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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.-
E-mail addressessomorjai@berkeley.edu zene. Further heating induces desorption and decomposition of
somorjai@socrates.berkeley.e@LA. Somorjai). benzend8,9,11] Cyclohexene surface reactions on Pt(111) at
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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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Near resonance with vibrational modes of the adsorbates, thmirface coverage of adsorbed cycloalkene species due to unfa-

second-order susceptibility® is given by vorable adsorption thermodynamics. Maximum catalytic activ-
A ity increases in the order 1-methylcyclohexend-methylcy-
X7 =XNR+ Z R —w KL (2)  clohexene< cyclohexene. For example, at standard conditions
g YRT @i of 1.5 Torr cycloalkene, 15 Torr Hand 390 K, the cycloalkene

Whel’eXNR is the nonresonance contribution aﬂg7 wg, and hydrogenation rate is 7.0 mo-lecules 3&8_1 for CyCIOhexene
I, denote the vibrational mode strength, resonant frequencind 3.6 and 0.73 molecules sites™ for 1- and 4-methylcyclo-
and line width of thegth vibrational mode, respectively. The hexene, respectively. This trend is explained by steric hindrance
nonresonance contributiogyr, originates from the metal sur- ©f the methyl group on the cycloalkene and its proximity to the
face and is usually independent of the frequency of the infraregouble bond.
laser beam. In contrast, the second term is significantly en- TORs for hydrogenation and dehydrogenation of the three
hanced when the frequency of the infrared laser beam is ifycloalkenes were significantly reduced in the presence of CO
resonance with a vibrational mode of the adsorbates. The vibrdEig. 1). For hydrogenation, the temperatures corresponding to
tional mode strengthd,, is proportional to the surface density maximum activities shifted from-400 to ~460 K, and max-
of the adsorbates, and infrared and Raman transition cros§hum activities (or TORs) were reduced by 60-85% in the
sections of theith vibrational mode. presence of CO. For dehydrogenation, the temperatures corre-
To analyze the SFG spectrum, the SFG sigha, was first sponding to maximum activity shifted from450 to~510 K,
normalized to the intensity/g) of the incident infrared beam and maximum activities were reduced by 18-30% in the pres-
on the surface. This is necessary because gas molecules in #ece of CO. Atlow temperatures, the rate of both hydrogenation
HP cell absorb some portion of the incident infrared beam@nd dehydrogenation behave in an Arrhenius fashion. Arrhenius
to which Isg is linearly proportional, as described in Eg).  Plots for both cycloalkene hydrogenation and dehydrogenation
Detailed descriptions of the HP/UHV system and SFG mealn the presence and absence of CO are showign2 The
surement have been provided previogly,28] apparent activation energies for both reactions are compiled in
The Pt(111) crystal was cleaned by sputtering with Aans ~ Table 1 The quantityA Eapp is defined as the difference in ap-
(1 keV), heating at 900 K in the presence of&5L0~7 Torr  parent activation energy in the presence and absence of CO, or
O, for 2 min, then annealing at 1200 K in UHV for 2 min. AEapp= Eapp (With CO) — Eapp (Without CO). In the absence
After a few cycles of cleaning, the Pt(111) crystal was transOf CO, Eapps for the hydrogenation are 3.7-8.6 kcal mb
ferred to the HP cell for SFG or GC measurements. The Pt(11yhereasEqp, for dehydrogenation are 15.2-19.7 kcal mol
surface was routinely checked by Auger electron spectroscopyhe presence of CO increasésp, by 6.0-14.8 kcal mot'.
(AES) for cleanliness. Cyclohexene, 1-methylcyclohexene, anffor cyclohexeneA Eqpp (7.5 kcal mot ) for hydrogenation is
4-methylcyclohexenex99.5%, Aldrich) were purified by sev- almost identical toA Eapp (6.9 kcal mot™?) for dehydrogena-
eral freeze—pump-thaw cycles before being introduced into thon within experimental uncertainties. The similarity between

