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Abstract: Sum frequency generation (SFG) surface vibrational spectroscopy has been used to identify
reactive surface intermediates in situ during catalytic dehydrogenation reactions of high-pressure
cyclohexane (CgH12) on the Pt(111) crystal surface in the presence and absence of high-pressure hydrogen.
These experiments provide the first spectroscopic evidence of cyclohexyl (C¢H11) as a reactive surface
intermediate during the cyclohexane catalytic conversion to benzene at high pressure in the presence of
excess hydrogen. In addition, it was proposed from temperature-dependent SFG experiments that
dehydrogenation of cyclohexyl is a rate-limiting step in the cyclohexane catalytic conversion to benzene.

1. Introduction (HREELS)?1*12and reflection-absorption infrared spectros-
copy (RAIRS)!3 Briefly, cyclohexane adsorbs molecularly on
43t(111) at 100 K in a chair configuratio@4,) with its molecular
plane parallel to the metal surfateAt about 200 K, cyclo-
hexane is dehydrogenated to formallyl c-CsHg. The GHg
intermediate remains as a dominant surface species up to 280
K.47 Above 280 K, z-allyl c-CgHg converts to benzerfe,
Adsorbed benzene desorbs or decomposes at higher tempera-
ture’ The surface species that are present at low pressures/
temperatures, however, may not represent all of those present
t high pressures/temperatures and in the presence of excess
ydrogen, which are the conditions in most chemical and
petrochemical catalytic processes.

It has been speculated that the first B bond cleavage in a
cyclohexane adsorbate on Pt(111), leading to the formation of
a cyclohexyl intermediate @El11), is a key elementary step for
the dehydrogenation process. Providing the evidence for the
cyclohexyl on the surface has been a difficult task to perform
under low pressure/temperature conditibiige difficulty arises
from the fact that cyclohexane, like other alkafefas low
dissociative sticking probability on platinum surfaces, and once
*To whom correspondence should be addressed: Tel 510-642-4053; formed, the cyclohexyl readily converts to more stable species,

The adsorption and dehydrogenation of cyclohexarkl{§
on the Pt(111) crystal surface has been studied extensively a
a model system for cyclic hydrocarbon conversion, which is
important in naphtha reforming processeBespite the large
amount of research on the adsorption and reactions of cyclo-
hexane on Pt(111), little is known regarding the identification
of the surface intermediates and their surface chemistry in
cyclohexane catalytic reactions, which are usually carried out
at ambient pressures. This was mainly due to the lack of
experimental techniques that can isolate and characterize surfac
intermediates during catalytic reactions at ambient pressures.

Various surface analytical techniques have been employed
to identify thermally stable chemical species on the surface upon
adsorption of cyclohexane on Pt(111) at low pressurel(®
Torr) and at cryogenic temperatures. Among them are low-
energy electron diffraction (LEED)? thermal desorption spec-
troscopy (TDS),® bismuth postdosing thermal desorption
spectroscopy (BPTDS),laser-induced thermal desorption
(LITD),4&10 high-resolution electron energy loss spectroscopy

féz>1<): 210-63?3-96368A. A ML P M. Edatalvi hih such asr-allyl c-CgHg, on the surfacé.
ntos, G. J., Aitani, A. M., Parera, J. M., atalytic naphtha . . .
reforming: science and technolagylarcel Dekker: New York, 1995. In this Stu_qy’ the sum freq_uen?y generation (SFG) teChn'ql_Je
% Sland,tJ.LL.;E Basron, K';-S%m/‘i?a'(’; r? N-P%ats@allé%?gﬁSg,g%?S. has been utilized to obtain vibrational spectra of surface species
irment, L. E.; Somorjai, G. AJ. Chem. Phy: 66, . . . . K . -
(4) Pansoy-Hijelvik, M. E.; Schnabel, P.; Hemminger, JJCPhys. Chem. B in situ during the hlgh-presspre cyclohexane Catalyt'q reagtlons
200Q 104, 6554. on Pt(111). SFG, a nonlinear optical surface vibrational
(5) Rodriguez, J. A.; Campbell, C. T. Phys. Chem1989 93, 826. .
(6) Tsai, M.; Friend, C. M.; Muetterties, E. . Am. Chem. $S04982 104 spectroscopy, has recently been employed to monitor surface
2539. species during catalytic reactions under high-pressure con-
(7) Bussell, M. E.; Henn, F. C.; Campbell, C. J. Phys. Chem1992 96,
5978.

