring sizes behave similarly or whether they exhibit
their own unique chemistry. Muetterties and co-workers reported
that the Cg cyclic hydrocarbons, cyclooctene (COE), 1,5-
cyclooctadiene (1,5-COD), and 1,3-cyclooctadiene (1,3-COD),
dehydrogenate on Pt(111)to formcyclooctatetraene. The product
was detected via displacement from the surface by PMe;. %10 A
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re-examination of these reactions revealed that, in the absence
of PMe;, thermal desorption of the surface-bound species resulted
principally in liberation of benzene.!* In this paper we present
a complete description of the mechanisms and energetics involved
in these intriguing reactions.

In addition to their relevance to catalytic hydrocarbon re-
forming, our findings also shed light on the fundamental steps
that may occur during the chemical vapor deposition (CVD) of
platinum thin films.!2!3 Although both gas-phase and surface
processes are responsible for the transformation of an organo-
metallic precursor into a pure metal film, the surface reactions
often are the most important. Since Cg cyclic alkenes, especially
1,5-cyclooctadiene, are commonly present in platinum CVD
precursors,!415 it is clearly of interest to study the reactivity of
such ligands on platinum surfaces.

Experimental Section

Mass spectrometric and Auger electron spectroscopic exper-
iments were performed in an ultrahigh vacuum apparatus equipped
with diffusion, ion, turbomolecular, and titanium sublimation
pumps. The base pressure in the system was 2 X 10-19 Torr. The
chamber was equipped with a cylindrical mirror analyzer for
Auger electron spectroscopy, an ion gun for sample cleaning, and
a VG Instruments SXP-300 quadrupole mass spectrometer for
temperature-programmed desorption/reaction experiments. The
mass spectrometer was differentially pumped (ion pump) and
isolated from the sample with a nickel molecular beam skimmer
(2-mm aperture) placed ~1 mm from the sample surface to
minimize the detection of desorption products from the sample
mount, Using thisdesign, theionizer of our spectrometer delivered
sub-picoamp currents to the crystal. The chemistries reported
therefore do not have their origin in electron beam induced
processes. Dosing was effected by backfilling the chamber
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through a variable leak valve. Corrections were not made for the
ion gauge sensitivity, and thus the doses cited (as langmuirs, 1
langmuir = 10-¢ Torrs) are only approximate. For all TPD
experiments the crystal was heated using a Varian style button
heateratarateof 6 K/s. Integrated desorption mass spectrometry
was performed using the protocol and setup of Dubois.!6
Background corrections were not performed on the IDM spectra
since control experiments revealed that over the mass range of
interest (45-120amu) the background signal was essentially zero.
The Pt surface was cleaned between each run by sputtering at
950 K with 1.5 kV Ar™ ions at a current of 15 mA for 12 min,
followed by annealing at 950 K for 8 min.

High-resolution electron energy loss spectroscopy!? and re-
flection—absorption infrared spectroscopy!® were performed in
two separate chambers, the details of which have been described
previously.

Reflection—absorption infrared spectra were acquired in a
separate UHV chamber using a Digilab FTS-60A spectrometer
in conjunction with a wide-band MCT detector, ~f/12 reflection
optics optimized at near grazing angles of incidence (84°). The
data were acquired at 4-cm-! resolution using an ~5-min
acquisition time. Spectra are reported as absorbance (-log[//
I}).

Cyclooctatetraene was a gift from BASF and was purified by
vacuum distillation. Cyclooctatetraene-ds was synthesized from
C,D; (CaC, + D,0) via a published procedure using Ni(acac),
as the cyclotetramerization catalyst.!® Research grade H,
(99.99%, Matheson) and D, (Linde) were used as received. All
other reagents were purchased from Aldrich and were degassed
by repeated freeze—pump—thaw cycles before use. The purities
of the hydrocarbons were verified both by gas chromatography
and by in situ mass spectrometry. The cyclooctene used (Aldrich)
had a stated purity of 85%; the remainder of the material was
principally cyclooctane.

—C—0n—

Results

Cyclic Cg hydrocarbons decompose on Pt(111) via reaction
mechanisms that involve many commonintermediates. Forclarity
of discussion, we describe each adsorbate separately and, in the
discussion, develop a more global mechanistic picture (summa-
rized in Scheme 1). Information about the reactions of cyclic Cq
hydrocarbons on platinum surfaces has been derived primarily
from high-resolution electron energy loss spectroscopy (HREELS),
temperature-programmed desorption studies (TPD), and inte-
grated desorption mass spectrometry (IDMS).16

Decomposition Reactions of Cyclooctatetraene on Pt(111).
When a Pt(111) single crystal is dosed at 105 K with COT and
then heated, several species desorb from the surface as shown by
the TPD traces for m/e = 2, 78, and 104 (Figure 1). Desorption
of COT from the multilayer (217 K) is first detected in the m/e
= 104 channel following a 5-langmuir dose at 100 K. At higher
coverages of COT, this feature continues to grow in intensity
while remaining at the same temperature. If this multilayer
desorption process is assumed to follow first-order kinetics (a
reasonable approximation for coverages at which the multilayer
desorption feature is first detected; we use this approximation
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Figure 1. Temperature-programmed reaction spectra for cyclooctatet-
raene (COT) on Pt(111). The m/e = 2 channel contains desorption
features for Hj, while m/e = 78 tracks desorption of benzene and COT
and m/e = 104 tracks COT.
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Figure 2. Integrated desorption mass spectra (IDMS) for a 7-langmuir
exposure of COT on Pt(111) at 105 K.

throughout the paper) and a typical value of 1013 s-! is taken for
the pre-exponential factor,? the activation energy for the
sublimation of COT is found to be ~13 kcal/mol. At this
saturation coverage, a small amount of cyclooctatetraene also
desorbs at 384 K; however, less than 3% of the COT bound to
the surface at this temperature participates in this process.?!
Instead, a significant fraction of the surface-bound COT is
converted to benzene, which can be detected by following the
m/e = 78 channel; some decomposition to surface-bound carbon
is also noted by AES (see below). When a Pt(111) single crystal
dosed with 2 langmuirs (~1/3 of a monolayer) of COT is heated,
benzene desorbs in two peaks centered at 470 and 495 K (see
Figure 1). As the coverage is increased, Ty, decreases steadily,
and at saturation coverages of COT (which also corresponds to
the coverage at which the amount of desorbing benzene saturates)
the principal benzene desorption feature occurs at 400 K (a
shoulder at 360 K is also noted). The identifications of the
desorbing species were rigorously confirmed by integrated
desorption mass spectrometry (IDMS) as shown in Figure 2.
Following a 7-langmuir dose of COT, IDMS reveals that COT
is the only species desorbing from the surface between 160 and
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Figure 3. Integrated desorption mass spectra (IDMS) for (a, bottom)
a 5 langmuir exposure of COT-dgs on Pt(111) at 105 K and collected over
the temperature range 400-500 K and (b, middle) a 5-langmuir exposure
of a 1:2.5 mixture of COT:COT-d;s on Pt(111) collected over the
temperature range 400-500 K. For comparison, spectra c (top) illustrates
the in situ mass spectrum of the mixture of COT/COT-dj that was used
in (b).

250 K, whereas benzene is the sole desorbing species between 410
and 550 K. There is no evidence of the desorption of any other
hydrocarbons (e.g., acetylene or ethylene) from the decomposition
of COT.