HP cell. A Egpps for hydrogenation and dehydrogenation holds in the
case of 1-methylcyclohexene (9.4 and 8.1 kcalmhpfespec-
3. Resultsand analysis tively). In contrast, 4-methylcyclohexene shows a noticeable

difference in A Eapp for the hydrogenation and the dehydro-
3.1. Kinetic study of cycloalkene (cyclohexene and 1-and ~ genation (6.0 and 14.8 kcal mdi, respectively). The reason
4-methylcyclohexenes) hydrogenation/dehydrogenation for the large increase in the apparent activation energy for 4-
reactions on Pt(111) methylcyclohexene dehydrogenation is not clear, but may be
related to the lack of large ensembles of surface atoms required
Hydrogenation and dehydrogenation of cyclohexene ledor double-bond migration upon adsorption because of the high
to the production of cyclohexane and benzene, respectivel{;O coverage.
whereas hydrogenation and dehydrogenation of 1- and 4-meth-
ylcyclohexene led to the production of methylcyclohexane an®.2. SFG vibrational spectra of surface species on adsorption
toluene, respectivel¥ig. 1shows the temperature dependenceof cycloalkenes on Pt(111) at 403 K
of the initial TOR, in molecules per Pt atom per second, for the
hydrogenation and dehydrogenation of cyclohexene, 1-methyl- SFG vibrational spectra of cyclohexene derived surface
cyclohexene, and 4-methylcyclohexene. species on Pt(111) at 403 K under 1.5 Torr cycloalkenes and
In the absence of CO, the temperature dependence of tH& Torr Hy are shown inFig. 3. The SFG spectrum of cyclo-
TORs is similar for the three cycloalkenes. Cycloalkene hy-hexene, which has been previously reported from our labora-
drogenation rates increase with temperature before reachingtary [12], is presented here for comparison with those of 1-
maximum at~390 K and finally decreasing as the temperatureand 4-methylcyclohexene. In the case of cyclohexene, two ma-
is increased. In the case of cycloalkene dehydrogenation, tHer bands, at 2840 and 2920 cf are assigned to symmetric
onset of dehydrogenation begins&350 K and increases until and antisymmetric C—H stretches of a £#toup, respectively,
maximum activity is achieved at450 K. The decreased cat- and the corresponding surface speciesallyl c-CgHg [12].
alytic activity at higher temperatures for both hydrogenationA proposed molecular structure stallyl c-CgHg is illustrated
and dehydrogenation is explained in terms of a change in thim Scheme &. The CH groups at G, C4, and G positions can
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Fig. 1. Temperature dependence of initial turnover rates (TORs), in molecules per Pt atom per second, for hydrogenation and dehydrogenétiexenégcyclo
1-methylcyclohexene, and 4-methylcyclohexene. Empty circles and filimares represent the TORs for hydrogenation and dehydrogenationtivegpesl|
kinetics studies were carried out at 1.5 Torr cycloalkenes and 15 Toirr the absence (a—c) or presence (d—f) of 0.015 Torr CO.
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Fig. 2. Arrhenius plots for cycloalkene hydrogenation (a—c) and dehydrtger{d—f). Empty and filled circles represent the TORs in the absencprasénce of
CO, respectively, and solid lines represent the linear fit of the logarithm of TOR with respect to 1
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Table 1
Apparent activation energyEapp, in kcal mof~1) for cycloalkene hydrogenation/dehydrogenation
Cyclohexene 1-Methylcyclohexene 4-Methylcyclohexene
Without CO With CO Without CO With CO Without CO With CO
Hydrogenation
Eapp 8.6+0.1 161+0.6 37+08 131+12 78+05 138+ 0.4
AEapf 7.5+£06 9.4+ 1.4 6.0£0.6
Dehydrogenation
Eapp 179+0.2 248+15 152+14 233+14 197+0.8 345+13
AEappa 6.9+15 8.1+ 2.0 14.8+1.5

2 Difference in the apparent activation energy in the presence and absence &fHgEy= Eapp(With CO) — Egpp(without CO), in kcal mol1.

