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Abstract

The effect of the surface structure of Pt (111) and Pt (100) has been investigated for cyclohexene hydrogenation and
dehydrogenation, and ethylene hydrogenation by using sum frequency generation. Cyclohexene dehydrogenation is a structure
sensitive reaction, and the rate was found to proceed more rapidly on the Pt (100) crystal surface than on the Pt (111)
crystal surface. On Pt (10 0), the major reaction intermediate during cyclohexene dehydrogenation was 1,3-cyclohexadiene,
whereas on Pt (111), both 1,3- and 1,4-cyclohexadiene were present. Both 1,3- and 1,4-cyclohexadiene can dehydrogenate to
form benzene, although the reaction proceeds more rapidly through the 1,3-cyclohexadiene intermediate. Because of this, the
structure sensitivity of cyclohexene dehydrogenation is explained by noting that there are both a fast and slow reaction pathway
for Pt (111), whereas there is only a fast reaction pathway on Pt (100). Ethylene hydrogenation is a structure insensitive
reaction. Both ethylidyne and di-bonded ethylene are present in both Pt (111) and Pt (100) under reaction conditions,
although the ratio of the concentrations of the two species are different. The rate of the reaction was fountt fiodred 112+ 1
molecules per site per second for Pt (1 1 1) and Pt (1 0 0), respectively. Since the reaction rate is essentially the same on the two
surfaces, while the concentration of ethylidyne andrdionded ethylene are different, these species must not be the active
species which turnover under catalytic ethylene hydrogenation. The most likely species which turneveoaded ethylene
and ethyl, and their concentrations are near the detection limit of SFG. © 2000 Elsevier Science B.V. All rights reserved.

Keywords:Pt (11 1); Pt (1 00); High-pressure; SFG; Ethylene; Cyclohexene; Hydrogenation; Dehydrogenation; Structure sensitivity;
Structure insensitivity

1. Introduction several laboratories. The experimental data that was
the basis of the classification correlated the turnover

Boudart's classification of catalytic reactions as rates for a given reaction with catalyst particle size;
structure sensitive and structure insensitive survived if the reaction rate stayed constant the reaction was

the tests of time and became a focus of research ininsensitive to the catalyst structure [1]. This was
the case for most hydrogenation processes including
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the dehydrogenation of cyclohexene and cyclohexane formation was greater on that catalyst surface. The
as well as for hydrogenolysis of alkanes [3,4]. Pt (111) surface had both 1,3-cyclohexadiene and
Molecular surface science studies of catalytic re- 1,4-cyclohexadiene present under reaction conditions.
actions using single crystal surfaces confirmed these
correlations. As the surface structure of the single
crystal was altered, if the reaction rates remained 2. Sum frequency generation (SFG)-surface
unchanged, the reaction was structure insensitive. If specific vibrational spectroscopy
the reaction rates changed, the reaction was structure
sensitive. Recently, sum frequency generation (SFG) Sum frequency generation is a surface specific vib-
vibrational spectroscopy permitted the detection of rational spectroscopy with sub-monolayer sensitivity.
surface reaction intermediates while also monitor- During an SFG scan, a visible laser beam at a fixed
ing reaction turnover using single crystal surfaces of wavelength and a tunable infrared beam are over-
metal catalysts [5—-8]. This way the molecular species lapped on a surface. As the IR beam is scanned over
that turnover could be detected and their chemical the frequency range of interest, a vibrational spectrum
behavior as the surface structure was changed couldof molecules adsorbed on the surface is obtained. SFG
be monitored. A correlation with the nature and con- is an excellent technique for studying molecules ad-
centration of surface reaction intermediates with sur- sorbed on single crystal surfaces under high-pressure
face structure could be obtained during the catalytic catalytic reaction conditions. It is a surface specific
reaction turnover under steady state conditions. technique in that only a medium that lacks inversion
In this paper, we used the (111) and (100) crystal symmetry may generate SFG signal under the electric
faces of platinum to monitor, at high reactant pres- dipole approximation. Because of this selection rule,
sures (0.1-1 atm) the rates of ethylene hydrogenationthe gas phase and bulk metal of the single crystal do
and cyclohexene dehydrogenation to benzene and itsnot generate SFG signal, therefore, the signal is gen-
hydrogenation to cyclohexane. Simultaneously, SFG erated specifically at the surface.
vibrational spectroscopy was utilized to monitor the A brief discussion of SFG is presented here, and
surface species, some of which were surface reactionmore detailed descriptions can be found in the liter-
intermediates. We found that strongly bound ethyli- ature [9-14]. Sum frequency generation is a second
dyne and die-bonded ethylene are not the active order non-linear optical process. The polarization of a
species which turnover during ethylene hydrogena- material is described by
tion. The reaction rate was the same for ethylene
hydrogenation on both Pt (111) and Pt (100) indi-
cating the reaction is structure insensitive. Weakly where P© is the static polarizationP®, P@  and
bound species such asbonded ethylene and ethyl p@® gre the first, second and third order polarizations.