(8) Pettiette-Hall, C. L.; Land, D. P.; Mclver, R. T.; Hemminger, JJCAm. (11) Land, D. P.; Erley, W.; Ibach, Fsurf. Sci.1993 289, 237.
Chem. Soc1991], 113 2755. (12) Demuth, J. E.; Ibach, H.; Lehwald, Bhys. Re. Lett. 1978 40, 1044.
(9) Parker, D. H.; Pettiette-Hall, C. L.; Li, Y.; Mclver, R. T.; Hemminger, J. (13) Chesters, M. A.; Gardner, P.; McCash, E. $airf. Sci.1989 209, 89.
C. J. Phys. Chem1992 96, 1888. (14) Kang, D. B.; Anderson, A. Bl. Am. Chem. S0d.985 107, 7858.
(10) Perry, D. A.; Hemminger, J. @. Am. Chem. So200Q 122, 8079. (15) Zaera, FChem. Re. 1995 95, 2651.
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ditions16-19 This technique, when applied to studies of flat necessary because gas molecules in the HP cell absorb some portion
surfaces, can be more sensitive than infrared and Ramanof the incident infrared beam, to which sum frequency output is linearly
Spectroscop|ES, Wh”e e|ectr0n Spectroscoples cannot be emproportional. Detailed descriptions on the HP/UHV System and SFG
ployed at the high reactant pressures necessary to monitorneasurement can be found elseWh?‘_%re' 3
catalytic reactions. The SFG process is only allowed in a  Cyclohexane (€Hi, 99.5%, Aldrich) was purified by freeze
medium without centrosymmetry under the electric dipole pump-thaw treatment before being introduced in the HP cell. The
o001 - g B . reactant pressure was 1.5 Torr of cyclohexane, or 1.5 Torr of
approximatiorf®21 Platinum bulk is centrosymmetric and its

ibuti EGi I liible. | . inth cyclohexane and 15 Torr of hydrogen. In the latter case, hydrogen was
contribution to SFG is usually negligible. Isotropic gases in the always introduced first, followed by cyclohexane. Note that mixing

reaction cell do not generate SFG. Only the metal surface andine o gases before introduction produced the same results in our SFG
the adsorbates on the surface can generate SFG under the electrigperiments.

dipole approximation.

We report evidence for cyclohexyl (Bi1) as a reactive 3 Results
surface intermediate during cyclohexane catalytic reactions on  For our SFG spectral analysis, it is important to review the
Pt(111) at high pressure (1.5 Torr of cyclohexane and 15 TorT sy dies of cyclohexane adsorbed on Pt(111) under low-pressure
of Hp) and at high temperature-B00 K). In no case, to our  (<10-6 Torr) conditions.

knowledge, is there experimental evidence for a stable cyclo- Cyclohexane (€H:,) adsorbs molecularly on Pt(111) at 100
. . : P .
hexyl intermediate under high-pressurel0° Torr) and high- K in a chair configurationCs,) in which the molecular plane

temperature X300 K) conditions. At low pressures/tempera- g narajiel to the surface and three axial CH bonds are directly

tures, LITD studies of submonolayer cyclohexane on P{(111) o\ er three surface metal atoRfElectronic interactions between
have observed c;_/glohexyl at 2052K as a product of the thermal o ee axial hydrogen atoms and the three metal atoms cause
dehydrogenatiofi.® Xu and Koet? have reported that cyclo- a softening and broadening of the axial-B bond stretching
hexyl can be generated by electron-induced dissociation of ;p 400 frequency. As a result, the RAIR spectrum of
cyclohexane multilayers on Pt(111). Even at low pressures/ o, ciohexane on Pt(111) at a saturation coverage showed a very
temperatures, to our knowledge, no spectroscopic evidence for, -4 c-H stretching band in the range of 2469820 cnt?