7 (a)
T=403 K
0.4
S 1 1-methylcyclohexene
(U. oQ o]
= 0.3 {ooRmp PR AR PP D
‘B
c
L
£ 0.2 4-methylcyclohexene
(D """""""""
Lc/IS ..........
0.1 cyclohexene / n-allyl c-CeHpy
e st | (b)
0.0 -

T T T T T T T T T
2700 2800 2900 3000 3100

Wavenumber (cm'1)

Fig. 3. SFG spectra taken at 403 K under 1.5 Torr 1-methylcyclohexene, 4-
methylcyclohexene, or cyclohexene and 15 Togr Holid lines were drawn for
visual aides.

contribute to the SFG bands. In particular, the transition dipole
vector of the antisymmetric stretch of the €broup at G po-
sition is nearly perpendicular to the metal surface, giving rise to
the strong SFG signal at 2920 cth In contrast, the transition Methylcyclohexenyl (C7Hio)
dipole vector of the Symmetric stretch .iS nearly parallel to th.eScheme 1. Proposed surface intermediatest {allyl c-CgHg and (b) methyl-
metal surface, giving rise to no SFG signal for the symmetricyciohexenyl.
stretch as a consequence metal surface selection rules. Conse-
quently, the SFG band at 2840 ciis attributed to symmetric  gyrface. The absence of the vinylic C-H stretch indicates that
C-H stretches at£and G positions. 1- and 4-methylcyclohexene weeebonded by breaking the

As shown inFig. 3, SFG spectra of 1- and 4-methylcyclo- . g |tis interesting to find that 1- and 4-methylcyclohexene
hexene adsorptlon are almost identical to those'of' Cycmhe)ljéroduced the same surface intermediate despite their different
teigr?, siz?c%srséggctr?s;wtehemserzeggls%ﬂfr;e?)rrc;?)\cl)zesémrlr:?)rleiilssr ositions of CH group. The adsorption process for forming the

’ . methylcyclohexenyl intermediate is straightforward for 1-meth-

structure of a methylcyclohexenyl {81¢) as the surface in- g{cyclohexene, which is initiated by physisorption visbond-

termediate responsible for the SFG spectra on adsorption ) .
1-methylcyclohexene. The rationale behind this proposal is thE'9 to the surface, followed by di-bonding and dehydrogena-

lack of vibrational stretching bands from a glgroup (2875  tion of the Ch group. For 4-methylcyclohexene, double-bond
and 2950 cm? for symmetric and antisymmetric stretches, re-migration ofr bonded 4-methylcyclohexene is facile at room
spectively) and a vinylic C-H (EC-H, 3015 cm!) inthe SFG ~ témperature in excesspHnd may occur before the formation
spectra. The absence of the €$tretching bands indicates that of o-bonded methylcyclohexene, which eventually dehydro-
the CH; groups in 1- and 4-methylcyclohexene no longer existgenates to the methylcyclohexenyl intermedi@@]. Detailed

upon adsorption. It is most likely that the @lgroup was dehy- analysis and discussion of the SFG spectra have been provided
drogenated to a CHgroup, which wasr-bonded to the metal previously[30].
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0.2 hindrance plays a significant role in the adsorption process.
1 n Kinetic studies of methylcyclohexene hydrogenation on Pd-
| and Pt-based catalysts have shown that the hydrogenation rate
0-17 increases in the order of 1-methylcyclohexen8-methylcy-
-W‘MWWM« clohexene< 4-methylcyclohexene, indicating that increasing
1{ 0.0 4———————

. . proximity of the methyl group to the double bond increases the

SFG intensity (a. u.)
(9]
1

2800 3000 steric effec{3].
SFG results show that during catalytic reactions, the three
\ cycloalkenes form surface intermediates with similar molec-
- - COonly \ L . . . . .
— condsorbed \ ular structures. A similar or identical surface intermediate is
1

created on adsorption of 1-methylcyclohexene and 4-methylcy-
clohexene. The proposed intermediate is methylcyclohexenyl
(C7H10), as shown irscheme . This finding suggests that to
0 form methylcyclohexenyl, molecularly adsorbed 4-methylcy-
' ' ' ' clohexene is isomerized to 1-methylcyclohexene or 3-methyl-
1950 2000 2050 2100 2150 . T .
-1 cyclohexene via double-bond migration. Double-bond migra-
Wavenumber (cm ) . . . .
tion of alkenes has been widely observed on various catalytic
Fig. 4. SFG spectra taken at 300 K of 0.015 Torr CO (---), and 0.015 Tordmnetal surfaces, including Pt, Pd, and Rh, and have been inter-
CO with 1.5 Torr cyclohexene and 15 TorpH—). Inset is SFG signal be-  preted by two possible mechanisii3§]. The Horiuti-Polanyi
tween 2700 and 3100 cnt for the latter condition. mechanism involves the formation of the half-hydrogenated

species, or (cyclo)alkyl species, whereas the mechanism pro-

Fig. 4 shows the SFG vibrational spectra of surface specieﬁosed by Rooney and Webb involves the formation sfallyl
on Pt(111) at 300 K under 1.5 Torr cyclohexene, 15 Tarrdhd  specieq36).