are the most likely species which turnover, although Since SFG is a second order process, we are concerned
they are not readily detected under the conditions with the second order polarization

discussed below. Since the concentration of both . .

adsorbed ethylidyne and dibonded ethylene is P® = SOZX”(E)E/ (r) coSwat) Ex(r) coSwat) (2)
relatively high, leaving few sites for the active inter- ok

mediates, SFG is most likely not sensitive enough to @ _ )
detect these species under the conditions discussedvhere Xijk 1S the second order non-linear suscepti-
below. Cyclohexene dehydrogenation and hydro- bility, E(r) coqwt) describes the electric fields, the
genation occurred through 1,3-cyclohexadiene and subscriptd, j, andk refer to the axes of the coordi-
1,4-cyclohexadiene surface intermediates whose rel- nate system. Ifv; andw, are oscillating at different
ative concentration changed with platinum surface frequencies, then Eq. (2) rearranges to the form
structure. Since the rate of cyclohexene dehydro- @ 1 2 = .

genation was faster through 1,3-cyclohexadiene, and P, = §8OZXijk Ej(r)Ex(r)[cos(wy + w2)t
1,3-cyclohexadiene was the dominant species on the Jik

(100) crystal face of platinum, the rate of benzene +coSw1 — w2)t] 3)

P=PO 4+ P4 p@ 4 pA 4 (1)
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In the brackets of Eq. (3), we see that there is now materials and isotropic gas phases have centrosymme-
the possibility of frequencies at the sum and differ- try and are SFG forbidden. Therefore, only surfaces
ence ofw; and wy being generated by an oscillat- or interfaces may generate SFG signal.
ing dipole. These two processes are known as sum The intensity of an SFG signal is also dependent on
frequency generation (SFG) and difference frequency the ordering of the surface or interface. If molecules on
generation (DFG), respectively. In this work, we will the surface are randomly oriented, thef® becomes
focus on SFG although DFG also occurs. zero and SFG signal will not be generated. Therefore,
The intensity of the SFG signal is proportional to when examining a SFG spectrum, strong SFG features
the absolute square of the second order non-linear sus-indicate that the surface adsorbates are well ordered.
ceptibility (Jx ®|) which is made up of both a resonant By using different polarization combinations for

term and a non-resonant term. the IR, visible, and generated SFG light, information
about molecular orientation on the surface may be

@ _ @ + (2 (4) .
X7 = XANR T AR obtained for non-metal surfaces [15]. For each polar-

The non-resonant term originates from the substrate ization combination used during a SFG experiment,
surface and is typically invariant as the IR beam is different susceptibility components are measured.
scanned and is called the non-resonant background.BY modeling these susceptibility components, it is
The resonant susceptibility originates from the vibra- then possible to determine the orientation of surface
tional modes of molecules adsorbed on the surface andmolecules. However, this technique is not possible

is described by for characterization of metal surfaces. Because of the
metal-surface-selection rules (MSSR), an s-polarized

X|(q2) _ Xiz_k Z (G-DG -y -h)) Aq IR beam is cgncelled out due to the image fielq of
) = wR — wgily the electrons in the metal. Therefore, an s-polarized

IR beam cannot excite a dipole along a metal sur-

®) face, and so when performing SFG experiments on
whereA, is the strength of theth vibrational mode, @ metal surface, the IR beam is always p-polarized.
wir is the frequency of the infrared laser beam, The visible beam may be either s- or p-polarized, but
is the frequency of theth vibrational mode, and", the signal is almost 40 times weaker for s-polarized

is the damping constant of thgth vibrational mode. visible light. Therefore, in the experiments reported
The subscripts, m, andn, refer to the axes for the here, both the IR and visible light were p-polarized,
molecular coordinate system. It is important to note resulting in p-polarized SFG output.