At COT coverages less than ~1/3 of a monolayer, decom-
position reactions predominate and the small amount of products
(presumably benzene) formed when the surface is heated remain
chemisorbed; at higher temperatures they decompose to form
surface carbon. Consistent with this proposal, we observe the
desorption of hydrogen in a broad set of peaks between 580 and
800 K;; afterward, surface carbon can be detected by AES. The
broad, high-temperature hydrogen desorption features (Figure
1) are reminiscent of those which are observed for the decom-
position of benzene on Pt(111).23 This temperature range is well
above that observed for the bimolecular recombinative desorption
of hydrogen (~370 K) ona Pt(111) surface,2¢ and thus the rate-
determining step in these high-temperature processes probably
involves the cleavage of C-H bonds. The activation energy for
this step can be estimated to be at least 37 kcal/mol (again
assuming a simple first-order rate law). Furthermore, because
benzene desorption is not correlated with desorption of H,
(benzene desorbs at lower temperature), C—H bond-breaking
processes are clearly not involved in the mechanism by which
COTisconverted tobenzene. Asweshallsee, the H; that desorbs
between 580 and 800 K results from the dehydrogenation of
surface-bound acetylene molecules.

At higher COT exposures, benzene desorption becomes
competitive with thermolytic decomposition, although carbon
deposition is still noted by AES. We find, for example, that the
amount of carbon left on the surface after heating a saturation
coverage of COT (i.e., 5 langmuirs) to 850 K (as determined by
Auger electron spectroscopy) corresponds to ~50% of a mono-
layer; 23 similar results were obtained for the other Cg hydrocarbons
studied with the exception of cyclooctane for which significantly
less carbon deposition was noted (see below). This is approxi-
mately the same amount of carbon generated by heating a
saturation coverage of smaller (Cs and Cg) cyclic hydrocar-
bons23:26-28 on Pt(111).

At least two broad classes of mechanisms can be envisaged for
the conversion of COT to benzene; these two classes may be
designated as intramolecular and intermolecular. For example,
the expulsion of two carbon atoms from the Cs ring would be an
intramolecular pathway, whereas the complete decyclization of
COT to acetylene followed by cyclotrimerization of acetylene to
benzene would potentially be an intermolecular pathway. Inorder
todistinguish between these two mechanisms, an isotopic crossover
experiment was performed in which a Pt(111) surface was dosed
with a 1:2.5 ratio of COT and deuterated COT at 120 K (the
sample of deuterated COT actually consisted of a 2:1 mixture of
COT-ds and COT-d7). Upon heating of the dosed crystal, TPD
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Figure 4. High-resolution electron energy loss spectra (a—e from bottom
to top) for a 10-langmuir exposure of cyclooctatetraene on Pt(111) at
100 K with the sample heated to the specified temperature.

and IDMS spectra were collected over the temperature range
400-500 K (Figure 3) where the desorbing product flux is
predominantly benzene.

If the reaction proceeds via a purely intramolecular mechanism,
the distribution of benzene isotopomers formed (dy:d:da:ds:d:
ds:ds) should be 33:0:0:0:0:17:50. If the reaction is purely
intermolecular, e.g., conversion of COT to acetylene followed by
cyclotrimerization of acetylene to benzene, the distribution of
benzene isotopomers should be very different: 4:2:21:7:38:6:23.
Experimentally, the desorbing benzene flux (Figure 3) consisted
of a mixture of isotopomers in the ratio 21:0:0:5:5:37:32. The
relatively large amount of benzene-dy and the relatively small
amounts of benzene-d; and benzene-d, clearly suggest that the
dominant reaction pathway is the intramolecular fragmentation
of COT to benzene. The observed distribution also suggests that
some H/D scrambling may be occurring and that there may be
some non-benzene-producing process that consumes CgHz more
rapidly than CgDg: the selectivity of the latter process could be
a consequence of a kinetic isotope effect.

Attempts to observe H/D scrambling by heating a Pt(111)
crystal dosed at 110 K with both H, and deuterated COT were
inconclusive: no scrambling is observed because the adsorbed
hydrogen desorbs from Pt(111) at temperatures below 350 K
and is thus not resident on the surface at 400-500 K, where COT
decomposes and benzene desorbs. Similar results were obtained
when the surface was dosed with D; and COT-dy. 1tis likely that
higher temperatures are necessary for isotopic exchange to occur.
Coadsorption experiments with C¢Hg and C¢DgonPt(111) showed
that there is a reasonably high probability of isotopic exchange
in this system at temperatures above 430 K.2

Structure of Cyclooctatetraene on Pt(111). In order to de-
termine the manner in which COT is bound to Pt(111), high-
resolution electron energy loss spectra were recorded as a function
of crystal temperature (Figure 4). Table 1 presents the locations
of the HREELS peaks, the IR spectrum of COT in solution,!?
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TABLE 1: High-Resolution Electron Energy Loss Data (cm-!) for Cyclooctatetraene Adsorbed on Pt(111)

CcoT CcoT COoT CoT COT COT benzene/
assignment (170K) (322K) (373K) (472K) (630K) (free) 8-COT Pt(111)

»(M-C) 480 488 480 480 695 360, 570
»(C=C) . 656
cis C-H wag 680 656 640 640 628, 667
ring distort 832 840 800 746
B(C-H) 888 888 840 900 830, 920
»(C-C) 1050 942
cis C-H asym rock free olefin 1202, 1221
ring vibration 1270 1240 1240 1180 1130
»(CC) 1320
cis C-H asym rock bound olefin 1330 1370 1360 1350 1380 1420
»(C=C) bound olefin 1450 1440
»(C=C) free olefin 1620 1660 1640 1635
»(C-H) 2980, 3030 3020 3000 2990 3110 2955, 3004 3000 3000

the IR spectrum of #3-COT bound to a thorium complex,? the
HREELS peaks for benzene adsorbed on Pt(111),3%and our mode
assignments. As can be seen from Figure 4a and Table 1, the
HREELS spectrum of a monolayer coverage of COT on Pt(111)
closely resembles the liquid-phase IR spectrum. However, due
mostly to the differences in resolution (IR = 2 cm!; HREELS
= 52 cm™!) there are fewer well-resolved peaks in the HREELS
spectrum.?!

The HREELS spectrum obtained upon dosing Pt(111) with
a saturation coverage of COT at 100 K, followed by heating the
crystal to 170 K, is shown in Figure 4a. This spectrum is
dominated by two low-frequency bands at 680 and 832 ¢m™!
which we assign to an out-of-plane C-H wagging vibration of an
unbound alkene group and a ring distortion mode, respectively.
The weak peak at 480 cm-! is assigned to a Pt—C stretch, thereby
indicating the presence of a chemisorbed molecule. Consistent
with this latter interpretation is a weak peak at 1330 cm~! which
we assign to a C-H bending vibration of a bound alkene group.
A weak peak at 1620 cm~! corresponding to the C=C stretch of
an unbound alkene is also present. The appearance of features
for both bound and unbound C=C double bonds is strong evidence
that the molecule adopts an #* tub-shaped geometry.

L ]

Also consistent with this conclusion is the appearance of two
resolved peaks in the C-H stretching region at 2980 and 3030
cm-! for bound and unbound alkene groups, respectively.

