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Abstract

The recent development of infrared-visible sum frequency generation (SFG), a surface-specific vibrational spectroscopy,
has helped bridge the pressure gap between studies of heterogeneous catalysis under high vacuum and atmospheric pressure.
This is achieved by in situ monitoring of surface species at high pressure via their SFG vibrational spectra and correlating
the results with the simultaneously measured reaction rate using gas chromatography. Examples of systems studied include
olefin hydrogenation and carbon monoxide oxidation over the (111) crystalline face of platinum. In these examples, the
studies succeed in revealing the molecular details of the surface reactions. Identification of key intermediates and their
concentrations has made it possible for the first time to calculate turn over rates per active surface species rather than just per
exposed surface metal atom. In all cases, the key intermediate of the reaction is not detectable on the surface in UHV under
similar temperatures. © 1998 Elsevier Science B.V.
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1. Introduction crystallography, high resolution electron energy
loss spectroscopy (HREELS) and reflection ad-
sorption infrared spectroscopy (RAIRS) for
probing surface vibrational modes, Auger Elec-
tron Spectroscopy (AES) and X-ray photoemis-
sion spectroscopy (XPS) for chemical analysis
of the surface, and mass spectrometry for moni-
toring the desorption of surface species. Much
important information was obtained in terms of
adsorbate ordering, adsorbate—adsorbate interac-
tions, surface restructuring, surface diffusion,
thermal decomposition, and specific active sites

* Corresponding author. for reaction [2]. However, the surface species

Over the past three decades, surface scientists
have modeled heterogeneous catalytic reactions
on metal single crystals by a variety of tech-
niques [1]. Most of these involved using the
arsenal of ultra high vacuum (UHV) compatible
equipment (esp. electron spectroscopies) avail-
able to perform such studies under the pristine
conditions of 10~ Torr. These included low
energy electron diffraction (LEED) for surface
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observed under UHV conditions are not neces-
sarily the same as those present during reaction.
Indeed, under UHV, one expects to see only
strongly bound species as more weakly bound
ones desorb quickly at all but the lowest tem-
peratures. Hence, proper characterization of
weakly bound species that may be key interme-
diates under ambient conditions is difficult if
not impossible. Further, at high pressure, the
surface coverage of some adsorbates is much
greater than in vacuum. Since bonding is usu-
ally coverage dependent, this must be explored
in a high pressure environment. Findly, it is
difficult to guess which species are responsible
for an ambient pressure reaction and by which
pathway if the only results available are for
systems 13 orders of magnitude below atmo-
spheric pressure. Clearly, the pressure gap be-
tween the plethora of vacuum results obtained at
10 % Torr and the characterization of reactions
under realistic conditions (atmospheres of reac-
tant gases) needs to be bridged.

To help bridge this gap, infrared-visible sum
frequency generation (SFG), a surface specific
nonlinear optical spectroscopy [3—6] has been
employed to monitor transition metal surfaces
over a wide range of temperatures (250—-1000
K) and pressures (UHV to atmospheres). The
use of SFG in combination with gas chromatog-
raphy is extremely powerful. This is because
vibrational spectroscopy can be performed si-
multaneously with kinetic measurements from
gas phase analysis. SFG vibrationa spec-
troscopy alows identification and quantification
of surface species during reaction. On the other
hand, gas chromatography permits quantifica-
tion of all reactants and products, thus providing
information on reaction rate. The object is to
correlate reaction rates with the specific species
present on the surface during catalytic reaction.
In practice, the surface pretreatment, tempera-
ture, reactant gas pressures, transition metal,
etc. are varied to observe their effects on the
reaction rate and concentration of surface adsor-
bates. Such information may then be used to
determine mechanistic pathways, specific reac-

tion sites, and reaction rates with respect to
concentrations of individua intermediates.

This review article will first give a descrip-
tion of the apparatus employed to connect non-
linear optical measurements with batch reactor
studies. Considerations of applying SFG to the
surface of single crystal metal catalysts will be
discussed. Following this, we will give some
specific examples of how this technique can be
applied for in situ studies of catalytic surface
reactions.

2. Experimental design
2.1. Apparatus

Fig. 1 shows the set-up for coupling SFG
optics to a heterogeneous catalytic batch reac-
tion cell. The batch reactor is fitted with optical
windows and coupled via a gate valve to an
UHV system. The reactor can be charged up to
1.2 atm of total pressure and includes a recircu-
lation pump in the reaction loop. The loop
contains a septum for gas abstraction and analy-
sis by an HP5890 Series Il gas chromatograph.
Gases are introduced via a stainless steel mani-
fold equipped with a Baratron gauge that can
measure pressures between 100 mTorr and 1000
Torr. All gases are purified and can be pre-
mixed in the manifold before introduction into
the reactor.