that as the IR beam is scanned, when the frequency of
the IR beam is the same as the frequency of a surface
vibrational modeXF(f) reaches a maximum. Therefore,
as the IR beam is scanned, a vibrational spectrum is

3. Experimental

3.1. Laser systems

acquired.
The selection rules for the SFG process are inferred
from the equation Two different laser systems were used to generate
the IR and visible laser beams for the experiments
1 du, Bal(nlf covered in this paper. Both systems utilized the out-
7= Z_%WW ©) put of a Continuum Nd:YAG laser operated at 20 Hz

with a 20 ps pulse at the fundamental frequency of
where u,, is the dipole moment andl(:]) the linear 1064 nm with 35mJ of energy per pulse. In the first
polarizability. In order to generate a SFG signal, both laser system, the fundamental beam was split into
the IR and Raman selection rule must be met. Hence, two separate beams. The first beam passed through a
there must be a change in the dipole and a change ofKD*P non-linear crystal which doubled the frequency
polarizability. Under the electric dipole approxima- of the fundamental beam to 532 nm. This beam was
tion, only a media without inversion symmetry can then used for the visible portion of the experiment
satisfy both selection rules. Centrosymmetric bulk and had an output energy of 400 per pulse. The
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second portion of the fundamental beam was then sentrepeated cycles of Ar bombardment and annealing
to an optical parametric generation/optical parametric at temperatures up to 1200 K. After the sample was
amplification stage (OPG/OPA) utilizing two counter clean, gases were introduced through a gas manifold
rotating LiNbG; to generate a tunable infrared beam system. During high-pressure catalytic reactions, the
between 2700 and 3600 cth [16]. The maximum sample was isolated from the vacuum pumps by a
output of this stage was at 2850 cwith 200.J of gate valve. A recirculation pump was used to mix the
energy and a full width at half maximum (fwhm) of gases in the chamber, and a septum in the recircula-
12 cnT L. This laser system was used for cyclohexene tion line was used to sample the gas for analysis by
dehydrogenation on both Pt (111) and Pt (100), and gas chromatography. For SFG experiments, the cham-
for ethylene hydrogenation on Pt (111). ber had input and output windows made of ga&

The second laser system was a commercially built allow the IR light to enter the chamber.
OPG/OPA system provided by Laservision. The fun-  To identify vibrational peaks in the high-pressure
damental beam was passed through a KTP crystal tocatalytic reaction experiments, low-pressure experi-
generate a 532nm beam. This beam was then split, ments were first performed in which possible interme-
with a portion being used for the visible portion of diate species were introduced into the chamber. Not
the experiment and the second portion was sent to aonly do the low-pressure experiments help in the as-
OPGJ/OPA stage utilizing two counter rotating KTP  signment of high-pressure intermediate species, they
crystals to generate a near IR beam between 720 andalso allow the correlation of the SFG spectra with
870nm. This near IR beam was then difference fre- results of previous low-pressure vibrational studies of
guency mixed with a portion of the fundamental beam these systems.
through two counter rotating KTA non-linear crystals.
This then generated a tunable IR beam between 20003.3. Cyclohexene hydrogenation and

and 4000 cm?. The energy at 2875 cnt was 40QuJ dehydrogenation: a structure sensitive reaction
with a fwhm of 10 cntl. This laser system was used
for ethylene hydrogenation on Pt (100). Before the advent of SFG, there have been many

Both the IR and visible beams are p-polarized and different types of spectroscopies used to study the
are both spatially and temporally overlapped on a sin- adsorption of cyclohexene on Pt surfaces. These
gle crystal mounted in a UHV chamber. The visible spectroscopic methods include EELS, HREELS, and
beam makes an angle of 5@ith respect to surface  IRAS [18-22]. The results of these studies show
normal while the IR beam is at 85with respect to that cyclohexene dehydrogenates to form benzene
surface normal. The generated SFG beam is then senthrough a GHg intermediate. The techniques used in
through a monochrometer and the signal intensity is these studies are limited to low-pressure studies and
detected by a photomultiplier tube and integrated by it is possible that there are different reactive inter-

a gated integrator. mediates on Pt surfaces under high-pressure catalytic
reaction conditions. Because of this limitation, it was
3.2. UHV/high-pressure reaction chamber not possible to investigate the effect of the surface

