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Abstract

The influence of substituent effects and CO poisoning were examined during the hydrogenation/dehydrogenation of cycloalkenes (cy
and 1- and 4-methylcyclohexene) on a Pt(111) single crystal. Reaction rates for both hydrogenation and dehydrogenation decreased wh
group was added to the cycloalkene ring. The location of a methyl group relative to the C=C double bond was influential in the overall kinetics f
both reaction pathways. All cycloalkenes demonstrated “bend-over” Arrhenius behavior, after which rates for hydrogenation and dehyd
decreased with increasing temperature (inverse Arrhenius behavior). This is explained in terms of a change in surface coverage of
cycloalkene. The potential importance of hydrogen effects is discussed. Introduction of CO in the Torr pressure range (0.015 Torr
decrease in turnover frequency and increase in apparent activation energy for both the hydrogenation and dehydrogenation of all cy
Sum frequency generation (SFG) surface vibrational spectroscopy revealed that upon adsorption, the three cycloalkenes form a sur
with similar molecular structure. SFG results under reaction conditions in the presence of CO demonstrated that the cycloalkene c
low on a CO-saturated surface. Substituted cyclohexenes were more sensitive than cyclohexene to the presence of adsorbed CO
increases in the apparent activation energy, especially in the case of dehydrogenation. A qualitative explanation for the changes in a
temperature and the increase in apparent activation energy for cycloalkene hydrogenation/dehydrogenation in the presence of CO
from a thermodynamic and kinetic perspective.
 2005 Published by Elsevier Inc.
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1. Introduction

Chemical reactions of cycloalkenes on metal surfaces h
attracted considerable interest due to their importance in m
aspects of heterogeneous hydrocarbon conversion chem
including hydrogenation, dehydrogenation, ring opening,
isomerization. The hydrogenation and dehydrogenation r
tions of cycloalkenes have been widely used as a model
tem for fundamental studies of catalysis and a testing gro
for new heterogeneous catalysts[1–5]. For some cycloalkenes
their dehydrogenation reactions are considered a major st
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the dehydrocyclization ofn-alkanes to aromatics, an importa
reaction in the catalytic-reforming process[6]. Cyclohexene
(C6H10) is one of most extensively studied cycloalkenes.

Cyclohexene adsorption on Pt(111) at low pressu
(<10−6 Torr) has been studied using various surface-analy
techniques, including thermal desorption spectroscopy (T
[7], bismuth postdosing TDS (BPTDS)[7,8], laser-induced
thermal desorption (LITD)[9], high-resolution electron energ
loss spectroscopy (HREELS)[9,10], and reflection absorptio
infrared spectroscopy (RAIRS)[11]. Cyclohexene exists in
di-σ form on Pt(111) at 100 K, converting toπ -allyl c-C6H9

at∼200 K [8,11]. At ∼300 K,π -allyl c-C6H9 converts to ben
zene. Further heating induces desorption and decompositi
benzene[8,9,11]. Cyclohexene surface reactions on Pt(111

http://www.elsevier.com/locate/jcat
mailto:somorjai@berkeley.edu
mailto:somorjai@socrates.berkeley.edu
http://dx.doi.org/10.1016/j.jcat.2005.10.025
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high pressure (1.5 Torr) was also studied by sum freque
generation (SFG) vibrational spectroscopy[12]. Various sur-
face species were observed during the reactions in the r
of 303–483 K. On adsorption at 303 K, cyclohexene is de
drogenated to form 1,4-cyclohexadiene (C6H8). At 323 K, this
species converts toπ -allyl c-C6H9 intermediate. At tempera
tures above 423 K, benzene coexists with C6H9 on the surface
Kinetic studies of cyclohexene hydrogenation/dehydrogena
reactions on Pt(111) have also been reported[13,14].

In this study, substituent effects by methyl groups a
poisoning effects of coadsorbed CO on the hydrogena
dehydrogenation reactions of cycloalkenes (cyclohexene a
and 4-methylcyclohexenes) on Pt(111) were investigated.
stituent effects, concerning the chemical effect of functio
groups replacing hydrogen atoms on reactivity, can greatly
fluence activity and selectivity in catalytic reactions[15–17].
The poisoning of catalysts, either intentionally or unintenti
ally, can have a dramatic effect on catalytic activity and se
tivity [18–21].

An example of intentional poisoning is the addition of sul
to platinum hydrocarbon conversion catalysts. Sulfur is ad
to commercial naphtha-reforming catalysts (Pt/Al2O3) to sup-
press excessive hydrogenolysis. It is postulated that sulfu
sorbs irreversibly to coordinatively unsaturated surface at
or restructures the surface[18]. A reaction in which products
adsorbs very strongly to the catalyst surface and inhibits fur
turnover is an example of unintentional self-poisoning. C
lyst poisons are often introduced to catalysts from feedsto
containing a low level of the poison but a sufficient level
deactivate catalysts. Few studies have been conducted o
influence of CO poisoning on hydrocarbon conversion re
tions [19–23]. Adding CO in the Torr range during ethylen
hydrogenation led to a doubling of the apparent activation
ergy on Pt(111)[21–23], whereas similar CO pressures h
little influence on the apparent activation energy on Pt nano
ticle arrays[23], but both catalysts exhibited a several ord
of magnitude decrease in activity. Damiani and Butt[19,20]
used the hydrogenolysis of methylcyclopropane as a prob
action to investigate the structure sensitivity of the deactiva
of Pt/Al2O3 and Pt/TiO2 catalysts by CO. They demonstrat
that larger Pt particles supported on Al2O3 were more sen
sitive to CO poisoning than smaller particles, whereas Ti2-
supported catalysts were more susceptible to CO poisoning
the Al2O3 supported catalysts regardless of Pt particle size