When the COT-dosed crystal is heated to 322 K, the spectrum
changes dramatically. Featuresdue totheunbound alkene groups,
such as the out-of-plane C-H wag at 680 cm!, drop significantly
inintensity (Figure 4b). Simultaneously, a new peak appears for
bound alkene groups: an out-of-plane C—H bending vibration at
656 cm-1. The C-H stretching region is also markedly different;
rather than the two features seen before, the intensity has merged
into a single large peak at ~3020 cm™. The ring distortion
mode (840 cm~!) has broadened substantially and shifted slightly
infrequency. Inaddition,anewlossat 1270 cm!is now observed.
When the crystal is heated to 373 K, these trends continue. The
ring distortion mode continues to drop in intensity, and a new loss
(888 cm-!) assigned to a C-H bend (a range typical for aromatic
molecules) appears (Figure 4c). The peaks at 1240 and 1360
cm-! become more intense and well-defined, the feature at 1440
cm-! disappears,and the peak due tothe C—H stretching vibrations
narrows considerably and shifts lower in frequency to 3000 cm-!.

These results are most consistent with changes occurring in
the way COT is bound to the surface, and we assign the 373 K
spectrum to an n8-bound COT molecule.

< =

Such a species would take up more room on the surface than an
n*-bound molecule, a fact which may account for the small amount
of COT that desorbs from a saturated Pt(111) surface at 384 K
in the TPD experiment. The 322 K spectrum is most probably
due to a mixture of both 7% and #® COT molecules on the surface.

Itisinteresting to compare the spectroscopic data for #8-bound
COT with that reported for nS-bound benzene on Pt(111).30 The
C-H stretching vibrations occur at essentially the same frequency;
however, the C-H bending vibrations are very different. Two
HREELS peaks are observed in this region for benzene, one for
rings bound to a single Pt atom and the other for rings interacting
with three Pt atoms (i.e., the center of the benzene ring is located
abovea three-fold hollowsite). Incontrast, only one C-H bending
vibration is observed for #8-bound COT; this suggests that all of
the 78-COT molecules are bound similarly to the surface.

Between 373 and 472 K, the HREELS spectrum measured
remains essentially constant (Figure 4d). Since the benzene
desorption rate reaches a maximum at 472 K (see Figure 1), this
latter result provides the strongest evidence that the desorption
kinetics of benzene is limited by the rate at which it is generated
from #8-COT.

Above 472K, there are significant differences in the HREELS
spectra. After the crystal has been heated to 630 K, the sole
species remaining on the surface are ethynyl groups (Figure 4e).
This conclusion is supported by the presence of features at 656,
840,and 3110cm! due to the C—C triple bond stretch, the ethynyl
C-H bending mode, and the C-H stretching vibration, respec-
tively. Surface-bound ethynyl has previously been shown to be
formed by the decomposition of a wide range of alkenes on
platinum and rhodium surfaces.?? Asnoted above, the exhaustive
decomposition of this layer leaves a partial monolayer of carbon
on the surface.

Decomposition Reactions of 1,5-Cyclooctadiene on Pt(111).
A Pt(111) surface was dosed with 7 langmuirs of 1,5-COD at
100 K and the volatile products monitored at m/e = 2, 78, 104,
and 108 (Figure 5). A saturation coverage of 1,5-COD corre-
sponds to a dose of 16 langmuirs, as shown by the appearance
of a multilayer desorption feature at 170 K in the m/e = 108
channel (parent peak for 1,5-COD). Using the kinetic model
described earlier, we estimate that this temperature corresponds
to an activation energy for the sublimation of 1,5-COD of ~10
kcal/mol. Atdosesabove 10langmuirs, a second weaker feature
at 250 K (probably due to partial desorption from the monolayer)
was also noted. IDMS data (not shown) confirmed that 1,5-
COD was the only species present in the desorbing flux at both
of these temperatures.

The broad, asymmetric peak at ~430 K in the m/e = 78
channel is assigned to desorption of both benzene and COT (m/e
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Figure 5. Temperature-programmed reaction spectra for a 7-langmuir
exposure of 1,5-cyclooctadiene (1,5-COD) on Pt(111) at 100 K. The
m/e = 2 channel contains desorption features for Hy; m/e = 78 tracks
desorption of benzene, COT, and 1,5-COD; m/e = 104 tracks COT and
1,5-COD; and m/e = 108 tracks 1,5-COD.

TTrT—r-T-7 T

Ty T T T

75% benzene 7 L 1,5-COD, 450 - 540 K
25% 1,5-COD

z

'S

c "

E A

2

g 40% COT 7 L 1,5-COD, 370 - 450 K

= 40% 1,5-COD

= 20% benzene

PR ! ! N I | | S |

50 60 70 80 90 100 110 120

m/e (amu)

Figure 6. Integrated desorption mass spectra (IDMS) for a 7-langmuir
exposure of 1,5-COD on Pt(111) at 105 K.

= 78 is the parent peak for benzene and is a principal cracking
fragment for COT). The desorption of COT alone, which can
be followed in the m/e = 104 channel (the parent peak for COT),
occurs at 390 K. These assignments are supported by the IDMS
spectra shown in Figure 6. As can be seen, the major desorption
product between 370and 450 K is COT and the major component
between 450 and 540 K is benzene. Thus, it appears likely that
COT (the dehydrogenation product of 1,5-COD) is an inter-
mediate in the conversion of 1,5-COD to benzene.

Consistent with the above interpretation is the appearance of
two desorption peaks for m/e = 2 at 295 K (desorption-limited
H, loss) and 396 K (Figure 5). This observation implies that
1,5-CODis dehydrogenated to COT in a stepwise fashion, possibly
via a cyclooctatriene intermediate. Significantly, we find that
hydrogen does not desorb during the evolution of benzene. At
temperatures well above the threshold for benzene desorption,
there are two additional H, desorption features (reminiscent of
those seen for COT, see above) that are due to thedehydrogenation
of the hydrocarbon species that remain bound to the surface. We
did not observe TPD features that could be assigned to the
desorption of either ethylene (m/e = 27) or acetylene (m/e = 26)
from the surface, nor could these species be detected by IDMS.

Structure of 1,5-Cyclooctadiene on Pt(111). The HREELS
spectra of 1,5-COD adsorbed on Pt(111) are shown as a function
of temperature in Figure 7. Table 2 presents a comparison of the
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Figure 7. High-resolution electron energy loss spectra (a—e from bottom
to top) for a 10-langmuir exposure of 1,5-cyclooctadiene on Pt(111) at
100 K with the sample heated to the specified temperature.

locations of the HREELS peaks with those in the IR spectrum
of neat 1,5-COD,3*3 along with our mode assignments.?> At
temperatures below 371 K, the spectra indicate that 1,5-COD
has not yet dehydrogenated completely. Onthe basis of arguments
similar to those presented above for COT, we believe a significant
fraction of the molecules are bound to the surface in an n*-fashion.
The mode assignments which lead to these conclusions are
summarized below,

The spectrum recorded at 170 K (Figure 7a) shows an intense
feature at 720 cm~! which we assign to a CHj; rocking vibration.
There are two apparent C-H stretching modes which, based on
their frequencies, are believed to be due to aliphatic C-H (2920
cm™!) and vinylic C-H (3020 ¢cm-!) groups. The remaining bands
are assigned to a CH, scissoring mode (1430 cm™!), an unbound
C==C stretch (1660 cm™!), and a CH, twisting vibration (1230
cm™!); these latter assignments correlate well with the IR spectrum
of neat 1,5-COD (Table 2). The HREELS peak at 432 cm! is
assigned to a Pt—C stretching vibration.