The mixing time of the chamber is about 3
min as determined by following the dilution of a
plug of methane gas mix into a background of
argon. The reactor volume is 62.3 | and could
be pumped out to a base pressure of 5x 10~
Torr by opening a gate valve to an ion and
turbomolecular pump. Despite the large size of
the reactor, reaction rates can be measured down
to 0.1 turnovers/(site X ).

The reactor is fitted with CaF, windows to
alow infrared and visible light to pass into it
and to allow sum frequency light to pass out to
the detector. The sample can be resistively
heated to 1000 K and cooled using liquid nitro-
gen to 120 K under vacuum (250 K under
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Fig. 1. The UHV /batch reactor apparatus coupled to a Nd:Y AG laser for in situ SFG studies.

ambient pressure). When the reactor is under
vacuum, typical surface analysis techniques such
as a mass spectrometer and a retarding field
analyzer for Auger and LEED are available. An
Ar* gun dlows the crystal to be cleaned by
sputtering.

The laser source for the nonlinear optical
experiments comes from a passive, active mode
locked Nd:YAG laser which outputs a 20 ps
pulse at 1064 nm when using #5 dye from
Kodak. The repetition rate of the laser is 20 Hz
and the total energy per pulse is approximately
50 mJ. The beam is divided into two by a beam
splitter. One is frequency-doubled using KD * P
to produce green light at 532 nm. The other is
employed to generate tunable infrared light in
the range between 1100-4000 cm™* by optical
parametric processes and difference frequency
generation in various nonlinear optical crystals
[7]. The two beams are spatially and temporally
overlapped on the surface of a transition metal
catalyst inside the batch reactor. The spot size
of the green beam is 1.55 mm at the sample and
the beam makes an angle of 50° with respect to

the surface normal. The input energy is approxi-
mately 400 wJ, yielding a peak power of 0.8
GW cm™2. This intensity is at least four times
less than the laser damage threshold over an
extended period of time. The infrared radiation
is focused to approximately 1.2 mm at an angle
of 56° with respect to the surface normal. Its
pulse energy varies with frequency, with a max-
imum of 275 wJ pulse™! appearing at 2850
cm L,

The upcoverted light (wg), which is in the
blue (450—490 nm), is sent through a polarizer
and then focused through two anti-stokes Ra-
man edge filters onto the entrance dlit of a
20-cm monochrometer. The output from the
monochrometer is detected by a Hamamatsu
R647-04 photomultiplier tube. The signal is
converted to a voltage, sent to a box car integra-
tor and then stored on a computer. The effi-
ciency of the detection system is approximately
3%. The major loss of signal comes from the
monochrometer (25% transmission at 460 nm)
and the low quantum efficiency of the photo-
multiplier tube (20% at 460 nm).
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2.2. SFG on single crystals of transition metals

SFG, a three-wave mixing process, is gener-
ated through the beating of input infrared (w;,)
and visible (w,;s) beams to produce an output at
the sum frequency (w4 = 0, + 0, (Fig. 2)
[3-6]. The visble beam is held a a fixed
frequency while the infrared beam is tuned over
the vibrational range of interest. The signal
generated at the surface per laser pulse follows
the equation [4]:

o)
81 g SECH4 U, U,is
= — 1/2|e,sf')((Z)Ze(ire,vis2
hCa(Sst“éV'S) AT
(1)

Where S is the signal; x® is the nonlinear
susceptibility of the medium being probed; ¢ is
the dielectric constant of the probe medium; €
is a vector which describes the field polarization
and has the magnitude of the Fresnel factor; U,
and U, are the input infrared and visible pulse
energies; A is the overlap area of the two input
beams; T is the tempora overlap of the input
beams; and 64 is the angle the sum frequency
output makes with respect to the surface normal
of the sample.

12
Vis.

SF
W

Pi(111)

Fig. 2. The geometry of SFG from ametal surface.

A typical spectrum of a hydrocarbon species,
ethylidyne (M=CCH,), on a model transition
metal catalyst, Pt(111), is shown in Fig. 3a. The
spectrum was taken under UHV conditions with
both the infrared and visible electric fields po-
larized normal (or p polarized) to the surface.
The sum frequency signal output was also p
polarized. This is a designated PPP measure-
ment. The peak at 2878 cm™! represents ap-
proximately 7.6 counts per shot. This corre-
sponds to more than 250 photons generated at
the sample per laser shot from a nonlinearity of
| x| =107 esu. Theterms a, k, w, 6, and I’
(shown with the spectrum) are parameters de-
duced from curve fitting using Eq. (1).