the cyclohexyl intermediate on Pt surfaces has been reported.a|Ong with two additional bands at 2903 and 2843 &A% At

In addition, we propose here that dehydrogenation of cyclohexyl 54t 200 K, cyclohexane converts to aHg intermediate.

is a rate-limiting step in the cyclohexane catalytic conversion | |1 studied24 have suggested tha:; and GHio exist in

to benzene in the presence of excess hydrogen. sequence as metastable species at about 200 K before their

conversion to a thermally stablesldy intermediate. The §Hg

intermediate exists as a dominant surface species on Pt(111) in
All experiments were carried out on a Pt(111) single-crystal surface the temperature range of 20@80 K47 It is believed that the

in a high-pressure/ultrahigh-vacuum (HP/UHV) system. The HP/UHV CeHo intermediate has an allylic structure on, ©,, and G

system is composed of a UHV chamber with a base pressurexof 4 positions withCs symmetry (see Figure 1a), arallyl c-CeHo.

10719 Torr and a high-pressure (HP) cell. The HP cell, where high- The z-allyl c-CeHs is characterized by twc; RAIRS bands at

pressure catalysis studies were carried out, was connected to the UHV, 25 Ab 280 K 7z-allvl c-CeH t

chamber through a gate valve. Two Gakindows on the HP cell 2846 and 2930 crt.> Above Jr-allyl C-LeHg CONVErLS

allowed input and output of both infrared and visible beams for SFG [0 adsorbed ben;eﬁé’. Benzene on the surface desorbs or

experiments. The Pt(111) crystal was cleaned by sputtering with Ar decomposes at higher temperattre.

ions (1 keV), heating it at 1100 K in the presence of 307 Torr of In this study, we first obtain SFG spectra during high-pressure

O for 2 min, and then annealing it at 1150 K in UHV for 2 min. After  cyclohexane catalytic reactions in the absence of high-pressure

a few cycles of cleaning, the Pt(111) crystal was transferred to the HP H, at 310 K. It will be shown that in this circumstance the major

cell for SFG measurements. The Pt(111) surface was routinely checkedsyrface species is-allyl c-C¢Hg. This can be predicted from

by Auger electron spectroscopy (AES) for cleanness. the studies done at low pressures/temperatures, as described
For SFG experiments, a mode-locked 20 ps, 20 Hz Nd:YAG laser gpoye, Then the SFG result in the absence of high-pressure H

with a 25 mJ/pulse energy output at 1064 nm was used to generate Ai . -
ill be used to analyze SFG spectra in the presence of high-
tunable infrared (13063200 cm?) and a visible beam at 532 nm. pressure bl y P P 9

The visible (20QuJ/pulse) and the infrared (10@/pulse) beams were .
spatially and temporally overlapped on the Pt(111) surface with incident  3-1- SFG Spectrum Obtained upon Cyclohexane Adsorp-
angles of 5% and 60, respectively, with respect to the surface normal. tion at 1.5 Torr and at 310 K on Pt(111) in the Absence
Both the infrared and visible beams were p-polarized. As the infrared and Presence of 15 Torr of H. The SFG spectrum of surface
beam is scanned over the frequency range of interest, the sum frequencgpecies on Pt(111) at 310 K under 1.5 Torr of cyclohexane in
output from the Pt(111) crystal was collected by a photomultiplier and the absence of high-pressure k8 shown in Figure 2a. The

a gated integrator. The sum frequency output was then normalized by C—H stretching region features three bands at 2845, 2925, and
the intensity of the incident infrared beam on the surface. This is 3000 cntl. The dominant bands at 2845 and 2925 érare
typical of symmetric and antisymmetric- stretches of a

2. Experimental Section

(16) Cremer, P. S.; Su, X.; Shen, Y. R.; Somorjai, G.JAAm. Chem. Soc.