Upon heating the COD-dosed crystal to 170 K, which is above
the multilayer desorption temperature, the spectrum remains
essentially unchanged. However, above 320K, where significant
dehydrogenation of 1,5-cyclooctadiene occurs, corresponding
changesin the HREELS spectrum become apparent (Figure 7b).
The C-H bending mode at 720 cm~! has substantially decreased
in intensity, and a new peak at 880 cm~! becomes evident. This
latter feature, which is due to the C-H bending vibration of an
78-COT ligand (see above), develops further as the annealing
temperature is gradually raised to ~370 K.

The most striking feature of these data is that the spectra of
1,5-COD and COT on Pt(111) are virtually identical at tem-
peratures above 371 K. At this point, the species present on the
surface is an #8-bound COT as shown by the studies of COT on
Pt(111) described above. At higher temperatures, the #8-COT
ligand decomposes completely to give benzene (which desorbs by
540 K) and a surface ethynyl group (Figure 7c—e).
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TABLE 2: High-Resolution Electron Energy Loss Data for 1,5-Cyclooctadiene Adsorbed on Pt(111)

1,5-COD 1,5-COD 1,5-COD 1,5-COD 1,5-COD 1,5-COD 1,5-COD
assignment (170K) (320K) (371 K) (476 K) (630K) (free) (bound)
»(M-C) 432 496 480 480 400 480
ring deform 616 576 656 648 644, 702, 794
»(C=C) 656
CH,; rock 720 728 716
B(C-H) 880 880 888 848
y(C-C) + C-C-H 968 1010 998 1005
CH, twist 1230 1206 1178
ring vibration 1240 1240
CH; wag 1340 1423 1312
H-C==C-H antisym rock bound olefin 1350 1360
CH; scissors 1430 1450 1440 1390 1483
»(C=C) 1660 1658
»(C-H) 2920 2970 2980 3000 2980 2888, 2938 2958, 2939
»(C-H) 3020 3080 3090 3012 3010
TABLE 3: High-Resolution Electron Energy Loss Data for 1,3-Cyclooctadiene Adsorbed on Pt(111)
1,3-COD 1,3-COD 1,3-COD 1,3-COD 1,3-COD 1,3-COD
assignment (170K) (352K) (410K) (453K) (665 K) (free)
»(M-C) 496 488 480
ring deform 648 656 666
»(C=C) 656
CHj, rock 712 750
»C-C) + C-C-H 824 850
B(C-H) 888 880 880 840
»(C-C) + C-C-H 1000 930, 940
»(C-C) + CH; rock 1100 1060
ring breathing 1150 1160 1152
¥»(C-C) 1200 1160
CH; twist 1270 1270 1240
CH; wag 1350 1370 1370
CH; scissor 1460 1460 1430
ring vibration 1240 1250
H-C=C-H antisym rock bound olefin 1370 1360 1380
H-C==C-H antisym rock free olefin 1460
y(C=C) 1660 1670 1580 1720
»(C-H) 2970 2970 3000 3000 3090 3030, 2940, 2860
80% benzene
xS me = 108 71.1,3-COD, 360 - 525 K 10% COT
— 10% 1,5-COD
n 2
£ M me - 104 g
.g g . Y A
: =
g 7L1,3-COD, 150 - 230 K
E mostly 1,3-COD
me=78
_______.—/\-N -2 AJL A
2& 3!” "oo 5& 5‘00 7& B% L A FE BT L L | IS . | L ded
Temperature (K) 50 60 70 80 20 100 110 120

Figure 8. Temperature-programmed reaction spectra for a 7-langmuir
exposure of 1,3-cyclooctadiene (1,3-COD) on Pt(111) at 105 K. The
m/e = 2 channel contains desorption features for Hj; m/e = 78 tracks
the desorption of benzene, COT, and 1,3-COD; m/e = 104 tracks COT
and 1,3-COD, and m/e = 108 tracks 1,3-COD.

Decomposition Reactions of 1,3-Cyclooctadiene on Pt(111).
Figure 8 shows the TPD traces at m/e = 2, 78, 104, and 108
obtained upon heating a Pt(111) single crystal dosed with 7
langmuirs of 1,3-COD at 105 K. Multilayer desorption of 1,3-
COD occurs at 190 K (which corresponds to a heat of sublimation
of ~11 kcal/mol). The TPD peak in the m/e = 78 channel
(which records the desorption of both COT and benzene) is
locatedat the same temperature (430 K) as that observed when
the Pt(111) surface is dosed with 1,5-COD. However, the TPD
peak in the m/e = 104 channel (which records desorption of
COT alone) occurs at 415 K, which is 20 K higher in temperature

m/e (amu)

Figure 9. Integrated desorption mass spectra (IDMS) for a 7-langmuir
exposure of 1,3-COD on Pt(111) at 105 K.

than that seen for the desorption of COT from surfaces dosed
with 1,5-COD. The IDMS spectra (Figure 9) demonstrate that
COT and benzene desorb from the surface over the temperature
range 360-525 K. Self-hydrogenation products such as cy-
clooctene (m/e = 110) or cyclooctane (m/e = 112), which might
have been generated from the interaction of surface hydrogen
with 1,3-COD, were not detected.

The m/e = 2 channel reveals that there are two H, desorption
processes (388 and 424 K) that precede the desorption of benzene;
the latter process is, however, coincident with the desorption of
COT. Thissuggests that C—H bond activation processes are rate
limiting for the desorption of COT but not for the desorption of
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Figure 10. High-resolution electron energy loss spectra (a— from bottom
to top) for a 10-langmuir exposure of 1,3-cyclooctadiene on Pt(111) at
100 K with the sample heated to the specified temperature.

benzene. Inaccord with the behavior of COT and 1,5-COD, two
features at higher temperatures are also seen that are ascribable
to the dehydrogenation of adsorbed benzene and ethynyl groups
to a surface carbonaceous overlayer.

Structure of 1,3-Cyclooctadiene on Pt(111). The HREELS
spectra for a 7-langmuir dose of 1,3-COD on Pt(111) as a function
of temperature are presented in Figure 10. Peak positions, their
assignments, and the corresponding liquid phase IR data36 are
included in Table 3. Since many of the assignments follow
similarly from those aiready discussed for COT and 1,5-COD,
only a brief discussion is provided.?

The spectrum of 1,3-COD taken after the surface had been
heated to 170 K contains several features useful for determining
the adsorbate structure (Figure 10a). Only a single, albeit highly
asymmetric, peak is observed in the C-H stretching region, and
its frequency (2970 cm-!) is too low to be assigned to an olefinic
C-H stretch. Presumably all of the alkene functional groups are
bound to the surface, thereby decreasing the contribution to the
intensities of these modes due to dipolar scattering.’! Although
a small peak at 1660 cm~! can be assigned to a C=C stretch of
an unbound (or weakly bound) alkene group, this feature may
bedue tothe presence of a small amount of an adsorbed multilayer.
The remaining features in the HREELS spectrum can be assigned
in an analogous fashion to those for 1,5-COD recorded at the
same temperature.

Heating the sample to 352 K changes the spectrum only slightly
(Figure 10b). The most notable change is the growth of a peak
at 888 cm-!, which is assigned to the out-of-plane C-H wag of
an alkene group bound to the surface. In combination with the
continued presence of peaks for CH; stretching and bending
vibrations (which were described above), this provides good
evidence that the dehydrogenation of 1,3-COD has already
commenced. By 410 K, dehydrogenation has progressed even
further (Figure 10c). The C-H stretching vibration has shifted
to 3000 cm™!, a frequency consistent with the presence of olefinic
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Figure 11. Temperature-programmed reaction spectra for varying
exposures of cyclooctene (COE) on Pt(111) at 105 K. The m/e = 2
channel contains desorption features for Hz; m/e = 78 tracks COE, 1,3-
COD, COT, and benzene; m/e = 104 tracks desorption of COT; m/e =
108 tracks COE and 1,3-COD.