0.015 Torr CO. For comparison, the figure also shows the SFG
spectrum of CO at 0.015 Torr in the absence of cyclohexene angl2 . Temperature dependence of cyclohexene hydrogenation
Ho. The peak at 2090 crit in the presence of CO, cyclohex- gng dehydrogenation

ene, and H is associated with adsorbed atop 32-33] No

peak appears in the C—H stretching region, 2700-3000'cm  The non-Arrhenius temperature behavior for both hydro-

(inset). These results indicate that CO adsorption is more fegenation and dehydrogenation of cyclohexene in the presence
vorable than cycloalkene adsorption and that CO is the mog{nd absence of CO led us to develop a mechanism that enabled
abundant surface intermediate (masi). the investigation of the effect of temperature on the proposed el-
ementary reaction steps (s&ppendix A). Hydrogenation and
dehydrogenation were assumed to proceed through a mecha-

nism in which hydrogen is sequentially removed or added step-
4.1. Substituent group influence on cycloalkene wise to adsorbed cyclohexene. Using a quasi-empirical valence

hydrogenation/dehydrogenation rates in the absence of CO  band (QVB) approach, Koel et g37] estimated the relative
stability of adsorbed gspecies on a Pt(111) surface for the
TORs and apparent activation energiésd) were deter- dehydrogenation of cyclohexane to benzene. Koel et al. also
mined for the hydrogenation/dehydrogenation of the three cyincluded gas-phase cyclohexene in their model, enabling for-
cloalkenes (cyclohexene and 1-and 4-methylcyclohexenes) anulation of a reaction mechanism for both hydrogenation and
Pt(111) in the absence of CO. In the absence of CO, TORs fatehydrogenation. The model provides information on the tem-
both hydrogenation and dehydrogenation increased in the operature dependence of the kinetic and thermodynamic parame-
der of 1-methylcyclohexene 4-methylcyclohexene: cyclo-  ters of the relevant elementary reaction steps. We demonstrate
hexene. that the decreased rate at higher temperatures is related to de-
Several researchers have studied the effect of alkyl groupsreased surface coverage of the reactive cycloalkene.
on alkene hydrogenation on metal surfafs34] In general, Fig. 1 shows that at~390 and~450 K, the turnover fre-
alkene hydrogenation rates on metal surfaces decrease with goency for cycloalkene hydrogenation and dehydrogenation,
increasing number of alkyl groups on the double bond. This efrespectively, reaches a maximum that is not related to ther-
fect can be explained by steric hindrance by the alkyl groupsmodynamic equilibrium, poisoning, or transport effects. Over
It has been speculated that this steric effect disrupts alkene athe entire temperature range studied, the conversion was kept
sorption rather than the proceeding surface reac{itbls The  low (<1%), while equilibrium conversions exceeded®0%.
steric effect of an alkyl group on adsorption can explain thePoisoning effects were eliminated as a potential cause for the
trend observed in this study. 1-Methylcyclohexene, in whichobserved maxima, because rates were reproducible in a high-
a methyl group is attached to the=C bond, should have temperature experiment followed by a low-temperature experi-
the most difficulty adsorbing on the metal surface. Moreoverment and vice versa. Potential mass transfer effects were elimi-
our finding that the dehydrogenation rate obeys the same temated by high recirculation rates (4 L mih) and the nonporous
dency as the hydrogenation rate supports the notion that stenmature of the single crystal. The negative apparent activation en-