structure during cyclohexene dehydrogenation under
Single crystal samples were mounted in a reaction conditions. In order to determine the effect
UHV/reaction chamber pumped by a turbomolecular of structure, a high-pressure technique such as SFG is
pump and an ion pump to a base pressure of 2 needed.
1019 Torr. The experimental apparatus has been de- Using SFG, a comparison between cyclohexene hy-
scribed in detail elsewhere [17]. The chamber was drogenation and dehydrogenation over Pt (111) and
equipped with a retarding field analyzer (RFA) for Pt (100)(5x 20) single crystals at high pressures and
Auger electron spectroscopy and low energy elec- temperatures is made to determine how the surface
tron diffraction (LEED). By use of resistive heating, structure influences these reactions. As a reference
the sample could be heated up to a temperature ofto high-pressure experiments, similar cyclohexene on
1200K, and cooled under vacuum with liquid nitro- Pt UHV experiments were performed in this labora-
gen to 140K. The samples were cleaned in UHV by tory using SFG. The vibrational spectroscopic results
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from these UHV studies agree with the observations 100
of others [7].

After the single crystal was cleaned, the bell jar
was sealed off from the pumps, and 10 Torr of cy- 80
clohexene, 100 Torr of hydrogen, and 650 Torr of He
were introduced into the chamber. After the initial

Hydrogenation

Dehydrogenation

room temperature SFG spectra and GC data were 60 1
acquired, the sample was then heated in 25 degree in-
crements up to 600 K while monitoring spectroscopic

40 |

changes of surface species using SFG and monitoring
the gas composition. Turnover rates were calculated
at each temperature using the GC data and are plotted
in Fig. 1a and b for cyclohexene on Pt (111) and Pt
(100), respectively. Both the hydrogenation and de-
hydrogenation rates are negligible on both surfaces at .
300K. As the crystals are heated, the hydrogenation U .
rate rises, and reaches a maximum of 78 molecules
per site per second at 400K for Pt (111), and a max- o
imum of 38 molecules per site per second at 425K 250 300 350 400 450 500 550 600 650
for Pt (100). The rate of dehydrogenation of cyclo- (a)
hexene becomes measureable around the temperature

for the maximum hydrogenation turnover rate on both

crystals. As the dehydrogenation rate increases with 100
temperature, the hydrogenation rate decreases. The

rate of dehydrogenation increases on Pt (111) until

it reaches a maximum of 58 molecules per site per 80 o
second at 475K, while on the Pt (100) surface, the Y
maximum dehydrogenation rate is determined to be :
75 molecules per site per second at 500 K.

Assuming that the dehydrogenation turnover rate
is negligible in the region of increasing hydrogena-
tion turnover rate, the activation energy for cyclohex-
ene hydrogenation is calculated to be 8.9 and 15.5
kcalmol! for Pt (111) and Pt (100), respectively.
Considering the fact that the cyclohexene hydrogena-
tion rate decreases after it increases to a maximum
while the dehydrogenation process increases, indicates
that the two processes must be related to a change 0r
in the active surface sites for the two processes. Oth-
erwise, the hydrogenation reaction would obey the S
Arrhenius law over the entire temperature range. 250 300 350 400 450 500 550 600 650

By analyzing the SFG data at each temperature b
during the reaction, the turnover rates can be corre-
lated with the features in the SFG spectra. The SFG Fig. 1. The temperature dependence of cyclohexene hydrogenation
spectra for the temperature at which the gases wereand dehydrogenation turnover rates under 10 Torr cyclohexene,
introduced, the temperature at which the hydrogena- 100 To"" of Fb. and 6507Torr He. (2) Pt (111); (b) Pt (100).
tion rate is at the maximum, and the temperature at
which the dehydrogenation rate is at a maximum are

20

Turnover Rate (molecules/site/sec)

Temperature (K)

Dehydrogenation

60 r

Hydrogenation "’0_

40 r

20 ¢

Turnover Rate (molecules/site/sec)

Temperature (K)
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shown in Fig. 2a and b for Pt (111) and Pt (100), re-

spectively. On Pt (11 1), a sharp feature at 2755tm

is observed at 295K, which can be assigned to
1,4-cyclohexadiene [8]. The weaker features at higher
frequencies are attributed to 1,3-cyclohexadiene. It
is important to note that there is no evidence of a

c-CgHg intermediate as observed under UHV condi-

tions. At 300K on Pt (100), there is a weak feature

corresponding to 1,4-cyclohexadiene. Larger features
at higher frequency are observed on Pt (1 00) which
are assigned to 1,3-cyclohexadiene.