C-H bonds. In addition, the intensity for the CH; scissoring
vibration (1460 cm~!) has decreased dramatically. Twovibrations
are observed (648 cm-!, C-H ring deform; 1670 cm~!; C=C
stretching vibration) which indicate that at this temperature some
of the alkene groups are not surface-bound.

The spectrum taken after heating the crystal to 453 K clearly
indicates that 1,3-COD has converted completely to planar *-
COT ligands (Figure 10d). Interestingly, and in complete
agreement with the TPD data for 1,3-COD, the formation of this
species requires higher temperatures than that characteristic of
the formation of #3-COT from 1,5-COD or COT itself. This
suggests that the activation energy for dehydrogenation of 1,3-
COD is slightly larger than that for the dehydrogenation of 1,5-
COD.

Finally, at high temperature (~665 K), the HREELS spectrum
is once again consistent with the presence of surface-bound ethynyl
groups (Figure 10e).

Decomposition Reactions of Cyclooctene on Pt(111). Figure
11 shows the TPD traces inthe m/e =2, 78,104, and 108 channels
as a function of cyclooctene coverage. 3 For masses 78, 104, and
108, the spectra can be divided into two regions: desorption
features due to COE occur below 300 K, whereas desorption
features due exclusively to COE decomposition products occur
above 300 K. The formation of a multilayer (170 K desorption
temperature; E, = 10 kcal/mol) occurs at COE doses of 16
langmuirs or higher.38

When the COE-dosed crystal was heated, benzene desorption
could not be detected when the coverage was less than ~1/3 of
saturation. At low coverages, COE apparently is converted
completely to surface carbon. At higher COE coverages, the
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Figure 12. Integrated desorption mass spectra (IDMS) for a 7-langmuir
exposure of COE on Pt(111) at 105 K.
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m/e = 78 TPD trace shows that benzene forms and desorbs via
two mechanistically distinct pathways.?® One pathway is char-
acterized by a peak temperature for desorption (T.,) that
decreases from 405 to 395 K as the coverage increases; this
temperature is significantly below where COT desorbs (430 K
as seen in the m/e = 104 channel). The other pathway,
characterized by a peak temperature of ~440 K, becomes
important only at higher COE coverages (~1/2 of saturation).

Other hydrocarbons are also present in the desorbing flux. At
COE doses greater than 8 langmuirs, COT desorbs at 440 K, and
at saturation doses of COE (16 langmuirs) or greater, 1,3-COD
(m/e=108) desorbsat 415 K. The identities of these desorption
products were confirmed by IDMS (Figure 12).

The m/e =2 TPD (Figure 11) trace indicates that two distinct
dehydrogenation processes take place at temperatures below 400
K. We assign the first process (292 K) to the desorption-limited
loss of Hy from a Pt(111) surface. The Ty, for the second
desorption feature is coverage dependent and ranges from 355
K at2langmuirs to400 K at 8 langmuirs. Itshould be emphasized
that considerable H, is evolved even at low coverages, where
benzene does not yet desorb. This is in accord with the data
presented above, which suggest that COE dissociatively chemi-
sorbs at low coverages to form H, and surface carbon. Two
higher temperature H desorption features are also present.

Overall, the behavior of COE differs significantly from that
seenupon heating a Pt(111) crystal dosed with the other Cgalkenes
used in this study. Unlike the more unsaturated alkenes, COE
exhibits a coverage-dependent benzene desorption feature, which
can (at exposures above 10 langmuirs) appear at temperatures

lower than that observed for COT desorption. The reasons for

this unusual behavior are at present not thoroughly understood.

Behavior of Cyclooctane on Pt(111). Unlike the unsaturated
cyclic Cs compounds, cyclooctane (COA) was not converted to
benzene on Pt(111), at least as evidenced by the products that
desorbinto the gas phase. Instead, the major processes seen were
desorption of COA from the mulitilayer (165 K) and the monolayer
(250 K). These temperatures correspond to activation energies

The Journal of Physical Chemistry, Vol. 98, No. 11, 1994 2959

‘ 0.00002
@
5]
c
o]
£
o]
@
e}
<
1 1 PR O ]
2500 2600 2700 2800 2000 3000

Frequency (cm™)

Figure 13. Reflection—absorption infrared spectrum (RAIRS) for a
submonolayer exposure (§ ~ 1/3) of cyclooctane on Pt(111) at 132 K.

for desorption of 10 and 15 kcal/mol, respectively (see the kinetic
model discussed above). Some dissociative adsorption of COA
was noted, however, as evidenced by the recombinative desorption
of H, monitored in the m/e = 2 TPD spectra. Auger electron
spectroscopy indicates that the amount of carbon left on the surface
after heating a multilayer of COA to 800 K was approximately
1/3 of that detected for the other Cs alkenes.

Figure 13 shows the high-frequency region of the reflection—
absorption infrared spectrum (RAIRS) of a submonolayer
coverage (§ ~ 0.1) of cyclooctane on Pt(111). Although the
C-H stretching region is complex, some conclusions about the
nature of the interactions in the adsorbed layer can be drawn.
Besides the strong absorptions assignable to antisymmetric
(2950-2900 cm™) and symmetric (2900-2850 ¢m-!) C~-H
stretching vibrations,*4! a broad (FWHM ~ 70 cm-!) band
centered at 2730 cm! is seen. Sucha “soft mode” provides direct
evidence that the C-H bonds of COA are interacting strongly
with the platinum surface.

For comparison, the RAIR spectrum of cyclohexane on Pt(111)
contains a soft mode centered at 2600 cm! with a FWHM of
~300 cm1.42 The asymmetry of the peak in our spectrum is
believed to be a direct reflection of heterogeneous broadening
due to the bonding of COA molecules in a variety of environments.
The reactivity of hydrocarbons has been linked with the fre-
quencies of these soft modes, lower frequencies being correlated
with higher reactivity.414345 Though the spectra of COA and
cyclohexane differ significantly, it is unclear whether they exhibit
qualitatively different reactivity patterns on Pt(111). It is our
belief that the correlation of the frequencies and line shapes of
the soft modes with the reactivity of the adsorbate is qualitative,
at best.

Hydrogenation Reactions Catalyzed by Pt(111). Both 1,5-
COD and 1,3-COD react to a significant degree with surface-
bound hydrogen at temperatures below 220 K; however, these
reactions only occur when the diene is added to a surface pre-
covered with hydrogen and not vice versa. Whena Pt(111) surface
dosed successively with 10 langmuirs of H, and 7 langmuirs of
diene is heated, the dienes are isomerized and hydrogenated as
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Figure 14. Integrated desorption mass spectra (IDMS) collected over
the temperature range 130-300 K from Pt(111).

shown by the IDMS spectrum collected between 130 and 300 K
(Figure 14). Both dienes are isomerized to a nonequilibrium
mixture of 1,5-COD and 1,3-COD (i.e., the amounts of 1,5- and
1,3-COD present aredifferent, depending on the starting diene).46
Both dienes are hydrogenated to cyclooctene; cyclooctane is not
detected. Use of D; in place of H, results in the formation of
COE-d,.47 When 1,3-COD isomerizes to1,5-COD in the presence
of co-adsorbed deuterium, some of the 1,5-COD is deuterated;
a similar result is obtained for the isomerization of 1,5-COD to
1,3-COD.## These results suggest that some of the steps involved
in the hydrogenation of 1,3-COD and 1,5-COD to COE are
reversible and that the isomerization of one diene to the other
occurs via a COE (or cyclooctadienyl) intermediate.4®

Three pieces of evidence suggest that, for both 1,5-COD and
1,3-COD, the hydrogenation/isomerization reactions and the
benzene-forming reaction occurindependently. First, the absolute
yield of benzene in both cases is only marginally affected by the
presence of H,. Second, the benzene which is evolved during the
D,/diene experiments contains only minor amounts (<10%) of
deuterated isotopomers. Third, the amount of carbon which
remains on the surface after complete thermolysis of either diene
is not detectably affected by the presence of surface hydrogen.