4. Discussion
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ergy is due to a change in surface coverage, where it eventuallgtermediate compete for empty surface sites. This site com-
becomes low enough to retard the growth of the apparent rafgetition model has been used to explain observed rate max-
constant even as the temperature is increased. ima with H, pressure for alkane hydrogenolysis reactions on
The apparent rate constant for hydrogenatignfp) is writ-  supported metal catalysfd2,43] The dependence of the re-
ten in Arrhenius form containing the equilibrium constant for action rate on hydrogen has not been measured in this work,
cyclohexene adsorptiork(), Ho adsorption £h,), the equi-  but it has been shown that if the maximum rate is found
librium constant for the surface reaction between adsorbed cyas a function of hydrogen pressure at different temperatures
clohexene and adsorbed hydrogefpi), and the kinetic rate and the activation energy is calculated from the rates mea-
constant for the proposed rate determining step (RBfg)see sured at the maxima, then “normal” Arrhenius plots are ob-
Appendix A). Therefore, the apparent activation energy for cy-tained[44].
cloalkene hydrogenation is a product of kinetic and thermody- Using the thermochemical parameters and reaction barri-
namic quantities of several elementary steldgapp= Easn+  ers for the hydrogenation reaction, it is easy to show, using
AH1+ AHon+ AHn, becausen app= Aappe~Faard/(RT) At the parameters of Koel et g37], that the apparent activa-
low temperatures, a positive apparent activation energy is medion energy is negative under conditions of an essentially bare
sured for the hydrogenation reaction, and cycloalkene-deriveglurface. In this case, the two scenarios (UHV conditions of
species are identified on the surface. At these temperaturgépel’s calculations and high-temperature, high-pressure, low-
the adsorption of cycloalkene and hydrogen is favorable, andoverage conditions) are very similar in terms of the surface
the apparent rate constant increases with increasing tempetensity of adsorbates. The adsorption of cyclohexene (irva di-
ature (i.e., normal Arrhenius behavior). Under high-pressurdonded configuration) is nonactivated and exothermig/{ =
cycloalkene conditions and at low temperature, the zero-order 17 kcal mof 1) [45] as are most chemisorption processes and
dependence of the rate on cyclohexene suggests that the surfdeomes increasingly unfavorable as the temperature increases.
is covered with cycloalkeng,38]. The heat of adsorption of +bn a clean Pt(111) surface is esti-
Fig. 1shows that at-390 K, the hydrogenation rate reaches mated as 10-30 kcal niot [46]. The second step is the surface
a maximum, and eventually the apparent activation energyeaction between the same adsorbed cyclohexene and hydro-
for the hydrogenation of all cycloalkenes becomes negative aen to form an adsorbed cyclohexyl species [qg3)], which
higher temperatures. The temperature of maximum activity cowas determined to be exothermia Hon = —12 kcal mott)
incides with the temperature at which C—H stretching band$§37]. Koel et al.[37] calculated the activation energ¥4 sn) for
corresponding tar-allyl ¢-C¢Hg disappear in temperature- the RDS as 17 kcal mot. Combining these numbers and us-
dependent SFG measurements performed under reaction cang a A Hy, of —15 kcalmot™?, the calculated apparent activa-
ditions [12]. The decreased hydrogenation rate with increastion energy is negative-(27 kcalmot™?) at high temperatures.
ing temperature is due to a decrease inddsorption and/or Non-Arrhenius temperature behavior has also been documented
a decrease in cyclohexene adsorption. As the temperature ifer the vapor-phase hydrogenation of benzene over GEAI
creases to the point whete n,, approaches zero, the most Yoon and Vannicg47] noted a maximum turnover frequency
abundant surface speciesds) becomes a free site (ségp-  at ~473 K for benzene pressures (20-100 Torr), which de-
pendix A). The change imasicauses a change in sign of the creased to~453 K at lower benzene pressures3(Torr). The
apparent activation energy, because the overall rate constancreased benzene partial pressure affords larger benzene cov-
becomeskn app TO Obtain a negative apparent activation en-erage at higher temperatures.
ergy, the true activation energy of the RDS must be smaller A similar approach to gaining insight into the temperature