1096 118 2942, methylene group, respectively. The weak band at 3000'cm
(7) girg%% P.S.; Su, X.; Somorjai, G. A.; Shen, Y.JRMol. Catal. A1998 can be assigned to the aromatie-B stretch from adsorbed
(18) Chen, P.; Kung, K. Y.; Shen, Y. R.; Somorjai, G. 3urf. Sci.2001, 494,

289. (23) Kung, K. Y.; Chen, P.; Wei, F.; Rupprechter, G.; Shen, Y. R.; Somorjai,
(19) McCrea, K. R.; Parker, J. S.; Somorjai, G.JAPhys. Chem. B002 106, G. A. Rev. Sci. Instrum2001, 72, 1806.

10854. (24) Land, D. P.; Pettiette-Hall, C. L.; Mclver, R. T.; Hemminger, JJCAm.
(20) Shen, Y. RThe Principles of Nonlinear Optic®Viley: New York, 1984. Chem. Soc1989 111, 5970.

(21) Shen, Y. RNature 1989 337, 519. (25) Manner, W. L.; Girolami, G. S.; Nuzzo, R. @. Phys. Chem. B998
(22) Xu, C.; Koel, B. E.Surf. Sci.1993 292 L803. 102 10295.
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(a) w-allyl c-CsHs are consistent with characteristicssofllyl c-CgHo, according

to the RAIRS and SFG resutt’28for cyclohexene adsorption
on Pt(111). It should be noted that the SFG spectrum at 310 K
is different from RAIR and SFG spectra of molecularly adsorbed
cyclohexadienes (§Els), a dehydrogenated species frogHg.
RAIR?5 (SFG7) spectra of molecularly adsorbed 1,4-cyclo-
hexadiene (gHg) on Pt(111) show a single band at 2763 (2770)
cm~1. RAIR?S (SFG7) spectra of molecularly adsorbed 1,3-
cyclohexadiene (§Hs) show multiple bands at 2816, 2825
(2830), 2859 (2875), and 2881 (2900) tnThe observation

of w-allyl c-CgHg as a major species at 310 K is also consistent
with the results at low pressures, as described above, by

P11 considering that the conversion temperaturerallyl c-C¢Hg
to benzene shifts to higher temperature at higher coverages due
(b) eyclohexyl (CeHin) to a site-blocking effect’—2°

Figure 2b shows a SFG spectrum taken at 310 K under 1.5
Torr of cyclohexane and 15 Torr of ;Hon Pt(111). The
symmetric and antisymmetric €H stretching bands of a
methylene group appear at 2850 and 2915 tmespectively.

The features of the two bands in Figure 2b are noticeably
different from those in Figure 2a. It is clear that the surface

species accountable for the SFG spectra in Figure 2b is not
sr-allyl c-CgHo. It is also clear that the surface species in Figure

2b is neither cyclohexadiene {@s) nor benzene (He).

To identify the chemical species responsible for the SFG
spectrum in Figure 2b, it is necessary to examine vibrational
spectra of all possible surface species: cyclohexanbl