Interestingly, we found that neither cyclooctatetraene nor
cyclooctene reacts with surface hydrogen which has been pre-
adsorbed onto Pt(111): the decomposition reactions of these
adsorbates proceed in typical fashion, and at higher coverages
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molecular species desorb without being hydrogenated or engaging
in H/D exchange.

Discussion

Structures of Cyclic Cs Alkenes Bound to Pt(111) at Low
Temperatures. Thespectroscopic data show that cyclic Cs alkenes
bind to platinum surfaces via their alkene groups. For 1,5-COD
and 1,3-COD, this conclusion is based upon the absence of peaks
in the HREELS spectra assignable to stretching vibrations of
unbound C=C bonds. Both COT and 1,5-COD adopt »* tub
structures at lower temperatures in which two alkene C==C double
bonds are coordinated to the platinum surface. This conclusion
is consistent with recent near-edge X-ray absorption fine structure
(NEXAFS) studies of COT adsorbed on Pt(111) at 210 K.#
Owing to the geometric constraints of the Pt(111) surface, the
two surface-bound alkene groups in COT and 1,5-COD must be
bound to different Pt atoms. The most likely binding modes as
judged by geometric arguments*are n2,72 (i.e., the alkene groups
are both located on top of Pt atoms) and #2,n!,5! (i.e., one alkene
group is on top of a Pt atom while the other bridges between two
Pt atoms). We believe it is likely that the conjugated diene,
1,3-COD, binds to the surface in a cis-2,52 fashion.

In molecular complexes, 1,5-COD generally binds to single
metal centersinan * tub-shaped geometry, 33345152 This binding
mode is also relatively common for COT-transition metal
complexes.’33¢ Cyclooctatetraene can also be bound in a planar
7® fashion to a single metal center (however, no such compounds
are known for the Pt group metals).555¢ Molecular complexes
of 1,3-COD also exist; in (1,3-COD)M(CO);, M = Fe, Ru, or
Os, the diene is bound to a single metal center in a cis-n4 fashion,%’

Dehydrogenation of Cyclic Cg Alkenes to Cyclooctatetraene at
Higher Temperatures. As judged from the HREELS and TPD
data, surface-bound Cjy alkenes (except COT) begin to dehy-
drogenate between 250 and 295 K. By ~430 K, this process is
complete and all of the alkenes have been converted to COT
(Scheme 1). It has been pointed out in related studies of other
alkenes that platinum surfaces selectively remove allylic hydro-
gens.1*5 This selectivity is also illustrated in our system by the
preferential conversion of COE to 1,3-COD and by the lower
temperature required to complete the dehydrogenation of 1,5-
COD (~400 K, eight allylic hydrogens) compared to 1,3-COD
(~430 K, four allylic and four non-allylic hydrogens). Cy-
clooctatriene, which may be an intermediate in the formation of
COT, was not present among the products desorbing into the gas
phase.

In contrast to the above results, thermolysis of a monolayer of
COA yields only cyclooctane and hydrogen as desorbing products.
Auger electron spectroscopy indicates that, relative to the alkenes,
significantly less carbon remains on the surface upon thermolysis
of a multilayer of cyclooctane. This result is not surprising since
for any adsorbed hydrocarbon there is a competition between
desorption and decomposition. Cyclooctane, because it does not
have any functional groups, is held to the surface only via van
der Waals contacts and agostic C~H«M interactions, as shown
by the soft C~H stretching mode centered at 2730 cm-!, The
alkenes, in contrast, are more strongly chemisorbed via their
w-systems.

Mechanism of the Conversion of Cyclooctatetraene to Benzene
on Pt(111). Although cyclooctatetraene initially binds to the
surfacein a tub-shaped n*fashion (see above), by 371 K it converts
to a planar 78 species. The activation barrier for this transfor-
mation is estimated to be ~23 kcal/mol.’® A neutral planar
COT molecule is antiaromatic (8 = electrons) and is well known
to be an unstable conformer. The stabilization of the »8-COT
intermediate thus necessitates significant perturbations of the
adsorbate electronic structure due to its bonding with the Pt
substrate. The simplest analogy with the known organometallic
planar complexes of COT would require the surface to donate
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two electrons into the LUMO of cyclooctatetraene to form the
aromatic 10 = electron COT dianion. The actual situation is
clearly more complex in view of the electronic interactions which
must be occurring (for example, the vibrational modes are only
weakly perturbed in the planar geometry). It does remain,
however, an instructive comparison. This same planar #8-COT
species is formed upon dehydrogenation of COE, 1,5-COD, and
1,3-COD. Ifoneassumesa high symmetry bonding arrangement,
the n8-COT ring is likely to interact with, at most, three Pt surface
atoms; a similar binding mode has been seen in the molecular
cluster compound (78-COT)Ni;(CO)3(CF;C=CCF;).%

The formation of the n3-COT intermediate is apparently a
necessary prerequisite for the subsequent conversion of COT to
benzene. The ring contraction reaction was shown to occur
intramolecularly: deuterium labeling studies clearly demonstrate
that the transformation does not take place via dissociation of
COT into four molecules of acetylene, which then cyclotrimerize
to form benzene.5%-62 Instead, we propose that the fragmentation
of COT to benzene occurs via a two-step process involving the
contraction of the cyclooctatetraene ring to form bicyclo[4.2.0]-
octa-1,3,5-triene (BOT), which then undergoes a retro{2+2]
cyclization to form benzene and acetylene (Scheme 1). This
sequence finds precedent in the thermal chemistry (700 K) and
photochemistry of COT, where isotopic labeling experiments
showed that COT decomposes to benzene and acetylene via
bicyclo[2.4.0]octa-1,3,5-triene (BOT).63%4 In addition, it is also
well-known that COT and BOT exist in equilibrium at room
temperature in solution (K of 10-6);55 an analogous surface-
mediated equilibrium appears to us as being an attractive
mechanistic feature in the reactions described here. Further
support for a surface-mediated pathway is provided by the
spontaneous conversion of 1,3,5,7-tetramethylcyclooctatetraene
and 1,3,5-cyclooctatriene to the corresponding [4.2.0] bicyclic
compounds when these molecules coordinate to a Fe(CO);
unit.86:67

Although a portion of the benzene formed from the decom-
position of BOT desorbs, the acetylene which is formed remains
onthe surfaceand is dehydrogenated to an ethynyl group (Scheme
1).68 The hydrogen generated by this process desorbs between
580and 600 K and can be seen in the m/e = 2 TPD traces. Above
600 K, the surface ethynyl and any other remaining organic
fragments undergo a final dehydrogenation step to form a layer
of surface carbon. Auger electron spectroscopy indicates that
heating a saturation coverage of any of the Cg alkenes to 800 K
leaves approximately 1/2 of a monolayer of carbon on the surface.
For comparison, a saturation coverage of benzene leaves 55% of
a monolayer of carbon on the surface.?