Kinetic studies were conducted to measure reaction r
and apparent activation energies for the three cycloalk
in the absence and presence of CO. Comparative studie
tween the three cycloalkenes demonstrated that the hydrog
tion/dehydrogenation reaction rates were strongly affecte
the existence of alkyl group and its proximity to the C=C dou-
ble bond. Adding an alkyl group to the cycloalkene ring h
a significant effect on overall catalytic activity but little effe
on the selectivity to either product. Both reactions were p
soned by coadsorbed CO for all three cycloalkenes and le
an increase in the apparent activation energy. The change
apparent activation energy due to CO poisoning were sim
for the hydrogenation and the dehydrogenation of cyclohex
y
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and 1-methylcyclohexene, but significantly greater for the
hydrogenation of 4-methylcyclohexene. In addition, SFG vib
tional studies were carried out to identify surface intermedi
during the hydrocarbon conversion reactions. Based on kin
and SFG results, we discuss substituent and CO poisonin
fects on cycloalkene hydrogenation/dehydrogenation react
A qualitative explanation for the changes in activity with te
perature and the increase in apparent activation for cycloal
hydrogenation/dehydrogenation in the presence of CO is
cussed from a mechanistic standpoint.

2. Experimental

All experiments were carried out on a Pt(111) single-cry
surface in a high-pressure/ultrahigh-vacuum (HP/UHV) s
tem. The HP/UHV system comprises a UHV chamber wit
base pressure of 4× 10−10 Torr and a high-pressure cell
which high-pressure catalysis studies were carried out.
HP cell was equipped with a reaction loop containing a
circulation pump and a septum for gas abstraction and
chromatography (GC) analysis. For GC measurements,
circulation pump constantly mixed the reactant and prod
gases in the HP cell, and periodic sampling allowed meas
ments of the gas-phase composition. All kinetic studies w
carried out in 1.5 Torr cycloalkenes (cyclohexene and 1-
4-methylcyclohexenes) and 15 Torr H2 in the presence or ab
sence of 0.015 Torr CO in the temperature range 295–53
Reactions were typically run for 30 min; initial turnover rat
(TORs) were calculated from accumulation plots (C6H12 or
C6H6 turnover number vs time).

For SFG experiments, a mode-locked 20-ps, 20-Hz Nd:Y
laser with a 25-mJ/pulse energy output at 1064 nm was us
to generate a tunable infrared beam at 1300–3200 cm−1 and
a visible beam at 532 nm. The visible (200 µJ/pulse) and the
infrared (100 µJ/pulse) beams were spatially and tempora
overlapped on the Pt(111) surface with incident angles of◦
and 60◦, respectively, with respect to surface normal. Both
infrared and visible beams were p-polarized. As the infra
beam is scanned over the frequency range of interest, th
polarized sum frequency output from the Pt(111) crystal
collected by a photomultiplier and a gated integrator.

The theory of SFG for surface studies has been describ
detail previously[24–26]. Briefly, SFG is a second-order no
linear optical process in which an infrared laser beam atωIR is
combined with a visible laser beam atωVIS to generate a sum
frequency output atωSF= ωIR + ωVIS. This process is allowe
only in a medium without centrosymmetry under the elec
dipole approximation. Platinum bulk is centrosymmetric, a
its contribution to SFG is usually negligible. Isotropic gases
the HP cell do not generate SFG; only the metal surface
adsorbates on the surface can generate SFG under the e
dipole approximation. The SFG signal,ISF, is related to the in-
cident visible (IVIS) and infrared (IIR) beam intensities, and t
the second-order susceptibility of the media (χ(2)), as

(1)ISF∝ |χ(2)|2IVISIIR.
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Near resonance with vibrational modes of the adsorbates
second-order susceptibilityχ(2) is given by

(2)χ(2) = χNR +
∑

q

Aq

ωIR − ωq + iΓq

,

whereχNR is the nonresonance contribution andAq,ωq , and
Γq denote the vibrational mode strength, resonant freque
and line width of theqth vibrational mode, respectively. Th
nonresonance contribution,χNR, originates from the metal su
face and is usually independent of the frequency of the infra
laser beam. In contrast, the second term is significantly
hanced when the frequency of the infrared laser beam
resonance with a vibrational mode of the adsorbates. The v
tional mode strength,Aq , is proportional to the surface densi
of the adsorbates, and infrared and Raman transition c
sections of theqth vibrational mode.

To analyze the SFG spectrum, the SFG signal,ISF, was first
normalized to the intensity (IIR) of the incident infrared beam
on the surface. This is necessary because gas molecules
HP cell absorb some portion of the incident infrared be
to which ISF is linearly proportional, as described in Eq.(1).
Detailed descriptions of the HP/UHV system and SFG m
surement have been provided previously[27,28].

The Pt(111) crystal was cleaned by sputtering with Ar+ ions
(1 keV), heating at 900 K in the presence of 5× 10−7 Torr
O2 for 2 min, then annealing at 1200 K in UHV for 2 mi
After a few cycles of cleaning, the Pt(111) crystal was tra
ferred to the HP cell for SFG or GC measurements. The Pt(
surface was routinely checked by Auger electron spectros
(AES) for cleanliness. Cyclohexene, 1-methylcyclohexene,
4-methylcyclohexene (�99.5%, Aldrich) were purified by sev
eral freeze–pump–thaw cycles before being introduced into
HP cell.