than the sum of the enthalpy of adsorption for the precedinglependence of the apparent activation for cycloalkene dehydro-
guasi-equilibrated elementary steps. The low activation energgenation uses the model of Koel et[@7]. Fig. 1demonstrates
of the kinetically relevant step is evident from the observatiorthat the maximum rate for dehydrogenation shifts to higher
that Pt(111) readily hydrogenates cyclohexene in excess hydréemperatures~450 K) than that for hydrogenation. The in-
gen at room temperature. Although it is believed that the ratereased temperature for maximum dehydrogenation activity is
decreases because of a decrease in cycloalkene coverage (SEted to the overall endothermicity of the dehydrogenation
observations), a comment on the influence of hydrogen is imeaction. Comparing the activity and selectivity on different
order. In fact, bent or inverse Arrhenius plots have been med?t single crystals, Somorjai et 4#48] suggested that the hy-
sured for hydrocarbon reforming reactid®], and it has been drogenation/dehydrogenation reactions occur on distinct sites.
shown that this non-Arrhenius behavior is related to a hydroSermon[49] suggested that segregation of adsorbed H to high
gen coverage effe¢0]. As the reaction temperature increasescoordination sites makes the low-coordinated Pt sites capable
at a constant hydrogen pressure, the hydrogen coverage de-cyclohexene dehydrogenation. If low-coordination sites are
creases, as does the rate. Paal ef4l] have shown that a responsible for dehydrogenation, then it is quite possible that
maximum in rate is measured as function of hydrogen presthese sites can stabilize cyclohexene adsorption at higher tem-
sure at a constant temperature; the position of this maximurperatures, and therefore the coverage of cyclohexene at these
is related to the hydrogen content of the surface intermedisites is greater than zero at temperatures where the hydro-
ate. This behavior suggests the need for an optimum hydraggenation rate has already begun to decrease. At some point,
gen coverage that corresponds to zero-order hydrogen depehe rate of benzene formation begins to decrease with increas-
dence. On either side of this maximums ldnd the reactive ing temperature due to changes in cyclohexene surface cov-
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erage.Fig. 1 shows that the apparent activation energy nevecoverage of carbon monoxide is unchanged in the presence
becomes negative for the three cycloalkenes but that it doesf coadsorbed cyclohexene. At higher temperatures, the CO
decrease with increasing temperature, suggesting that the cgurface coverage will begin to decrease due to desorption. As-
clohexene coverage on sites responsible for dehydrogenati@uming that the availability of free adsorption sites increases
is in an intermediate range (0 6cH,, < 1), which decreases as CO begins to desorb and even though the adsorption of cy-
rapidly within the temperature range in which the slope of theclohexene becomes thermodynamically unfavorable at higher
Arrhenius plot starts to change. Eventually, the apparent acttemperatures, the increased number of free sites due to CO
vation energy will become negative at higher temperatures thagiesorption allows the rate to increase in an Arrhenius fash-
those used in this experiment. An alternative explanation fofon to much higher temperatures than were observed for the
the decreased dehydrogenation rate as a function of temperaydrogenation/dehydrogenation of cyclohexene in the absence
ture is again related to hydrogen coverage and the “hydrogenaf CO. This is demonstrated by the shift to higher peak tem-
tive desorption” of productgt4,50] Temperature-programmed peratures for cyclohexene hydrogenation and dehydrogenation
reaction/desorption (TPR/D) studies of cyclohexene dehydroactivity by ca. 50 and 55 K, respectively. Eventually, even in the
genation in UHV conditions on Pt single crystals have showrcase of the CO-poisoned experiments, the increased availabil-
that hydrogen and benzene desorb at similar temperatures, suity of sites cannot compensate for the unfavorable cycloalkene
gesting that surface hydrogen is needed for benzene formati@dsorption thermodynamics, and the rate decreases at higher
and subsequent desorptifsl,52] A similar phenomenon has temperatures.

