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Abstract

The influence of substituent effects and CO poisoning were examined during the hydrogenation/dehydrogenation of cycloalkenes (cyclohex
and 1- and 4-methylcyclohexene) on a Pt(111) single crystal. Reaction rates for both hydrogenation and dehydrogenation decreased when a rr
group was added to the cycloalkene ring. The location of a methyl group relative te=@Bel@uble bond was influential in the overall kinetics for
both reaction pathways. All cycloalkenes demonstrated “bend-over” Arrhenius behavior, after which rates for hydrogenation and dehydrogena
decreased with increasing temperature (inverse Arrhenius behavior). This is explained in terms of a change in surface coverage of the rea
cycloalkene. The potential importance of hydrogen effects is discussed. Introduction of CO in the Torr pressure range (0.015 Torr) led tc
decrease in turnover frequency and increase in apparent activation energy for both the hydrogenation and dehydrogenation of all cycloalke
Sum frequency generation (SFG) surface vibrational spectroscopy revealed that upon adsorption, the three cycloalkenes form a surface sp
with similar molecular structure. SFG results under reaction conditions in the presence of CO demonstrated that the cycloalkene coverag
low on a CO-saturated surface. Substituted cyclohexenes were more sensitive than cyclohexene to the presence of adsorbed CO, with |
increases in the apparent activation energy, especially in the case of dehydrogenation. A qualitative explanation for the changes in activity \
temperature and the increase in apparent activation energy for cycloalkene hydrogenation/dehydrogenation in the presence of CO is pres:
from a thermodynamic and kinetic perspective.
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1. Introduction the dehydrocyclization oi-alkanes to aromatics, an important

. : reaction in the catalytic-reforming procef8. Cyclohexene
Chemical reactions of cycloalkenes on metal surfaces hay, . . .
sH10) is one of most extensively studied cycloalkenes.

attracted considerable interest due to their importance in man .
P Cyclohexene adsorption on Pt(111) at low pressures

aspects of heterogeneous hydrocarbon conversion chemistyy =7 ) . : !
including hydrogenation, dehydrogenation, ring opening, an <107° Torr) has been studied using various surface-analytical

isomerization. The hydrogenation and dehydrogenation readgchniques, including thermal desorption spectroscopy (TDS)
tions of cycloalkenes have been widely used as a model sy$Z], bismuth postdosing TDS (BPTDSY,8], laser-induced
tem for fundamental studies of catalysis and a testing grounthermal desorption (LITDJ9], high-resolution electron energy
for new heterogeneous catalyfts5]. For some cycloalkenes, |0ss spectroscopy (HREEL$),10], and reflection absorption
their dehydrogenation reactions are considered a major step ifrared spectroscopy (RAIRg)1]. Cyclohexene exists in a
di-o form on Pt(111) at 100 K, converting te-allyl ¢-CgHg
* Corresponding author. Fax: +1 510 643 9668. at~200 K[8, 11} AJ.[ ~3?00 K, -allyl C-C?eHg converts to be.n.-
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high pressure (1.5 Torr) was also studied by sum frequencgnd 1-methylcyclohexene, but significantly greater for the de-
generation (SFG) vibrational spectroscdfy]. Various sur-  hydrogenation of 4-methylcyclohexene. In addition, SFG vibra-
face species were observed during the reactions in the rangienal studies were carried out to identify surface intermediates
of 303-483 K. On adsorption at 303 K, cyclohexene is dehy-during the hydrocarbon conversion reactions. Based on kinetic
drogenated to form 1,4-cyclohexadienglg). At 323 K, this  and SFG results, we discuss substituent and CO poisoning ef-
species converts to-allyl c-CgHg intermediate. At tempera- fects on cycloalkene hydrogenation/dehydrogenation reactions.
tures above 423 K, benzene coexists wigHg on the surface. A qualitative explanation for the changes in activity with tem-
Kinetic studies of cyclohexene hydrogenation/dehydrogenatioperature and the increase in apparent activation for cycloalkene
reactions on Pt(111) have also been repoji&ii4] hydrogenation/dehydrogenation in the presence of CO is dis-
In this study, substituent effects by methyl groups andcussed from a mechanistic standpoint.
poisoning effects of coadsorbed CO on the hydrogenation/
dehydrogenation reactions of cycloalkenes (cyclohexene and - Experimental
and 4-methylcyclohexenes) on Pt(111) were investigated. Sub-
stituent effects, concerning the chemical effect of functional

groups replacing hydrogen atoms on reactivity, can greatly in-Su?gcix?r?r;mﬁimhs_vﬁrsesﬁfé;:j?r;mt ﬁt‘vgcztﬁnli)HS;?SIS;/C)ry:ti
fluence activity and selectivity in catalytic reactiofi®—17] gn-p 9 Y