3. Results and analysis

3.1. Kinetic study of cycloalkene (cyclohexene and 1- and
4-methylcyclohexenes) hydrogenation/dehydrogenation
reactions on Pt(111)

Hydrogenation and dehydrogenation of cyclohexene
to the production of cyclohexane and benzene, respecti
whereas hydrogenation and dehydrogenation of 1- and 4-m
ylcyclohexene led to the production of methylcyclohexane
toluene, respectively.Fig. 1shows the temperature dependen
of the initial TOR, in molecules per Pt atom per second, for
hydrogenation and dehydrogenation of cyclohexene, 1-me
cyclohexene, and 4-methylcyclohexene.

In the absence of CO, the temperature dependence o
TORs is similar for the three cycloalkenes. Cycloalkene
drogenation rates increase with temperature before reach
maximum at∼390 K and finally decreasing as the temperat
is increased. In the case of cycloalkene dehydrogenation
onset of dehydrogenation begins at∼350 K and increases unt
maximum activity is achieved at∼450 K. The decreased ca
alytic activity at higher temperatures for both hydrogenat
and dehydrogenation is explained in terms of a change in
e
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surface coverage of adsorbed cycloalkene species due to
vorable adsorption thermodynamics. Maximum catalytic ac
ity increases in the order 1-methylcyclohexene< 4-methylcy-
clohexene< cyclohexene. For example, at standard conditi
of 1.5 Torr cycloalkene, 15 Torr H2, and 390 K, the cycloalken
hydrogenation rate is 7.0 molecules site−1 s−1 for cyclohexene
and 3.6 and 0.73 molecules site−1 s−1 for 1- and 4-methylcyclo-
hexene, respectively. This trend is explained by steric hindra
of the methyl group on the cycloalkene and its proximity to
double bond.

TORs for hydrogenation and dehydrogenation of the th
cycloalkenes were significantly reduced in the presence of
(Fig. 1). For hydrogenation, the temperatures correspondin
maximum activities shifted from∼400 to∼460 K, and max-
imum activities (or TORs) were reduced by 60–85% in
presence of CO. For dehydrogenation, the temperatures c
sponding to maximum activity shifted from∼450 to∼510 K,
and maximum activities were reduced by 18–30% in the p
ence of CO. At low temperatures, the rate of both hydrogena
and dehydrogenation behave in an Arrhenius fashion. Arrhe
plots for both cycloalkene hydrogenation and dehydrogena
in the presence and absence of CO are shown inFig. 2. The
apparent activation energies for both reactions are compile
Table 1. The quantity�Eapp is defined as the difference in a
parent activation energy in the presence and absence of C
�Eapp= Eapp (with CO) −Eapp (without CO). In the absenc
of CO, Eapp’s for the hydrogenation are 3.7–8.6 kcal mol−1,
whereasEapp for dehydrogenation are 15.2–19.7 kcal mol−1.
The presence of CO increasesEapp by 6.0–14.8 kcal mol−1.
For cyclohexene,�Eapp (7.5 kcal mol−1) for hydrogenation is
almost identical to�Eapp (6.9 kcal mol−1) for dehydrogena
tion within experimental uncertainties. The similarity betwe
�Eapp’s for hydrogenation and dehydrogenation holds in
case of 1-methylcyclohexene (9.4 and 8.1 kcal mol−1, respec-
tively). In contrast, 4-methylcyclohexene shows a noticea
difference in�Eapp for the hydrogenation and the dehydr
genation (6.0 and 14.8 kcal mol−1, respectively). The reaso
for the large increase in the apparent activation energy fo
methylcyclohexene dehydrogenation is not clear, but may
related to the lack of large ensembles of surface atoms req
for double-bond migration upon adsorption because of the
CO coverage.

3.2. SFG vibrational spectra of surface species on adsorpt
of cycloalkenes on Pt(111) at 403 K

SFG vibrational spectra of cyclohexene derived surf
species on Pt(111) at 403 K under 1.5 Torr cycloalkenes
15 Torr H2 are shown inFig. 3. The SFG spectrum of cyclo
hexene, which has been previously reported from our lab
tory [12], is presented here for comparison with those of
and 4-methylcyclohexene. In the case of cyclohexene, two
jor bands, at 2840 and 2920 cm−1, are assigned to symmetr
and antisymmetric C–H stretches of a CH2 group, respectively
and the corresponding surface species isπ -allyl c-C6H9 [12].
A proposed molecular structure ofπ -allyl c-C6H9 is illustrated
in Scheme 1a. The CH2 groups at C3, C4, and C5 positions can
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yclo
Fig. 1. Temperature dependence of initial turnover rates (TORs), in molecules per Pt atom per second, for hydrogenation and dehydrogenation of chexene,
1-methylcyclohexene, and 4-methylcyclohexene. Empty circles and filled squares represent the TORs for hydrogenation and dehydrogenation, respectively. All
kinetics studies were carried out at 1.5 Torr cycloalkenes and 15 Torr H2 in 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 dehydrogenation (d–f). Empty and filled circles represent the TORs in the absence andpresence of
CO, respectively, and solid lines represent the linear fit of the logarithm of TOR with respect to 1/T .
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Table 1
Apparent activation energy (Eapp, in kcal mol−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 16.1± 0.6 3.7± 0.8 13.1± 1.2 7.8± 0.5 13.8± 0.4
�Eapp

a 7.5± 0.6 9.4± 1.4 6.0± 0.6

Dehydrogenation
Eapp 17.9± 0.2 24.8± 1.5 15.2± 1.4 23.3± 1.4 19.7± 0.8 34.5± 1.3
�Eapp

a 6.9± 1.5 8.1± 2.0 14.8± 1.5

a Difference in the apparent activation energy in the presence and absence of CO,�Eapp= Eapp(with CO) − Eapp(without CO), in kcal mol−1.
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Fig. 3. SFG spectra taken at 403 K under 1.5 Torr 1-methylcyclohexen
methylcyclohexene, or cyclohexene and 15 Torr H2. Solid lines were drawn fo
visual aides.