Pi(111) cyclohexyl (GH11), and cyclohexene (El10). The vibrational
Figure 1. Schematic diagram of (a}-allyl c-CsHs and (b) cyclohexyl spectrum of cyclohexane adsorbed on Pt(111) is characterized
(CeH11) intermediates: solid and open circles represent carbon and hydrogenby a very broad €H stretching band in the range of 2400
3?0“?& resr;grcsti\geflyihlensgﬁ "r‘o%a”‘;'ts gf’md b;ﬁﬂrisgnhd";c‘gogtsgti:]a”S“iO”ZSZO cntl, resulting from electronic interactions of three axial
c;llpccl)oie\ggltl:, respectively. Tge trgnsition di;;gle \)/lectorg og;‘ the antisymmetric CH bonds with three Surface_metal atothyVe found that Wh_en
and symmetric stretches are along thaxis andc-axis, respectively. a SFG spectrum was taken in the range of 242800 cnt?, it
showed no peak at all. Therefore we exclude the possibility of
1.0—'(3‘)1;5T'or:C'H' v:/itl':oultl-; a'! 3'10'K' e the existence of molecularly adsorbed cyclohexane on Pt(111)
e z at 310 K under 1.5 Torr of cyclohexane and 15 Torr of H
o +—2925 I Syomin and KoéP have reported that cyclohexyl can be
generated by electron-induced dissociation of cyclohexane on
Au(111) at 90 K and its infrared spectrum features two dominant
- bands at 2852 and 2923 cfas well as the lack of the soft
C—H stretch mode.
The absence of molecularly adsorbed cyclohexane is also
L expected by thermodynamic consideration to estimate the
relative surface coverage of cyclohexane and cyclohexyl on Pt-
7 (0) 15 Torr CgH,, with 15 Torr H, at 310 K r (111). According to semiempirical thermodynamic calculations
] 2915 | by Koel et al3! cyclohexyl on Pt(111) is more stable than
2850 3 o cyclohexane on Pt(111) by 7 kcal/mol. Assuming these two
E 8 - surface species are at equilibrium at 298 K, surface coverage

oQ

$e o°i of cyclohexane is estimated to be an order of 5 smaller than
$ 'WQ % that of cyclohexyl.

0.0+ - Cyclohexene adsorption on Pt(111) below 200 K leads to

UL SN N the formation of a dis-type cyclohexene (@i10).253233The

SFG intensity (a. u.)

2600 2700 2800 2900 3000 3100
Wavenumber (cm )

(27) Su, X.; Kung, K. Y.; Lahtinen, J.; Shen, Y. R.; Somorjai, G.JAMol.

Figure 2. SFG spectra of surface species on Pt(111) at 310 K under 1.5 Catal. A1999 141, 9.
Yang, M.; Chou, K.; Somorjai, G. Al. Phys. Chem. B003 107, 5267.

)
Torr cyclohexene (a) in the absence and (b) in the presence of 15 Torr of (28) /
(29) Campbell, C. T.; Campbell, J. M.; Dalton, P. J.; Henn, F. C.; Rodriguez,
)

H,. D lin re drawn for visual aid. 2 ! )

2 Dotted lines are drawn for visual aid J.A.; Seimanides, S. Gi. Phys. Chem1989 93, 806.

(30) Syomin, D.; Koel, B. ESurf. Sci.2002 498, 61.

benzene and/or phemfiThe two bands at 2845 and 2925¢in (31) Koel, B. E.; Blank, D. A; Carter, E. Al. Mol. Catal. A1998 131, 39.
; P i ; ; (32) Henn, F. C.; Diaz, A. L.; Bussell, M. E.; Hugenschmidt, M. B.; Domagala,
in terms of their positions, broadness, and relative peak heights,>< 1'¢ E - Campbell, C. TJ. Phys. Chemi992 86, 5965,
(33) Lamont, C. L. A.; Borbach, M.; Martin, R.; Gardner, P.; Jones, T. S
(26) Sheppard, N.; Cruz, C. D. |Adv. Catal. 1998 42, 181. Conrad, H.; Bradshaw, A. MSurf. Sci.1997, 374, 215.
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RAIR?5 (SFG) spectra of a dis-type cyclohexene on Pt(111) Lo b by b v by by |

are characterized by three bands at 2938 (2958), 2902 (2918), 12 115 Torr cyclohexane with 15 Torr H, on Pt(111) 0
and 2864 (2875) cmt. The relative intensities of the three bands i 2915 i
are comparable. The RAIR bands at 2938 and 2864'are _ ® ;

assigned to asymmetric and symmetric stretches of unperturbed
methylene group, respectively, and the band at 2902 dm
C—H stretch interacting with the metal surface. Thus the
characteristics of the bands for a@ltype cyclohexene cannot
account for the SFG spectrum in Figure 2b.

In conclusion, the surface species responsible for the SFG
spectra in Figure 2b is neither cyclohexangH(), cyclohexene
(CeH10), cyclohexenyl (GHg), cyclohexadiene (§Hs), nor
benzene (gHg). Consequently, cyclohexyl ¢8:;) is the only
possible species responsible for the SFG spectra in Figure 2b.