At the maximum hydrogenation rate at 403 and
425K for Pt (111) and Pt (100), respectively, the
two similar SFG spectra indicate the presence of
1,3-cyclohexadiene as the major species on the sur-
face. This spectral evidence indicates that cyclohexene
hydrogenation proceeds through a 1,3-cyclohexadiene
intermediate. As the temperature is increased to the
maximum rate for the dehydrogenation process, dif-
ferences between the two spectra are observed once
again. Both 1,3- and 1,4-cyclohexadiene are observed
on Pt (111) at 475K. Unlike Pt (11 1), the Pt (100)
surface at 500 K shows only 1,3-cyclohexadiene. Con-
sidering the differences in the two SFG spectra and
the difference of the turnover rates for the maximum
dehydrogenation, a reaction pathway is proposed for
cyclohexene dehydrogenation on both Pt surfaces. On
Pt (111), dehydrogenation can proceed through ei-
ther a 1,3 or 1,4-cyclohexadiene intermediate whereas
on Pt (100), dehydrogenation only occurs through
a 1,3-cyclohexadiene intermediate. Fig. 3 shows
schematically the reaction pathways for both surfaces.

Because cyclohexene dehydrogenation occurs faster
on Pt (100) than on Pt (111) and because 1,4-cyclo-
hexadiene is absent from the Pt (100) surface, it
is believed that 1,4-cyclohexadiene formation is a
competing reaction pathway for dehydrogenation
which essentially inhibits the overall rate of the
dehydrogenation process. This is reasonable con-
sidering that 1,4-cyclohexadiene must isomerize to
1,3-cyclohexadiene before it can completely dehydro-
genate to form benzene.

3.4. Ethylene hydrogenation: a structure insensitive
reaction

SFG Intensity (a.u.)

SFG Intensity (a.u.)

Q
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Fig. 2. SFG spectra of reaction intermediates adsorbed on the

) ) ) ) surface during cyclohexene hydrogenation and dehydrogenation
Unlike cyclohexene dehydrogenation, which is a under 10 Torr cyclohexene, 100 Torr ob,Hand 650 Torr He. (a)
structure sensitive reaction, ethylene hydrogenation is Pt (111); (b) Pt (100).
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Pt(111) Pt(100)
Dehydrogenation Dehydrogenation

400- 550K @ Q 400 - 600 K 400 - 600 K @
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Q 400- 550K TSiow
40- 550K
Q Fast

Hydrogenation
Hydrogenation
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<;'> 300- 550K 300-550K <:> Q
@

Fig. 3. Proposed reaction pathways for cyclohexene hydrogenation and dehydrogenation on Pt (111) and Pt (100).

a structure insensitive reaction in which the reaction to the other [26]. At higher temperatures, ethylidyne
rate is independent on the surface structure of plat- decomposes into graphitic precursors [27].
inum particles. SFG is an excellent technique to study  Ethylidyne is not believed to be a reaction interme-
ethylene hydrogenation by comparing the results be- diate in ethylene hydrogenation. Davis and coworkers
tween two different crystal faces of Pt to determine showed using*C labeling that ethylidyne hydro-
whether or not the surface species are the same on thegenation was several orders of magnitude slower
two faces. than the overall hydrogenation of ethylene to ethane
During the 1930s, Horiuti and Polyani proposed [28]. Further, Beebe and Yates, using in situ infrared
the first mechanism for the hydrogenation of the transmission spectroscopy, showed that the reaction
simplest olefin, ethylene, on a platinum surface [23]. rate was the same on a Pd#®; supported catalyst
Their model proposed ethylene adsorbs to a clean whether the surface was covered with or without
platinum surface by first breaking one of the double ethylidyne [29]. These studies indicate that ethylidyne
bonds and then forming two s-bonds with the metal is a spectator species, and not an active participant in
surface. This intermediate is known asodbonded ethylene hydrogenation.
ethylene. This diz-bonded species would then To determine the importance @fbonded ethylene
hydrogenate stepwise to ethane through an ethyland die-bonded ethylene, Mohsin and coworkers,
intermediate. using transmission infrared spectroscopy, showed
Surface techniques such as ultraviolet photoemis- that both species are hydrogenated on a supported
sion spectroscopy (UPS) have since been used undePt/Al,O3 catalyst as hydrogen is flowed over the sur-
UHV conditions to study the mechanism of ethylene face [30]. In addition, Mohsin and coworkers showed
hydrogenation on platinum single crystals. It was that only die-bonded ethylene is converted to ethyli-
shown that below 52K, ethylene physisorbs through dyne in the absence of hydrogen when the catalyst is
the w-bond, referred to asr-bonded ethylene [24]. heated. These studies, however, were not performed
As the temperature is heated above 52 K, #hkond under actual high-pressure reaction conditions be-
is broken, and diz-bonded ethylene is formed [25]. cause gas phase ethylene interferes with infrared ex-
As the temperature is further increasedgelbonded periments. Since gas phase ethylene does not generate
ethylene dehydrogenates to ethylidyne (#CHj3) by SFG signal, SFG is an excellent technique to study
transferring a hydrogen atom from one carbon atom ethylene hydrogenation in situ under high-pressure
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reaction conditions. In this work, ethylene hydrogena-
tion studies were performed on Pt (100) and Pt (11 1).