L : ; . . . tem. The HP/UHV system comprises a UHV chamber with a
The poisoning of catalysts, either intentionally or unintention- 10 . .
. . o base pressure of 4 107" Torr and a high-pressure cell in
ally, can have a dramatic effect on catalytic activity and selec- . : . .
tivity [18-21] which high-pressure catalysis studies were carried out. The
An example of intentional poisoning is the addition of sulfur HP cell was equipped with a reaction loop containing a re

. . . 8irculation pump and a septum for gas abstraction and gas
to platinum hydrocarbon conversion catalysts. Sulfur is addechromato raphy (GC) analysis. For GC measurements, a re-
to commercial naphtha-reforming catalysts (P#@d) to sup- graphy ysis. ’

press excessive hydrogenolysis. It is postulated that sulfur a&_lrculatlon pump constantly mixed the reactant and product

sorbs irreversibly to coordinatively unsaturated surface atomgasetS mfttr;]e HP ceIrI], and pe”Od'i_ sam:llllr:(g aItI_ow?d dmeasure-
or restructures the surfa¢#8]. A reaction in which products ments of the gas-phase composition. Inetic studies were

adsorbs very strongly to the catalyst surface and inhibits furthe‘?arrieOI out in 1.5 Torr cycloalkenes (cyclohexene and 1- and

turnover is an example of unintentional self-poisoning. Cata_4-methylcyclohexenes) and 15 Torg lih the presence or ab-

lyst poisons are often introduced to catalysts from feedstockacc® 0f 0.015 Torr_ CO in the temper_aFu_rg range 295-530 K.
containing a low level of the poison but a sufficient level to Reactions were typically run for 30 min; initial turnover rates

deactivate catalysts. Few studies have been conducted on tQéORS) were calculated from accumulation plotssifizz or

influence of CO poisoning on hydrocarbon conversion reac6H6 turnover number vs time).

tions [19-23] Adding CO in the Torr range during ethylene ForSFG experiments, a mode-locked 20-ps, 20-Hz Nd:YAG
hydrogenation led to a doubling of the apparent activation en'@Ser With a 25-mdpulse energy output at 1064 nm was used
ergy on Pt(111)21-23] whereas similar CO pressures had to generate a tunable infrared beam at 1300—-3200"camd

little influence on the apparent activation energy on Pt nanopaf Visible beam at 532 nm. The visible (200/pdise) and the
ticle arrays[23], but both catalysts exhibited a several orderinfrared (100 plpulse) beams were spatially and temporally

of magnitude decrease in activity. Damiani and Ha8,20] overlapped on the Pt(l;l) surface with incident angles 6f 55
used the hydrogenolysis of methylcyclopropane as a probe rél_nd 60, respe(_:t|_vely, with respect to surfgce normal. B_oth the
action to investigate the structure sensitivity of the deactivatioffrared and visible beams were p-polarized. As the infrared
of PUAL,O3 and PUTIQ catalysts by CO. They demonstrated beam is scanned over the frequency range of interest, the p-
that larger Pt particles supported onp@® were more sen- polarized sum frequency o_utput from the .Pt(lll) crystal was
sitive to CO poisoning than smaller particles, whereas,Ti0 collected by a photomultiplier and a gated integrator.
supported catalysts were more susceptible to CO poisoning than The theory of SFG for surface studies has been described in
the AlLOs supported catalysts regardless of Pt particle size. detail previously24-26] Briefly, SFG is a second-order non-
Kinetic studies were conducted to measure reaction ratgiear optical process in which an infrared laser beamatis
and apparent activation energies for the three cycloalkenez®mbined with a visible laser beamays to generate a sum
in the absence and presence of CO. Comparative studies begquency output absr = wir + wvis. This process is allowed
tween the three cycloalkenes demonstrated that the hydroger@Ply in @ medium without centrosymmetry under the electric
tion/dehydrogenation reaction rates were strongly affected bglipole approximation. Platinum bulk is centrosymmetric, and
the existence of a”q/| group and its proximity to the:C dou- its contribution to SFG is USUa”y negl|g|b|e ISOtrOpiC gases in
ble bond. Adding an alkyl group to the cycloalkene ring hadthe HP cell do not generate SFG; only the metal surface and
a significant effect on overall catalytic activity but little effect adsorbates on the surface can generate SFG under the electric
on the selectivity to either product. Both reactions were poidipole approximation. The SFG signdr, is related to the in-
soned by coadsorbed CO for all three cycloalkenes and led @dent visible {vis) and infrared (ir) beam intensities, and to
an increase in the apparent activation energy. The change in tifee second-order susceptibility of the medjé?), as
apparent activation energy due to CO poisoning were similar
for the hydrogenation and the dehydrogenation of cyclohexensF « 1x @1 Ivisir. (1)
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