The difference in the relative band intensities and broadness
of the symmetric and asymmetric stretches betweedllyl
c-CsHg and cyclohexyl (GH1;) can be understood by consider-
ing the difference in their adsorption geometry on Pt(111). The
relative SFG intensity of the symmetric and antisymmetrie-C
stretch is sensitive to the geometrical orientations of, CH
groups3*-37 The surface selection rule of SFG and RAIRS for
adsorbates on a metal surface allows one to observe only C
stretches with nonzero transition dipole vectors along the normal
direction to the surface. Proposed adsorption geometries of
m-allyl c-CgHg and cyclohexyl on Pt(111) are illustrated in
Figure 1. For ther-allyl C-Cg,H_g_intermediate ir\ Figure 1a, GH Figure 3. Temperature-dependent SFG spectra of cyclohexyl surface
groups at G, C_5’ ar_]d G posmons_ can contribute tO_ t_he S_FG species 6n Pt(111) under 1.5 Torr of cyclohexene and 15 Torp @f Hhe
bands shown in Figure 2a. Particularly, the transition dipole range 296-453 K. The metal surface was initially kept at 296 K and then
vector (along thea-axis in the inset of Figure 1a) of the heated sequentially for each SFG measurement. The SFG spectrum at the
antisymmetric stretch of the GHgroup at G is nearly top was taken after the metal surface was cooled to 296 K. Dotted lines are

. L d for visual aid.
perpendicular to the metal surface, resulting in the strong SFG rawn for visuat &

signal of the antisymmetric CHstretch at 2925 cmi. By which are different from the case af-allyl c-CgHg, can be

contrast,_ the traagmon o:lpole \I/letl:tor éalong tlhax;s) of the ki understood mainly by considering the orientation of the,CH
symmetric stretch is nearly parallel to the metal surface, resulting group at G in Figure 1b. It is interesting to find that the

ig rg)bSF(j sigggl fornt%h'e strnghing moﬂe. Consque:ztlljl, the symmetric C-H stretching band for cyclohexyl does not show
FG band at 2845 cm Is attributed to the symmetric the low-frequency tail, differing from the case fogHs. This

stretches f‘t EandbCét.)lThde Iow-frgqhuency tail in th_e band_at implies that the CkHgroup associated with the symmetric band
2845 cni* is probably due to inhomogeneous interactions for cyclohexyl is distant from the metal surface, which is

between the symmet_ricﬂ—| stretches and the metal surface. consistent with the proposed adsorption geometry in Figure 1b,
Fo_r the cyc_lohgxyl intermediate, tr_'e Gbroup at G maktlas and thus is not affected by the adsorption environments.

a major contribution to the asymmetric SFG band at 2915'¢m 3.2. Temperature-Dependent SFG Spectra Obtained upon

as shown in Figure 2b. The transition dipole vectors of the Cycllo.hexane Adsorption at 1.5 Torr on Pt(111) in the

antisymmetric stretch at£Cs, Cs, and G are nearly parallel Presence of H at 15 Torr. Theltemperature-dependent SFG

to t_he surface, a_nd thus qnly the QWOUP at G can be SFG- spectra of surface species on Pt(111) under 1.5 Torr of

active for the antsyr_n_m etrl_c stretching mode. For theZ@Ifd)uP cyclohexane and 15 Torr oftéare shown in Figure 3. The metal

at G, since the transition dipole vectors of the asymmetric (along surface was initially kept at 296 K and then heated sequentially

the a-axisin the inset in .F|gure 1b.) and symmetric (along the for each SFG measurement. Two bands are shown at 2850 and
c-axis) C—H stretches tilt approximately 36and 54 from 1 - - . .
normal to the surface, both stretches may produce comparably2915 e, which are assigned to symmetric and asymmetric