contribute to the SFG bands. In particular, the transition dip
vector of the antisymmetric stretch of the CH2 group at C4 po-
sition is nearly perpendicular to the metal surface, giving ris
the strong SFG signal at 2920 cm−1. In contrast, the transitio
dipole vector of the symmetric stretch is nearly parallel to
metal surface, giving rise to no SFG signal for the symme
stretch as a consequence metal surface selection rules. C
quently, the SFG band at 2840 cm−1 is attributed to symmetric
C–H stretches at C3 and C5 positions.

As shown inFig. 3, SFG spectra of 1- and 4-methylcycl
hexene adsorption are almost identical to those of cyclo
ene, suggesting that these cycloalkenes have similar ad
tion structures.Scheme 1b represents a proposed molecu
structure of a methylcyclohexenyl (C7H10) as the surface in
termediate responsible for the SFG spectra on adsorptio
1-methylcyclohexene. The rationale behind this proposal is
lack of vibrational stretching bands from a CH3 group (2875
and 2950 cm−1 for symmetric and antisymmetric stretches,
spectively) and a vinylic C–H (C=C–H, 3015 cm−1) in the SFG
spectra. The absence of the CH3 stretching bands indicates th
the CH3 groups in 1- and 4-methylcyclohexene no longer e
upon adsorption. It is most likely that the CH3 group was dehy
drogenated to a CH2 group, which wasσ -bonded to the meta
-

e

o

se-

-
rp-

of
e

t

Scheme 1. Proposed surface intermediates: (a)π -allyl c-C6H9 and (b) methyl-
cyclohexenyl.

surface. The absence of the vinylic C–H stretch indicates
1- and 4-methylcyclohexene wereσ -bonded by breaking th
π bond. It is interesting to find that 1- and 4-methylcyclohex
produced the same surface intermediate despite their diffe
positions of CH3 group. The adsorption process for forming t
methylcyclohexenyl intermediate is straightforward for 1-me
ylcyclohexene, which is initiated by physisorption viaπ bond-
ing to the surface, followed by di-σ bonding and dehydrogena
tion of the CH3 group. For 4-methylcyclohexene, double-bo
migration ofπ bonded 4-methylcyclohexene is facile at roo
temperature in excess H2 and may occur before the formatio
of σ -bonded methylcyclohexene, which eventually dehyd
genates to the methylcyclohexenyl intermediate[29]. Detailed
analysis and discussion of the SFG spectra have been pro
previously[30].
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Fig. 4. SFG spectra taken at 300 K of 0.015 Torr CO (- - -), and 0.015
CO with 1.5 Torr cyclohexene and 15 Torr H2 (—). Inset is SFG signal be
tween 2700 and 3100 cm−1 for the latter condition.

Fig. 4 shows the SFG vibrational spectra of surface spe
on Pt(111) at 300 K under 1.5 Torr cyclohexene, 15 Torr H2, and
0.015 Torr CO. For comparison, the figure also shows the S
spectrum of CO at 0.015 Torr in the absence of cyclohexene
H2. The peak at 2090 cm−1 in the presence of CO, cyclohe
ene, and H2 is associated with adsorbed atop CO[31–33]. No
peak appears in the C–H stretching region, 2700–3000 c−1

(inset). These results indicate that CO adsorption is more
vorable than cycloalkene adsorption and that CO is the m
abundant surface intermediate (masi).

4. Discussion

4.1. Substituent group influence on cycloalkene
hydrogenation/dehydrogenation rates in the absence of CO

TORs and apparent activation energies (Eapp) were deter-
mined for the hydrogenation/dehydrogenation of the three
cloalkenes (cyclohexene and 1-and 4-methylcyclohexenes
Pt(111) in the absence of CO. In the absence of CO, TOR
both hydrogenation and dehydrogenation increased in th
der of 1-methylcyclohexene< 4-methylcyclohexene< cyclo-
hexene.

Several researchers have studied the effect of alkyl gro
on alkene hydrogenation on metal surfaces[15,34]. In general,
alkene hydrogenation rates on metal surfaces decrease w
increasing number of alkyl groups on the double bond. This
fect can be explained by steric hindrance by the alkyl grou
It has been speculated that this steric effect disrupts alken
sorption rather than the proceeding surface reactions[15]. The
steric effect of an alkyl group on adsorption can explain
trend observed in this study. 1-Methylcyclohexene, in wh
a methyl group is attached to the C=C bond, should have
the most difficulty adsorbing on the metal surface. Moreo
our finding that the dehydrogenation rate obeys the same
dency as the hydrogenation rate supports the notion that s
r

s

G
d

-
st

-
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r
r-

s
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.
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,
n-
ric

hindrance plays a significant role in the adsorption proc
Kinetic studies of methylcyclohexene hydrogenation on
and Pt-based catalysts have shown that the hydrogenatio
increases in the order of 1-methylcyclohexene< 3-methylcy-
clohexene< 4-methylcyclohexene, indicating that increasi
proximity of the methyl group to the double bond increases
steric effect[3].