Hydrogenation and Isomerization of Cyclic Cs Alkenes on Pt-
(111). In the presence of co-adsorbed hydrogen, several of the
cyclic Cg alkenes can be hydrogenated and isomerized at
temperatures below 220 K. Under UHV conditions, such
reactions are rarely seen for alkenes coadsorbed on Pt(111) with
hydrogen, although it is known that ethylene can be hydrogenated
to ethane to some degree on this surface.®>"! Interestingly, only
some of the cyclic Cg alkenes studied react with surface hydrogen
(1,5-COD and 1,3-COD); COE and COT are neither hydroge-
nated nor isomerized under the same conditions. Evidently, COE
desorbs before it can be hydrogenated (suggesting a lower limit
to the barrier for the hydrogenation process of ~ 10 kcal/mol);
the inability of COT to react with adsorbed H; is less under-
standable.

These reactions are also very sensitive to the exact details of
the experimental procedures employed. Hydrogen must be
adsorbed prior to dosing the sample with the hydrocarbon
adsorbate; hydrogenation, isomerization, and isotope exchange
are not seen if the dosing order is reversed. An apparent
explanation suggests itself when one considers the kinetics which
typically characterize alkene hydrogenation on Pt catalysts.”’2 At
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higher pressures, the reaction velocity (as given by the power rate
law) is directly proportional to the hydrogen pressure and zero-
order in alkene pressure. This rate law implies that alkenes bind
strongly to the surface and, indeed, might even displace pre-
adsorbed hydrogen. This assumption provides the simplest
mechanistic rationale for the rate—structure sensitivities seen here.

Conclusions

On the basis of the data presented above, we propose the
mechanism for the transformation of cyclic Cs alkenes on Pt-
(111) surfaces shown in Scheme 1. The significant features of
this general mechanism are summarized below.

1. AllylicC-H bondsare preferentially activated by the surface
during the dehydrogenation process.

2. .Cyclic Cgalkenes are dehydrogenated to cyclooctatetraene,
which is then converted to benzene and acetylene. The benzene
is formed via an intramolecular process involving a bicyclo[4.2.0]-
octa-1,3,5-triene intermediate.

3. Theconversion of cyclooctatetraene from itsinitial ¢ binding
mode to a planar 5® state requires an activation energy of ~23
kcal/mol.

4. The formation of carbon during the thermolysis of cyclic
C; alkenes indicates that CVD precursors of the general type
(COD)PtL, will yield platinum thin films contaminated with
carbon unless the dehydrogenation and fragmentation reactions
can be interrupted or reversed (e.g., by addition of Hj).

Acknowledgment. Wethank the Department of Energy (Grant
DEFGO02-91ER45439) for support of this work and Melissa
Nelson for purification of the cyclooctatetraene. We also thank
Professor Andy Gewirth for the loan of a Pt(111) crystal.

References and Notes

(1) Somorjai, G. A. Chemistry in Two Dimensions. Surfaces; Cornell
University Press: Ithaca, 1981; Chapter 9.
(2) Tsai, M.-C.; Friend, C. M.; Muetterties, E. L. J. Am. Chem. Soc.
1982, 104, 2539-2543,
(3) Bussell, M. E;; Henn, F. C.; Campbell, C. T. J. Phys. Chem. 1992,
96, 5978-5982.
(4) Henn, F. C.; Diaz, A. L.; Bussell, M. E.; Hugenschmidt, M. B.;
Domagala, M. E.; Campbell, C. T. J. Phys. Chem. 1992, 96, 5965-5974.
(5) Hugenschmidt, M. B,; Diaz, A. L.; Campbell, C. T. J. Phys. Chem.
1992, 96, 5974-5978.
(6) Land, D. P.; Erley, W.; Ibach, H. Surf. Sci. 1993, 289, 237-246.
(7) Xu, C.; Koel, B. E. Surf. Sci. 1993, 292, L803-L809.
(8) Parker, D. H.; Pettiette-Hall, C. L.; Li, Y. Z.; Mclver, R. T., Jr,;
Hemminger, J. C. J. Phys. Chem. 1992, 96, 1888-1894,
(9) Tsai,M.-C.;Stein, J.; Friend, C. M.; Muetterties, E. L. J. Am. Chem.
Soc. 1982, 104, 3533-3534,
(10) Muetterties, E. L. Pure Appl. Chem. 1982, 54, 83-96.
(11) Hostetler, M. J.; Dubois, L. H.; Nuzzo, R. G.; Girolami, G.S.J. Am.
Chem. Soc. 1993, 115, 2044-2046.
(12) Lee, T. R.; Whitesides, G. M. J. Am. Chem. Soc. 1991, 113, 2576~
2585.

(13) Whitesides, G. M.; Lee, T. R. Acc. Chem. Res. 1992, 25, 266-272.

(14) Bickley, D. G.; Hill, R. H.; Horvath, C. L. J. Photochem. Photobiol.-
A-Chem. 1992, 67, 181-186.

(15) Dryden, N. H.; Kumar, R.; Ou, E.; Rashidi, M.; Roy, S.; Norton, P.
R.; Puddephatt, R. J; Scott, J. D. Chem. Mater. 1991, 3, 677-685.

(16) The structures of the desorbing products were determined by
comparing the mass spectra recorded by IDMS with that from an authentic
sample. Dubois, L. H. Rev. Sci. Instrum. 1989, 60, 410-413.

(17) Dubois, L. H.; Nuzzo, R. G. Langmuir 1988, 1, 663-669.

(18) Wiegand, B. C.; Lohokare, S. P.; Nuzzo, R. G. J. Phys. Chem. 1993,
97, 11553-11562.

(19) Lippincott, E. R.; Lord, R. C.; McDonald, R. S. J. Am. Chem. Soc.
1951, 73, 3370-3385.

(20) Redhead, P. A. Vacuum 1962, 12, 203-211.

(21) For our mass spectrometer, the ratio of m/e = 78 to m/e = 104 for
COT is 0.2 and the ratio of the cross section of benzene to that of COT is ~0.8
(see ref 37). Thus the contribution from COT to the m/e = 78 spectra (note
the difference in the intensity scales) is insignificant.



2962 The Journal of Physical Chemistry, Vol. 98, No. 11, 1994

(22) For mass spectra of all of the Cg and Cg hydrocarbons, see Atlas of
Mass Spectral Data; Stenhagen, E.; Abrahamsson, S.; McLafferty, F. W.,
Ed.; Interscience: New York, 1969; Vol. 1.

(23) Campbell, J. M.; Seimanides, S.; Campbell, C. T. J. Phys. Chem.
1989, 93, 815-826. .

(24) Somorjai, G. A. Chemistry in Two Dimensions: Surfaces; Cornell
University Press: Ithaca, 1981; p 288.

(25) We had previously (ref 11) based our Auger results upon literature
data which has since been superseded. Using the most recent AES sensitivity
factors (ref 28) to determine the amount of carbon on a Pt(111) surface gives
the results included in this report. We would like to thank one of the referees
for pointing out this error.

(26) Henn, F. C.; Dalton, P. J.; Campbell, C. T. J. Phys. Chem. 1989, 93,
836-846.

(27) Rodriguez, J. A.; Campbell, C. T. J. Catal. 1989, 115, 500-520.

(28) Rodriguez, J. A.; Campbell, C. T.J. Phys. Chem. 1989, 93, 826-835.

(29) Maslowsky, E., Jr. Vibrational Spectra of Organometallic Com-
pounds; John Wiley & Sons: New York, 1977; p 528.