' C—H stretches of a methylene group from cyclohexysH&)

fyt,reoggr; ';Sosr:?ng Is.lgohe?;l: artis% t?é %é:; g %::tei:corsnlz G intermediate. Since the band positions remain exactly the same
yby-2o, gving Y in the temperature range of 29853 K, we believe that the

band. Moreover, if negligible interactions with the metal surface . .
two bands come from the same chemical species, cyclohexyl

are assumed, .these four eigroups .constltute an Inversion (CgH11). The relative intensities of the two bands at 2850 and
symmetry, which allows no SFG signal. In conclusion, the 1 - .
. ” 2915 cntt are slightly changed with the temperature, probably
comparable SFG intensities of the two bands for cyclohexyl, : . . )
due to the orientational changes of the cyclohexyl intermediate

SFG intensity (a. u.)

I L | I L I LI | | LN I LN | I L I
2500 2600 2700 2800 2900, 3000 3100
Wavenumber (cm )

(34) Hirose, C.; Akamatsu, N.; Domen, B. Chem. Phys1992 96, 997. with temperature.

(35) 37"015(?6&; Yamamoto, H.; Akamatsu, N.; Domen,JKPhys. Chenl.993 As the surface temperature increases, the SFG bands decay

(36) Opdahl, A.: Phillips, R. A.; Somorjai, G. Al. Phys. Chem. 002 106, in intensity, becoming featureless at 453 K. We also observed
5212. S

(37) Wei. X.: Hong, S.: Zhuang, X.: Goto, T.; Shen, Y. Fays. Re. E 2000 that the SFG spectrum changes reversibly in the_terr_lperature
62, 5160. range of 296-453 K. The SFG spectrum at the top in Figure 3

11134 J. AM. CHEM. SOC. = VOL. 125, NO. 36, 2003
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CeHuz(g) CeHio(g) + 2H(a) m-allyl c-CgHg intermediate. As shown in Figure 2a, the
HNO Hw formation of ther-allyl c-C¢Hg intermediate is facile at 310 K

1 o L . in the absence of excess hydrogen.

CoHiata) S—== CoHlu(e) + Hia) =—= Ceffuol) + 261(@) === Celly(e) + 3H(@) Now we discuss a rate-limiting step in the dehydrogenation

Figure 4. Activation energies (kilocalories per mole) for elementary ~PrOCESSES of high-prgssure cyclohexane to benzepe on Pt(lll)
reaction steps for dehydrogenation of cyclohexane to benzene on Pt(111),in the presence of high-pressure hydrogen. We first consider

from ref 31: (g) and (a) represent gas phase and adsorbed speciesthe adsorption and reactions of cyclohexengHfg) on Pt(111).
respectively. Cyclohexene on Pt(111) is not only one of the possible
intermediates in cyclohexaned;,) conversion to benzene but
also a reactant molecule to be hydrogenated to cyclohexane.
ur previous SFG studigsshowed that, upon adsorption of

was obtained after the metal surface was cooled from 453 to
296 K. This spectrum is very similar to that at 296 K, obtained
before the surface temperature was increased. It should be noteq ¢ 1. cyclohexene (@i10) on Pt(111),z-allyl c-CeHo

that there is no indication of existing dehydrogenated Species . icts as a major surface species in the temperature range of

Lrom Cyc'ghe.xy' (%ng’ Suclr.‘ as @l*lo'TﬁﬁHg' CeHa, "%‘”C:h 310-400 K. At above 400 Kz-allyl c-CgHs coexists with 1,3-
Seré;zgne uring .ah \ealingooiing cycie. 1he ehcrease Im ¢ T] cyclohexadiene (§1g).2 The dehydrogenation of-allyl c-CeHg
FG intensity with increasing temperature is the result of the \ /o< 4,04 to be irreversible with temperature. By contrast, this

decrease in the lsltqufacle coveragebof cyclohexa/_ll. Ar‘]t gigher study showed that upon adsorption of 1.5 Torr of cyclohexane
temperature, cyclohexyl (1) can be more readily hydro- (CeH1o) with 15 Torr of H, a major surface intermediate is

genated to form cyclohexanedl,), which eventually desorbs. cyclohexyl (GHa1) in the temperature range of 29853 K.