SFG results show that during catalytic reactions, the th
cycloalkenes form surface intermediates with similar mo
ular structures. A similar or identical surface intermediate
created on adsorption of 1-methylcyclohexene and 4-methy
clohexene. The proposed intermediate is methylcyclohex
(C7H10), as shown inScheme 1b. This finding suggests that t
form methylcyclohexenyl, molecularly adsorbed 4-methyl
clohexene is isomerized to 1-methylcyclohexene or 3-met
cyclohexene via double-bond migration. Double-bond mig
tion of alkenes has been widely observed on various cata
metal surfaces, including Pt, Pd, and Rh, and have been i
preted by two possible mechanisms[35]. The Horiuti–Polanyi
mechanism involves the formation of the half-hydrogena
species, or (cyclo)alkyl species, whereas the mechanism
posed by Rooney and Webb involves the formation of aπ -allyl
species[36].

4.2. Temperature dependence of cyclohexene hydrogenat
and dehydrogenation

The non-Arrhenius temperature behavior for both hyd
genation and dehydrogenation of cyclohexene in the pres
and absence of CO led us to develop a mechanism that en
the investigation of the effect of temperature on the propose
ementary reaction steps (seeAppendix A). Hydrogenation and
dehydrogenation were assumed to proceed through a m
nism in which hydrogen is sequentially removed or added s
wise to adsorbed cyclohexene. Using a quasi-empirical val
band (QVB) approach, Koel et al.[37] estimated the relativ
stability of adsorbed C6 species on a Pt(111) surface for t
dehydrogenation of cyclohexane to benzene. Koel et al.
included gas-phase cyclohexene in their model, enabling
mulation of a reaction mechanism for both hydrogenation
dehydrogenation. The model provides information on the t
perature dependence of the kinetic and thermodynamic par
ters of the relevant elementary reaction steps. We demons
that the decreased rate at higher temperatures is related
creased surface coverage of the reactive cycloalkene.

Fig. 1 shows that at∼390 and∼450 K, the turnover fre-
quency for cycloalkene hydrogenation and dehydrogena
respectively, reaches a maximum that is not related to t
modynamic equilibrium, poisoning, or transport effects. O
the entire temperature range studied, the conversion was
low (<1%), while equilibrium conversions exceeded>60%.
Poisoning effects were eliminated as a potential cause fo
observed maxima, because rates were reproducible in a
temperature experiment followed by a low-temperature exp
ment and vice versa. Potential mass transfer effects were e
nated by high recirculation rates (4 L min−1) and the nonporou
nature of the single crystal. The negative apparent activation
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ergy is due to a change in surface coverage, where it event
becomes low enough to retard the growth of the apparent
constant even as the temperature is increased.

The apparent rate constant for hydrogenation (kh,app) is writ-
ten in Arrhenius form containing the equilibrium constant
cyclohexene adsorption (K1), H2 adsorption (KH2), the equi-
librium constant for the surface reaction between adsorbed
clohexene and adsorbed hydrogen (K2h), and the kinetic rate
constant for the proposed rate determining step (RDS),k3h (see
Appendix A). Therefore, the apparent activation energy for
cloalkene hydrogenation is a product of kinetic and thermo
namic quantities of several elementary steps:Ea,app= Ea,3h +
�H1 + �H2h + �HH2 becausekh,app= Aappe

−Ea,app/(RT ). At
low temperatures, a positive apparent activation energy is m
sured for the hydrogenation reaction, and cycloalkene-der
species are identified on the surface. At these temperat
the adsorption of cycloalkene and hydrogen is favorable,
the apparent rate constant increases with increasing tem
ature (i.e., normal Arrhenius behavior). Under high-press
cycloalkene conditions and at low temperature, the zero-o
dependence of the rate on cyclohexene suggests that the s
is covered with cycloalkene[5,38].

Fig. 1shows that at∼390 K, the hydrogenation rate reach
a maximum, and eventually the apparent activation en
for the hydrogenation of all cycloalkenes becomes negativ
higher temperatures. The temperature of maximum activity
incides with the temperature at which C–H stretching ba
corresponding toπ -allyl c-C6H9 disappear in temperature
dependent SFG measurements performed under reaction
ditions [12]. The decreased hydrogenation rate with incre
ing temperature is due to a decrease in H2 adsorption and/o
a decrease in cyclohexene adsorption. As the temperatur
creases to the point whereθC6H10 approaches zero, the mo
abundant surface species (masi) becomes a free site (seeAp-
pendix A). The change inmasicauses a change in sign of t
apparent activation energy, because the overall rate con
becomeskh,app. To obtain a negative apparent activation
ergy, the true activation energy of the RDS must be sma
than the sum of the enthalpy of adsorption for the preced
quasi-equilibrated elementary steps. The low activation en
of the kinetically relevant step is evident from the observa
that Pt(111) readily hydrogenates cyclohexene in excess hy
gen at room temperature. Although it is believed that the
decreases because of a decrease in cycloalkene coverage
observations), a comment on the influence of hydrogen
order. In fact, bent or inverse Arrhenius plots have been m
sured for hydrocarbon reforming reactions[39], and it has been
shown that this non-Arrhenius behavior is related to a hyd
gen coverage effect[40]. As the reaction temperature increas
at a constant hydrogen pressure, the hydrogen coverag
creases, as does the rate. Paál et al.[41] have shown that a
maximum in rate is measured as function of hydrogen p
sure at a constant temperature; the position of this maxim
is related to the hydrogen content of the surface interm
ate. This behavior suggests the need for an optimum hy
gen coverage that corresponds to zero-order hydrogen de
dence. On either side of this maximum, H2 and the reactive
lly
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intermediate compete for empty surface sites. This site c
petition model has been used to explain observed rate m
ima with H2 pressure for alkane hydrogenolysis reactions
supported metal catalysts[42,43]. The dependence of the r
action rate on hydrogen has not been measured in this w
but it has been shown that if the maximum rate is fou
as a function of hydrogen pressure at different temperat
and the activation energy is calculated from the rates m
sured at the maxima, then “normal” Arrhenius plots are
tained[44].