been observed for the dehydrocyclizatiome€s hydrocarbons The dependence of the reaction on CO partial pressure has
on Pt-black and a Pt/AD3 catalyst{50]. not been measured on Pt(111), but CO inversely inhibits hy-
drogenolysis of methylcyclopropar20] and the hydrogena-
4.3. CO poisoning of cycloalkene hydrogenation and tion of ethylene on supported Pt/Si@atalysts. The poisoning
dehydrogenation of cyclohexene hydrogenation/dehydrogenation with CO leads

to an increased apparent activation energy due to a change in the

Adding CO to the reactant mixture led to a decreased ratenost abundant surface species under reaction conditions (see
(Fig. 1d-f) at the same temperature and increased appareAppendix A). In this case, CO will lead to an increase in the
activation energy over a similar temperature range. The prespparent activation energy due to the inclusion of the equilib-
ence of CO in the gas phase caused increases in apparent @cim constant for CO adsorption in the apparent rate constant,
tivation energy of 8-10 kcal mot for hydrogenation and 8- kn co. The apparent activation energy now includes the adsorp-
15 kcal mot! for dehydrogenation. If the hydrogenation and tion of CO, causing an increase in the apparent activation en-
dehydrogenation occurred on distinct sites, as has been sugrgy; Eq app(CO) = Easn+ AH1 + AHon+ AHy, — 2AHco,
gested48,49] then it appears that CO bonds indiscriminatelybecause £ A Hcp) is a positive quantity. The saturation cov-
to both types of sites, based on similar increases in apparent agrage of CO in the Torr pressure range is 0.68 [84], and
tivation energy for both reactions. Upon adsorption of 15 mTortthe heat of adsorption is 10 kcal mdlby laser-induced ther-
CO on Pt(111) at 300 KHRjg. 4), a vibrational feature for atop mal desorption (LITD)[55]. Analysis of the data infable 1
CO was observed at 2095 ch) whereas coadsorption (1.5 Torr confirms the difference in apparent activation energies in the
CsH1o, 15 Torr H, 0.015 Torr CO) at 300 K led to no observ- presence and absence of COHzapp) is ~9 keal mol! (aver-
able C—H resonance (insethiig. 4) and a slight red shift of the age of the hydrogenation and dehydrogenatialiap, for the
atop CO band+2090 cntl). The red shift may be due to the three cycloalkenes), a value close to the CO heat of adsorption
presence of either cyclohexene or carbon on the surface. Thi saturation coverage. A similar increase of 10 kcalthdh
suggests that the dominant surface species is no longer a @he apparent activation energy has been noted for the hydro-
species, but rather CO. Inspectionfaf. 4 demonstrates that genation of ethylene in the absence and presence of CO in a
the area of the CO absorption band was relatively unchangesimilar pressure range on Pt(11[R)1,22] Pt nanoparticle ar-
with the adsorption of cyclohexene. The coverage of CO omays[22,23], and supported Pt nanoparticle catalysts. The rate
Pt(111) at these conditions was 0.68 ML, as determined bgxpression (seAppendix A) suggests that the apparent activa-
high-pressure STM studig§3,54] Recent STM work showed tion energy should increase by 20 kcal mbif the measured
that the coverage of CO does not change with the addition oA Hygqs of CO at saturation coverage does not change in the
ethylene to the surface, suggesting that CO molecules occumresence of adsorbed; Gpecies. The discrepancy between the
atop and near-atop sites in the coadsorbed layer and ethylidymperimentally measured activation energy in the presence of
replaces CO in three-fold hollow sit¢S3]. It is well known  CO and that estimated by the rate expression may be a con-
that CO favors atop binding on Pt(111); therefore, the fractiorsequence of competitive adsorption between CO agld 16
of CO in three-fold hollow sites is small, and the presence obn a single type of active site and of honcompetitive adsorp-
ethylidyne requires relatively few CO molecules to desorb oition of Hy on distinct surface sites. This two-site model can
diffuse to new adsorption sites. Similarly, it is believed thatpredict the observed inverse first-order CO kinetics and has
the adsorption of cyclohexene on a CO covered surface dodxeen used to explain the kinetics of olefin hydrogenation re-
not require CO desorption and that adsorbe#li{g is accom-  actions[56].
modated in the CO adlayer, potentially at a three-fold hollow Alternatively, the change in the apparent activation energy
site. This coadsorption behavior qualitatively explains why thenay be due to a change in the RDS. Coadsorption studies of
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ethylene—-C(O53] and benzene—C({57,58] on Pt(111) have Appendix A. Proposed cycloalkene hydrogenation

shown that the overlayer structures are dense and that adsorbatechanism and derivation of rate expression

mobility is severely hindered, suggesting that alkene adsorp-

tion may become difficult and even activated in some cases. In This appendix proposes a reaction mechanism for cyclo-

the case of the substituted cyclohexene molecules, initial ackexene hydrogenation and derives a rate equation to explain
sorption on a crowded surface may become the rate-limitingnon-Arrhenius behavior at high temperature and the increase
step due to the steric hindrance of the£oup. CO is proba- in apparent activation energy in the presence of CO.