Ethylene adsorption studies were first performed
on both crystal surfaces to help in the assignment of
peaks observed under high-pressure reaction condi-
tions [5]. Di-o-bonded ethylene was formed on Pt
(111) by exposing the surface to 4L of ethylene
at 220K (Fig. 4a). As this surface is annealed to
higher temperatures, @gi-bonded ethylene converts
to ethylidyne (Fig. 4b) [6]. Both diz-bonded ethylene
and ethylidyne will form on Pt (100) if the surface
is exposed to a static pressure of110~’ Torr of
ethylene (Fig. 5). On both Pt (111) and Pt (100),
the ethylidyne stretching frequency was observed
around 2880cm! and the die-bonded ethylene
stretching frequency was observed at 2910¢m
Both ethylidyne and dis-bonded ethylene were pre-
viously found to sit in fcc three-fold hollow sites
LEED with molecular axis of diz-bonded ethylene
is tilted with respect to the surface plane by about
22 [31,32]. The surface of the Pt (100) crystal face
reconstructs to a pseudo-hexagonal structure, known
as Pt (100)(5< 20), resembling the hexagonal struc-
ture of Pt (111) when properly cleaned. As the Pt
(100)(5x 20) surface was exposed tox110~/ Torr
of ethylene, the surface structure was monitored with
LEED, and the surface was observed to reconstruct
back to the Ix 1 structure. This is interesting consid-
ering ethylidyne and di~-bonded ethylene sit in fcc
three-fold sites. Because it appears that the C—H bond
of di-o-bonded ethylene is unperturbed on the Pt
(100) surface as compared with the Pt (11 1) surface,
it is likely that ethylidyne and di#-bonded ethylene
hold the three-fold site in place as it first adsorbs on
the Pt (100)(5« 20) surface.

High-pressure ethylene hydrogenation reactions
were performed on both the Pt (111) and Pt (100)
surfaces by introducing 100 Torr of oH 35 Torr of
ethylene, and 625 Torr of He. The temperature of the
crystal was maintained at room temperature as SFG
spectra were acquired and gas phase analysis was
measured using GC. The measured turnover rates
were measured to be #11 and 12+ 1 molecules per
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Fig. 4. (a) SFG spectrum of di-bonded ethylene adsorbed on Pt

S_ite per Sef:ond for Pt (111) and Pt (100), respec- (111) at 200K. (b) SFG spectrum of ethylidyne adsorbed on Pt
tively. The fitted SFG spectra for ethylene hydrogena- (111) at 300K.

tion on Pt (111) and Pt (100) are shown in Fig. 6a
and b, respectively. Both ethylidyne andabonded
ethylene are the main features on both crystal faces.
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Fig. 5. SFG spectrum of di-bonded ethylene and ethylidyne
formed on Pt (100) at 300 K under a static pressurexaf@’ Torr
of ethylene.

The measured strengths of the vibrational modig) (
are shown in parenthesis at the end of the indicated
species names next to the peaks. From the values
of A,, it is observed that the ratio of ethylidyne to
di-o-bonded ethylene is different on the two crystal
surfaces. On Pt (11 1), the values/ffor ethylidyne
(4.0) and die-bonded ethylene (5.0) are roughly the
same, whereas the value &f for di-o-bonded ethy-
lene (2.1) on Pt (100) is roughly three times as large
as ethylidyne (5.7). This indicates that the relative
concentration of ethylidyne and di-bonded ethylene
are different on the two surfaces, essentially indicat-
ing that there is a higher concentration of ethylidyne
on the Pt (111) surface. Noticing that the relative
concentrations of these species are different for the
two crystal faces while their turnover rates are essen-
tially the same, indicates that neither ethylidyne nor
di-o-bonded ethylene are the reactive intermediates
on the surface.