Using the thermochemical parameters and reaction b
ers for the hydrogenation reaction, it is easy to show, u
the parameters of Koel et al.[37], that the apparent activa
tion energy is negative under conditions of an essentially
surface. In this case, the two scenarios (UHV conditions
Koel’s calculations and high-temperature, high-pressure,
coverage conditions) are very similar in terms of the surf
density of adsorbates. The adsorption of cyclohexene (in a dσ -
bonded configuration) is nonactivated and exothermic (�H1 =
−17 kcalmol−1) [45] as are most chemisorption processes
becomes increasingly unfavorable as the temperature incre
The heat of adsorption of H2 on a clean Pt(111) surface is es
mated as 10–30 kcal mol−1 [46]. The second step is the surfa
reaction between the same adsorbed cyclohexene and h
gen to form an adsorbed cyclohexyl species [Eq.(A.3)], which
was determined to be exothermic (�H2h = −12 kcalmol−1)
[37]. Koel et al.[37] calculated the activation energy (Ea,3h) for
the RDS as 17 kcal mol−1. Combining these numbers and u
ing a�HH2 of −15 kcalmol−1, the calculated apparent activ
tion energy is negative (−27 kcalmol−1) at high temperatures
Non-Arrhenius temperature behavior has also been docume
for the vapor-phase hydrogenation of benzene over Fe/Al2O3.
Yoon and Vannice[47] noted a maximum turnover frequen
at ∼473 K for benzene pressures (20–100 Torr), which
creased to∼453 K at lower benzene pressures (<3 Torr). The
increased benzene partial pressure affords larger benzene
erage at higher temperatures.

A similar approach to gaining insight into the temperat
dependence of the apparent activation for cycloalkene dehy
genation uses the model of Koel et al.[37]. Fig. 1demonstrates
that the maximum rate for dehydrogenation shifts to hig
temperatures (∼450 K) than that for hydrogenation. The i
creased temperature for maximum dehydrogenation activi
related to the overall endothermicity of the dehydrogena
reaction. Comparing the activity and selectivity on differ
Pt single crystals, Somorjai et al.[48] suggested that the hy
drogenation/dehydrogenation reactions occur on distinct s
Sermon[49] suggested that segregation of adsorbed H to h
coordination sites makes the low-coordinated Pt sites cap
of cyclohexene dehydrogenation. If low-coordination sites
responsible for dehydrogenation, then it is quite possible
these sites can stabilize cyclohexene adsorption at higher
peratures, and therefore the coverage of cyclohexene at
sites is greater than zero at temperatures where the h
genation rate has already begun to decrease. At some p
the rate of benzene formation begins to decrease with inc
ing temperature due to changes in cyclohexene surface
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erage.Fig. 1 shows that the apparent activation energy ne
becomes negative for the three cycloalkenes but that it
decrease with increasing temperature, suggesting that th
clohexene coverage on sites responsible for dehydrogen
is in an intermediate range (0< θC6H10 < 1), which decrease
rapidly within the temperature range in which the slope of
Arrhenius plot starts to change. Eventually, the apparent
vation energy will become negative at higher temperatures
those used in this experiment. An alternative explanation
the decreased dehydrogenation rate as a function of tem
ture is again related to hydrogen coverage and the “hydrog
tive desorption” of products[44,50]. Temperature-programme
reaction/desorption (TPR/D) studies of cyclohexene dehy
genation in UHV conditions on Pt single crystals have sho
that hydrogen and benzene desorb at similar temperatures
gesting that surface hydrogen is needed for benzene form
and subsequent desorption[51,52]. A similar phenomenon ha
been observed for the dehydrocyclization ofn-C6 hydrocarbons
on Pt-black and a Pt/Al2O3 catalyst[50].

4.3. CO poisoning of cycloalkene hydrogenation and
dehydrogenation

Adding CO to the reactant mixture led to a decreased
(Fig. 1d–f) at the same temperature and increased app
activation energy over a similar temperature range. The p
ence of CO in the gas phase caused increases in appare
tivation energy of 8–10 kcal mol−1 for hydrogenation and 8
15 kcal mol−1 for dehydrogenation. If the hydrogenation a
dehydrogenation occurred on distinct sites, as has been
gested[48,49], then it appears that CO bonds indiscriminat
to both types of sites, based on similar increases in apparen
tivation energy for both reactions. Upon adsorption of 15 mT
CO on Pt(111) at 300 K (Fig. 4), a vibrational feature for ato
CO was observed at 2095 cm−1, whereas coadsorption (1.5 To
C6H10, 15 Torr H2, 0.015 Torr CO) at 300 K led to no obser
able C–H resonance (inset inFig. 4) and a slight red shift of the
atop CO band (∼2090 cm−1). The red shift may be due to th
presence of either cyclohexene or carbon on the surface.
suggests that the dominant surface species is no longer6
species, but rather CO. Inspection ofFig. 4 demonstrates tha
the area of the CO absorption band was relatively unchan
with the adsorption of cyclohexene. The coverage of CO
Pt(111) at these conditions was 0.68 ML, as determined
high-pressure STM studies[53,54]. Recent STM work showe
that the coverage of CO does not change with the additio
ethylene to the surface, suggesting that CO molecules oc
atop and near-atop sites in the coadsorbed layer and ethyl
replaces CO in three-fold hollow sites[53]. It is well known
that CO favors atop binding on Pt(111); therefore, the frac
of CO in three-fold hollow sites is small, and the presence
ethylidyne requires relatively few CO molecules to desorb
diffuse to new adsorption sites. Similarly, it is believed t
the adsorption of cyclohexene on a CO covered surface
not require CO desorption and that adsorbed C6H10 is accom-
modated in the CO adlayer, potentially at a three-fold hol
site. This coadsorption behavior qualitatively explains why
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coverage of carbon monoxide is unchanged in the pres
of coadsorbed cyclohexene. At higher temperatures, the
surface coverage will begin to decrease due to desorption
suming that the availability of free adsorption sites increa
as CO begins to desorb and even though the adsorption o
clohexene becomes thermodynamically unfavorable at hi
temperatures, the increased number of free sites due to
desorption allows the rate to increase in an Arrhenius fa
ion to much higher temperatures than were observed for
hydrogenation/dehydrogenation of cyclohexene in the abs
of CO. This is demonstrated by the shift to higher peak te
peratures for cyclohexene hydrogenation and dehydrogen
activity by ca. 50 and 55 K, respectively. Eventually, even in
case of the CO-poisoned experiments, the increased avai
ity of sites cannot compensate for the unfavorable cycloalk
adsorption thermodynamics, and the rate decreases at h
temperatures.