In other words, increasing temperature increases the desorptior]Dlreviously observed surface intermediates suchwaalyl

rate of the cyclohexyl intermediate, via hydrogenation, resulting c-CeHo, 1,3-cyclohexadiene (Flg), and cyclohexene (Ei1o)

in the decrease of the SFG intensity. As an alternative possibility, \yere not observed in this temperature range. Moreover, the SFG
the increase in the dlsor(jerlng of thg cyclqhexyl mtermedlat_e band intensities of the cyclohexyl intermediate change reversibly
can cause the decrease in the SFG intensity because SFG is @iih the temperature (Figure 3), implying that the dehydro-
coherent process. genation of cyclohexane to cyclohexyl and its backward
reaction—hydrogenation of cyclohexytis reversible in that
temperature range.

These observations strongly suggest that dehydrogenation of
cyclohexyl to form cyclohexene is a rate-limiting step in the
cyclohexane catalytic conversion to benzene on Pt(111) in the
presence of excess hydrogen. The dehydrogenation of cyclo-
hexyl to cyclohexene competes with the backward reaction:
hydrogenation of cyclohexyl, followed by desorption in the form
of cyclohexane. According to the calculations by Koel ef4l.,
an activation energy (12 kcal/mol) for the cyclohexyl conversion
to adsorbed cyclohexene is lower than an activation energy (17
kcal/mol) of the dehydrogenation to adsorbed cyclohexane. The
presence of excess hydrogen, however, may inhibit the de-
hydrogenation and enhance the hydrogenation process.

4. Discussion: Dehydrogenation of Cyclohexyl as a
Rate-Limiting Step

Our SFG results showed in situ observation of surface species
during the adsorption and reaction of 1.5 Torr of cyclohexane
on Pt(111) with and without 15 Torr of HIn the absence of
high-pressure K a dominant surface species at 310 kiallyl
c-CgHg (Figure 1a). By contrast, in the presence of 15 Torr of
H,, a dominant surface species at 310 K is cyclohexyH()
(Figure 1b). In no case, to our knowledge, is there experimental
evidence for a stable cyclohexyl intermediate at high pressures
(>10°% Torr). Moreover, cyclohexyl (§H11) is the only surface
species observed in the temperature range of-283 K in
the presence of 15 Torr of HFigure 3).

It is important to consider the elementary steps in the
dehydrogenation processes of high-pressure cyclohexane to form; concluding Remarks
benzene on Pt(111) in the presence of high-pressure hydrogen.

Most of the cyclohexane conversion processes in industries are In this work, SFG surface vibrational spectroscopy allows
carried out in the presence of high-pressure hydrédéigure us to monitor a reactive surface intermediate during high-
4 illustrates a stepwise reaction mechanism and activation pressure cyclohexane catalytic reactions on Pt(111). We have
energies for the dehydrogenation of cyclohexane to benzene orshown that cyclohexyl (€H11) exists as a reactive surface
Pt(111), which was proposed by Koel efafrom calculations intermediate during the reactions in the presence of excess
based on experimental results. Our SFG results have demon-hydrogen. The dehydrogenation of cyclohexane to cyclohexyl
strated that the conversion of cyclohexane to benzene is initiatedand its backward reaction, hydrogenation of cyclohexyl, were
by the dissociative adsorption of cyclohexangH), leading found to be reversible in the temperature range of-24&3 K.

to the formation of the cyclohexyl @Eli1) intermediate. It was also observed that the dehydrogenation of cyclohexyl is
Studied>383%n alkyl halide adsorption and reactions on metal prohibited by excess hydrogen. This work demonstrates the
surfaces have suggested that the thermal chemistry of cyclo-capability of SFG vibrational technique to examine key elemen-
hexyl, like other alkyls on transition metal surfaces, is dominated tary steps during high-pressure catalytic reactions in the presence
by -hydride elimination, the elimination of a hydrogen atom of excess hydrogen.

from the carbon adjacent to that bonded to the surface. We
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