(30) Lehwald, S.; Ibach, H.; Demuth, J. Surf. Sci. 1978, 78, 577-590.

(31) Ibach,H.;Mills,D.L. Electron Energy Loss Spectroscopy and Surface
Vibrations; Academic Press: New York, 1982,

(32) Bent, B. E. Ph.D. Thesis, University of California, Berkeley, 1986.

(33) Hendra, P. J.; Powell, D. B. Spectrochim. Acta 1961, 17, 913-916.

(34) Powell, D. B; Leedham, T. J. Spectrochim. Acta 1972, 284, 337~
341.

(35) The HREEL peak assignments were based upon analogous assign-
ments for cyclohexene and 1,3-cyclohexadiene in refs 3-5.

(36) CRC Handbook of Data on Organic Compounds; 2nd ed.; West, R.
G., Grasselli, J. G., Eds.; CRC Press: Boca Raton, FL, 1989; Vol. 3, p 1688.

(37) Doses were not corrected for ion gauge sensitivity; however, a good
approximation for the actual dose is to take 1/8 of the reported dose, see:
Fitch, W. L.; Saufer, A. D. Anal. Chem. 1983, 55, 832-835.

(38) The desorption of COE from the Pt(111) surface as a function of
coverage is actually relatively complex. Trace amounts of COE desorb even
at doses of 8 langmuirs, or 1/2 of a saturation coverage as shown by the
presence of a very small feature centered at 255 K in the m/e = 78 and 108
TPDtraces. Atacoverageof ~2/3 monolayer, the main monolayer desorption
process begins at a slightly higher temperature (285 K); this peak continues
to grow as the coverage is increased. Finally, at a saturation coverage, a
low-temperature shoulder (255 K, likely due to desorption of cyclooctane; see

Experimental Section) becomes apparent on the main monolayer desorption
k. .

(39) A similar pattern for benzene desorption (in which the monoalkene
displays behavior different from that of the diene, triene, etc.) has also been
observed for the C; series of cyclic alkenes: Hostetler, M. J.; Girolami, G.
S.; Nuzzo, R. G., manuscript in preparation.

(40) Madey, T. E.; Yates, J. T., Jr. Surf. Sci. 1978, 76, 397-414.

(41) Hoffmann, F. M.; Upton, T. H. J. Phys. Chem. 1984, 88, 62096212,

(42) Chesters, M. A.; Gardner, P. Spectrochim. Acta 1990, 464, 1011-
1015.

(43) Demuth, J. E.; Ibach, H.; Lehwald, S. Phys. Rev. Lett. 1978, 40,
1044-1047.

(44) Persson, B. N. J.; Ryberg, R. Phys. Rev. Lett. 1982, 48, 549-552.

(45) Raval, R.; Chesters, M. A, Surface Sci. 1989, 219, L506-L514.

(46) Itislikelythat 1,4-CODisalsoformed, but this could not be confirmed
since we lacked an authentic sample for comparison.

4 (47)dMoleculu containing more than two deuterium atoms were not
etected.

Hostetler et al.

(48) Integrated desorption mass spectrometry clearly reveals a shift in the
parent peak of COE from m/e = 110 to m/e = 112. In addition, the parent
peaks for 1,5-COD and 1,3-COD were shifted from m/e = 108 to m/e = 110,
Because the peak patterns for these three molecules in this region (M+, M+
-1, etc.) are distinct, it is relatively straightforward to identify the extent of
deuteration in each species.

(49) Hitchcock, A. P.; Newbury, D. C,; Ishii, I; Stohr, J.; Horsley, J. A.;
‘ltisegzwing, R. D.; Johnson, A. L.; Sette, F. J. Chem. Phys. 1986, 85, 4849—

(50) Wemade the following four assumptions when deriving binding modes
for the alkenes on the Pt(111) surface: (1) the hexagonal surface structure
of Pt(111) does not reconstruct upon alkene binding, (2) adsorption proceeds
S0 as to maximize the occupation of high symmetry sites, (3) a random
distribution of binding modes does not exist, and (4) the alkene would bind
to either an atop or a two-fold bridging site.

(51) Smart, L. E.; Browning, J.; Green, M.; Laguna, A.; Spencer, J. L.;
Stone, F. G. A. J. Chem. Soc., Dalton Trans. 1977, 1777-1785.

(52) Wertz, D. W.; Moseley, M. A. Inorg. Chem. 1980, 19, 705-708.

(53) Fritz, H.P.; Sellmann, D. Spectrochim. Acta 1967, 234, 1991-1998.

(54) Kistner, C. R.; Hutchinson, J. H.; Doyle, J. R.; Storlie, J. C. Inorg.
Chem. 1963, 2, 1255-1261.

(55) Dietrich, H.; Soltwisch, M. Angew. Chem., Int. Ed. Engl. 1969, 8,
765.

(56) Hodgson, K. O.; Mares, F.; Starks, D. F.; Streitwieser, A. J., Jr. J.
Am. Chem. Soc. 1973, 95, 8650-8658.

(57) Deeming, A. J.; Ullah, S. S.; Domingos, A. J. P.; Johnson, B. F. G.;
Lewis, J. J. Chem. Soc., Dalton Trans, 1974, 2093-2104,

(58) This estimate assumes that the reaction follows a first-order rate law
and the pre-exponential factor has a value of 1013 51,

(59) Davidson, J. L.; Green, M.; Stone, F. G. A.; Welch, A. J. J. Chem.
Soc., Dalton Trans. 1979, 506~514.

(60) Lambert, R. M.; Ormerod, R. M. Mater. Chem. Phys. 1991, 29,105,

(61) However, this reaction has been reported to occur on alumina-
supported platinum, see: Lambregts, M. J.; Munson, E. J.; Kheir, A, A;;
Haw, J. F. J. Am. Chem. Soc. 1992, 114, 6875-6879.

755(62) Xu, C.; Peck, J. W.; Koel, B. E. J. Am. Chem. Soc. 1993, 15, 751~

(63) Dudek, D.; Glanzer, K.; Troe, J. Ber. Bunsenges. Phys. Chem. 1979,
83, 776-778.

(64) Yu, F; Youngs, F.; Bersohn, R.; Turro, N. J. J. Phys. Chem. 1985,
89, 4409-4412,

(65) Huisgen, R.; Mietzch, F. Angew. Chem., Int, Ed. Engl. 1964, 3, 83.

(66) Cotton, F. A.; Musco, A. J.J. Am. Chem. Soc. 1968, 90, 14441448,

(67) Brookhart, M.; Lippman, N. M.; Reardon, E. J., Jr. J. Organomet.
Chem. 1973, 54, 247-253.

(68) Kesmodel, L.; Dubois, L. H.; Somorjai, G. A. J. Chem. Phys. 1979,
70, 2180-2188, and references therein.

(69) Berlowitz, P.; Megiris, D.; Butt, J. B.; Kung, H. H. Langmuir 1985,
1, 206-212,

(70) Godbey, D.; Zaera, F.; Yeates, R.; Somorjai, G. A. Surf. Sci. 1986,
167, 150-166.

(71) Wieckowski, A.; Rosasco, S. D.; Salaita, G. N.; Hubbard, A.; Bent,
B. E.; Zaera, F.; Godbey, D.; Somorjai, G. A. J. Am. Chem. Soc. 1988, 107,
5910-5920.

(72) Bond, G.C. Catalysis by Metals; Academic Press: New York, 1962;
Chapter 11.