The dependence of the reaction on CO partial pressure
not been measured on Pt(111), but CO inversely inhibits
drogenolysis of methylcyclopropane[20] and the hydrogena
tion of ethylene on supported Pt/SiO2 catalysts. The poisonin
of cyclohexene hydrogenation/dehydrogenation with CO le
to an increased apparent activation energy due to a change
most abundant surface species under reaction conditions
Appendix A). In this case, CO will lead to an increase in t
apparent activation energy due to the inclusion of the equ
rium constant for CO adsorption in the apparent rate cons
kh,CO. The apparent activation energy now includes the ads
tion of CO, causing an increase in the apparent activation
ergy;Ea,app(CO) = Ea,3h + �H1 + �H2h + �HH2 − 2�HCO,
because (−�HCO) is a positive quantity. The saturation co
erage of CO in the Torr pressure range is 0.68 ML[54], and
the heat of adsorption is 10 kcal mol−1 by laser-induced ther
mal desorption (LITD)[55]. Analysis of the data inTable 1
confirms the difference in apparent activation energies in
presence and absence of CO (�Eapp) is ∼9 kcalmol−1 (aver-
age of the hydrogenation and dehydrogenation�Eapp for the
three cycloalkenes), a value close to the CO heat of adsor
at saturation coverage. A similar increase of 10 kcal mol−1 in
the apparent activation energy has been noted for the hy
genation of ethylene in the absence and presence of CO
similar pressure range on Pt(111)[21,22], Pt nanoparticle ar
rays[22,23], and supported Pt nanoparticle catalysts. The
expression (seeAppendix A) suggests that the apparent activ
tion energy should increase by 20 kcal mol−1 if the measured
�Hads of CO at saturation coverage does not change in
presence of adsorbed C6 species. The discrepancy between
experimentally measured activation energy in the presenc
CO and that estimated by the rate expression may be a
sequence of competitive adsorption between CO and C6H10
on a single type of active site and of noncompetitive ads
tion of H2 on distinct surface sites. This two-site model c
predict the observed inverse first-order CO kinetics and
been used to explain the kinetics of olefin hydrogenation
actions[56].

Alternatively, the change in the apparent activation ene
may be due to a change in the RDS. Coadsorption studie
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ethylene–CO[53] and benzene–CO[57,58] on Pt(111) have
shown that the overlayer structures are dense and that adso
mobility is severely hindered, suggesting that alkene ads
tion may become difficult and even activated in some case
the case of the substituted cyclohexene molecules, initia
sorption on a crowded surface may become the rate-lim
step due to the steric hindrance of the CH3 group. CO is proba
bly located on bridge sites during C6H6–CO coadsorption[59],
leading to a further decrease in the number of free sites rel
to CO bonding at the atop position. Analysis ofTable 1demon-
strates that�Eapp for both hydrogenation and dehydrogenat
(except for 4-methylcyclohexene hydrogenation) increases
substituted cyclohexenes. This suggests that the crowded
face exacerbates the influence of the bulky CH3 group of the
substituted cyclohexene. In the case of 4-methylcyclohex
the double-bond migration may require a large ensembl
metal atoms not available on a CO-saturated surface.

5. Conclusion

In this study, the influence of substituent groups on the
cloalkene ring and their proximity to the C=C double bond
were examined, and the influence of CO on the adsorp
and kinetics of cycloalkene hydrogenation/dehydrogenatio
Pt(111) was studied. For the three cycloalkenes studied
TORs for both hydrogenation and dehydrogenation decrea
whereas activation energies for both reactions increased
the addition of substituent groups to the cycloalkene ring. Th
differences are attributed to steric effects. SFG surface v
tional spectroscopy measurements demonstrated that o
sorption, the three cycloalkenes formed a surface species
a similar molecular structure. Reaction rates for cycloalk
hydrogenation/dehydrogenation decreased significantly in
presence of adsorbed CO. Apparent activation energies
creased by∼9 kcalmol−1 in the presence of carbon monoxid
The difference in activation energy in the presence and
sence of CO increases with substitution and the locatio
the substituent on the cycloalkene ring relative to the C=C
double bond. SFG results demonstrated that CO exclude
cycloalkene from the surface. The poisoning of cycloalk
hydrogenation/dehydrogenation with CO led to an increa
apparent activation energy due to a change in the most a
dant surface species under reaction conditions. This study
lend insight into the design of CO-tolerant hydrocarbon con
sion catalysts.