bly located on bridge sites duringsBg—CO coadsorptiofb9],

leading to a further decrease in the number of free sites relativa.1. Langmuir—Hinshelwood mechanism for cyclohexene

to CO bonding at the atop position. AnalysisTaible 1demon-  hydrogenation

strates thai\ Eqpp for both hydrogenation and dehydrogenation

(except for 4-methylcyclohexene hydrogenation) increases with The proposed mechanism for cycloalkene hydrogenation
substituted cyclohexenes. This suggests that the crowded siomprises the following elementary reaction steps in whigh C
face exacerbates the influence of the bulkysGjfoup of the  jntermediates are sequentially hydrogenated. Adsorption of cy-
substituted cyclohexene. In the case of 4-methylcyclohexengjohexene is assumed to be quasi-equilibrated, requiring a free
the double-bond migration may require a large ensemble ofjte (*) for adsorption. The identity of this site is not known; it

metal atoms not available on a CO-saturated surface. may consist of a single atom or an ensemble of atoms:
KH2
5. Conclusion Hz +2* 6 2H*, (A.1)

K1
In this study, the influence of substituent groups on the c:y—CGHloJr 6= Ce Hio", (A-2)

cloalkene ring and their proximity to the=GC double bond Kon

were examined, and the influence of CO on the adsorptioﬁ:GHlO* + H* 6 CeHu* + %, (A.3)
and kinetics of cycloalkene hydrogenation/dehydrogenation on . + kan .
Pt(111) was studied. For the three cycloalkenes studied, thgeH12" + H* — CeHao* +*. (A-4)

TORs for both hydrogenation and dehydrogenation decreasedqsorped cyclohexene is hydrogenated to yield adsorbed cy-
whereas activation energies for both reactions increased W"&]ohexyl (GsH11*) species. Both @H1o adsorption and its hy-
the addition of substituent groups to the cycloalkene ring. Thesgrogenation to gH11* are reversible, based on the observation
differences are attributed to steric effects. SFG surface vibranat 4,-CgH,q is observed in the gas phase duringHgo/D>
tional spectroscopy measurements demonstrated that on agkperiments due to the dehydrogenation/piCgH11 species,
sorption, the three cycloalkenes formed a surface species Widssuming that H-D exchange does not 0¢60r61] Accord-

a similar molecular structure. Reaction rates for cycloalkengng to Koel et al[37], CsH11* is the most stable adsorbed; C
hydrogenation/dehydrogenation decreased significantly in thepecies in the conversion of cyclohexene to cyclohexane. This
presence of adsorbed CO. Apparent activation energies irthoice of RDS is in accord with the proposed RDS for benzene
creased by-9 kcal mol* in the presence of carbon monoxide. hydrogenatiorf47]. The rate of cyclohexene hydrogenation is
The difference in activation energy in the presence and abwritten as

sence of CO increases with substitution and the location of I

the substituent on the cycloalkene ring relative to the@C  "CeHi = ksh[CeH11*][H*], (A.5)

double bond. SFG results demonstrated that CO excluded thg,e e the concentration of adsorbed hydrogen is determined

cycloalkene_ from the surfacg. The_z poisoning of cygloalkenqrom the equilibrium between adsorbed H and gas-phase H
hydrogenation/dehydrogenation with CO led to an increase A = K#/ZZ[HZ]J'/Z[*], and [CeH11] is calculated from the

apparent actlvatlo_n energy due tp a chan_ge n the_ most abu uasi-equilibrium of the cycloalkene adsorption and reaction
dant surface species under reaction conditions. This study m

lend insiht i he desi £ CO-tol hvd b eps(A.2) and(A.3). Replacing the concentration of adsorbed
sﬁ\gn Ln;gy;'tztm edesigno -tolerant hydrocarbon ConVeri:yclohexyl species in the rate expression with reactant partial

pressures, the RDS becomes
resHi, = K1KanKh,kan [CeH1ol[H2][] 2. (A.6)

The number of free sites [*] is determined from an overall site
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