The most likely reactive intermediates for ethy-
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Fig. 6. SFG spectra of adsorbed species during ethylene hydro-
genation under 35 Torr of ethylene, 100 Torr of,tand 625 Torr

of He. (a) Pt (111); (b) Pt (100).

lene hydrogenation are weakly bound species such as

m-bonded ethylene and ethyl. Under the conditions
reported above, the only evidence of a weakly bound
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species is a shoulder at 2850chon both surfaces  surface. Dehydrogenation has been shown that it can
which corresponds to the fermi resonance of an ethyl proceed through either 1,3- or 1,4-cyclohexadiene, but
species. SFG spectra during ethylene hydrogenationit proceeded faster through 1,3-cyclohexadiene. Be-
with high pressures of fishow stronger evidence that cause 1,4-cyclohexadiene is not present on the surface
ethyl species exist under reaction conditions [33]. The of Pt (100) under dehydrogenation conditions, dehy-
combined coverage of ethylidyne and adbonded drogenation can proceed faster on Pt (1 0 0) than on Pt
ethylene is approximately 35% of a monolayer, or (111). Essentially, there are two competing reactions
between 60 and 70% of a saturation coverage. Be-on Pt (111), one fast and one slow, whereas there is
cause there is a high concentration of ethylidyne and only a fast reaction pathway on Pt (1 0 0). The structure
di-o-bonded ethylene, the concentration of the active sensitivity can be explained by the predominance of
surface intermediates may be at the detection limits one of the two reaction intermediates, which provides
of SFG. It is important to note that the concentration a more rapid reaction pathway than the other reaction
of the reactive intermediates are most likely the same intermediate.
on both surfaces since the reaction rate for ethylene As an example of a structure insensitive reaction,
hydrogenation is the same on both surfaces. ethylene hydrogenation was explored on both Pt
(111) and Pt (100). The rates were determined to
be essentially the same. It was observed that both
4. Summary and conclusions ethylidyne and dis-bonded ethylene were present on
the surface under reaction conditions on both crys-
In the results discussed above, it is clear that SFG is tals, although in different concentrations. This result
a unigue tool that allows the detection of vibrational shows that these two species are not responsible for
spectra of adsorbed molecules present on single crystalthe measured turnover rate, as it would be expected
surfaces under catalytic reaction conditions. Not only that one of the two crystals would be more active than
is it possible to detect active surface intermediates, it the other, since the concentration of the surface inter-
is also possible to detect spectator species which aremediate would be different on the two crystals. The
not responsible for the measured turnover rates. By most likely active intermediates are weakly adsorbed
correlating high-pressure SFG spectra under reaction molecules such as-bonded ethylene and ethyl. These
conditions and GC kinetic data, it is possible to de- species are not easily detected because their cocen-
termine which species are important under reaction tration lies at the detection limit of SFG. The SFG
intermediates. spectra and GC data essentially show that ethylene hy-
Because of the flexibility of this technique for drogenation is structure insensitive for Pt (111) and
studying surface intermediates, it is possible to de- Pt (100).
termine how the structures of single crystal surfaces SFG has proven to be a unique and excellent tech-
affect the observed rates of catalytic reactions. As nique for studying adsorbed species on single crystal
an example of a structure sensitive reaction, the hy- surfaces under high-pressure catalytic reactions. Cou-
drogenation and dehydrogenation of cyclohexene pled with kinetic data obtained from gas chromatog-
was explored using SFG. Under UHV conditions, raphy measurements, it can give much insight into
cyclohexene dehydrogenates to benzene throughhow the structure of a single crystal surface affects the
a c-GHg intermediate that is not observed under chemistry of a catalytic reaction by detecting surface
high-pressure reaction conditions. By comparing the species under reaction conditions.
SFG spectra and GC kinetic data for cyclohexene
hydrogenation and dehydrogenation, it was deter-
mined that 1,3-cyclohexadiene is the important re- Acknowledgements
action intermediate for cyclohexene hydrogenation
on both surfaces. For cyclohexene dehydrogenation, This work was supported by the Director, Office
it was observed that both 1,3-cyclohexadiene and of Energy Research, Office of Basic Energy Sciences,
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