Acknowledgments

This work was supported by the Office of Energy Resea
Office of Basic Energy Sciences, Chemical Sciences D
sion, U.S. Department of Energy under contract DE-AC
05CH11231. R.M.R. acknowledges financial support from
Ford Motor Corporation through the Ford Catalysis Fellows
administered by the Berkeley Catalysis Center.
ate
-

In
-

g

e

h
ur-

e,
f

-

n
n
e
d,
th
e
-
d-
th
e
e

n-

-
f

he

d
n-
ay
-

,
-
-

Appendix A. Proposed cycloalkene hydrogenation
mechanism and derivation of rate expression

This appendix proposes a reaction mechanism for cy
hexene hydrogenation and derives a rate equation to ex
non-Arrhenius behavior at high temperature and the incr
in apparent activation energy in the presence of CO.

A.1. Langmuir–Hinshelwood mechanism for cyclohexene
hydrogenation

The proposed mechanism for cycloalkene hydrogena
comprises the following elementary reaction steps in which6
intermediates are sequentially hydrogenated. Adsorption o
clohexene is assumed to be quasi-equilibrated, requiring a
site (*) for adsorption. The identity of this site is not known
may consist of a single atom or an ensemble of atoms:

H2 + 2*
KH2

2H*, (A.1)

C6H10 + *
K1

C6 H10*, (A.2)

C6H10* + H*
K2h

C6H11* + *, (A.3)

C6H11* + H*
k3h−→ C6H12* + *. (A.4)

Adsorbed cyclohexene is hydrogenated to yield adsorbed
clohexyl (C6H11*) species. Both C6H10 adsorption and its hy
drogenation to C6H11* are reversible, based on the observat
that d1-C6H10 is observed in the gas phase during C6H10/D2
experiments due to the dehydrogenation ofd1-C6H11 species,
assuming that H–D exchange does not occur[60,61]. Accord-
ing to Koel et al.[37], C6H11* is the most stable adsorbed C6
species in the conversion of cyclohexene to cyclohexane.
choice of RDS is in accord with the proposed RDS for benz
hydrogenation[47]. The rate of cyclohexene hydrogenation
written as

rC6H12 = k3h[C6H11*][H*], (A.5)

where the concentration of adsorbed hydrogen is determ
from the equilibrium between adsorbed H and gas-phase2,
[H*] = K1/2

H2
[H2]1/2[*], and [C6H11*] is calculated from the

quasi-equilibrium of the cycloalkene adsorption and reac
steps(A.2) and(A.3). Replacing the concentration of adsorb
cyclohexyl species in the rate expression with reactant pa
pressures, the RDS becomes

rC6H12 = K1K2hKH2k3h [C6H10][H2][*] 2. (A.6)

The number of free sites [*] is determined from an overall s
balance. The total number of sites, [L], is [L]= [*] + [C6H10*],
leading to a Langmuir–Hinshelwood-type rate expression
the formation of cyclohexane,

(A.7)rC6H12 = kh,app[C6H10][H2]
(
1+ K1[C6H10]

)2
,
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wherekh,app= K1K2hKH2k3h[L]. Cyclohexene is considered
major surface species due to the favorable adsorption the
dynamics at low temperatures (300 K� T � 400 K), the high
cyclohexene gas-phase pressure, and the zero-order cycl
ene kinetics reported by a number of researchers[5,38]. The
foregoing rate expression allows for the dependence on C6H10
pressure to vary from−1 to first order. At low temperatures, th
K1[C6H10] becomes considerably larger than unity and the
expression becomes

rC6H12 = kh,app[H2]
K2

1[C6H10]
,

where the overall rate constant iskh,app/K
2
1(= K2hKH2k3h[L]/

K1), which increases with increasing temperature and le
to a positive apparent activation energy. As the tempera
increases, theK1[C6H10] in the denominator of Eq.(A.7)
decreases, leaving a free site as themasi, and the rate ex
pression becomesrC6H12 = kh,app[C6H10][H2] as cyclohexene
adsorption is not favored. Under these conditions,kh,app de-
creases with increasing temperature if the product of equ
rium constants,K1K2hKH2 decreases with temperature mo
quickly thank3h increases. The lumped equilibrium consta
are exothermic and thus decrease with increasing tempera

A.2. Influence of CO on proposed rate equation

The addition of mTorr pressure of CO in the gas ph
leads to adsorption/desorption equilibrium between gas-p
CO and adsorbed CO (i.e., CO+ * CO*). Favorable CO ad
sorption thermodynamics leads to a change in themasi, such
that the site balance becomes [L]= [CO*] = KCO[CO][*] and
the rate expression for cyclohexene hydrogenation in the p
ence of CO becomes

(A.8)rC6H12 = kh,CO[C6H10][H2]
[CO]2 ,

wherekh,CO = kh,app/K
2
CO. This rate expression predicts an i

verse second-order inhibition of CO on the overall hydroge
tion kinetics (dehydrogenation as well). Therefore, it is poss
that the RDS changes in the presence of CO and the adsor
of the cycloalkene becomes rate determining [Eq.(A.2)], lead-
ing to a rate expression with an inverse first-order depend
on carbon monoxide. In this case,kh,app would depend on the
thermodynamics of cycloalkene and carbon monoxide ads
tion. Alternatively, a two-site mechanism, in which H2 adsorp-
tion is noncompetitive and C6H10–CO adsorption is compet
tive, would predict the observed inverse first-order depende
in carbon monoxide[56].
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