The PPP polarization combination consists of
four possible nonzero components of the nonlin-
ear susceptibility tensor: x{2,, x\2,, x\2,, and
X35y Here, 2 is along the surface normal. The
three subindices refer to the directions of the
field components for SF output, visible input,
and infrared beam input, respectively. However,
because the field component along a metal sur-
face is small, only x{2, is expected to con-
tribute significantly to the observable signa
from the PPP measurement. For the same rea
son, SFG signals obtained with SSP and SPS
polarization combinations are expected to be
weak. Fig. 3b shows the spectrum for ethyli-
dyne on Pt(111) with the SSP polarization com-
bination, which probes x{?, exclusively. The
peak frequency at 2883 cm~! has an intensity
corresponding to approximately 0.20 photons
shot ™%, This is down by a factor of 38 from the
signal generated from the PPP polarization com-
bination. Fig. 3c shows the spectrum of the
same system with the SPS polarization combi-
nation. This combination probes x.2, exclu-
sively. As seen from the spectrum, the signal
was undetectable and therefore down by at |east
two orders of magnitude from the PPP spec-
trum. There was no detectable signal for the
PSS combination either, which probes x).

The signal generated at the sample is propor-
tional to the square of the second order suscepti-
bility as can be seen from Eq. (1). As shown
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Fig. 3. The SFG spectrum of ethylidyne on Pt(111) at room temperature monitored with () PPP, (b) SSP and (c) SPS polarization

combinations.

above, only x{2, contributes to the signal from
a metal surface. In general, x2, consists of a
resonant part, x5,, and a nonresonant part

X & 722~ The former takes the form:

XI(?Z,)ZZZZ Z Nq < (2 I)(2 ﬁ'])(i ﬁ) > al(r%)n,q
q
(2)
where represents the number density of the

oscillator g, Imn denotes the local coordinates
of the oscillators, and the angular brackets de-

scribe an orientational average. The resonant
nonlinear polarizability, o3, ,, can be written

as.
e :L_
mn.q (1),R—a)q+|1ﬂq
1 ou dafy
and A= —— 3
9 2w, 99 9q 3)

Here, the resonance mode is characterized by
the resonant frequency, o, the strength A, and
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the damping constant I;. Note that A" is pro-
portional to the product of two parts: the change

in dipole, 8_’2 and the change in linear polariz-
da(D

Im

ability, oq with respect to the normal coor-

dinate of the mode. This then constitutes the
main selection rule for SFG: for a vibrational
mode to be alowed in SFG, it must be both
infrared and Raman active. Fortunately, for
molecules adsorbed on surfaces, the lack of
inversion symmetry of the surface often satisfies
this selection rule.

The nonresonant contribution to the SFG sig-
nal is usualy not in phase with the resonant
term; we, therefore, write y(2 = ke'¢. Since the
SFG signal is proportional to | y2,|?, the SFG
spectrum of a system with multiple resonances
is given by:

2

A .
3 d + ke'®

@)% = - 49
q @R~ ©q Tl

(4)

| x

which in the case of a single resonance reduces
to:

2

@P = + ke'?
X wr— o +il
B A? + 2 AK[(w, — w;,)cose — I'sing] 2
(wIR_wr)2+F2
()

with A proportional to A. The consequences of
a nonresonant background are evident from Fig.
3g; it interferes with the resonant constructively
at frequencies immediately to the red of the
peak and destructively at frequencies immedi-
ately to the blue of the peak. This leads to the
dip seen on the blue side of the resonance and a
dight red shift of the peak. In Fig. 3a, for
example, the peak occurs 4 cm™! below the
actual resonant frequency. Because of possible
interferences between resonant and nonresonant
contributions and between contributions from
neighboring resonant modes, deduction of the

number density of species on the surfaces from
the SFG spectrum is a bit complex. Curve fit-
ting of the observed spectrum using Eqg. (5) is
often necessary to find A, from which N, can
then be obtained.

3. Examples of SFG studies of catalytic sys
tems

In Sections 3.1, 3.2 and 3.3, we will discuss
two specific reaction classes that have been
investigated in our laboratory with infrared-visi-
ble SFG, namely olefin hydrogenation and CO
oxidation. These examples are chosen to
demongtrate the versatility of SFG as a tool to
study heterogeneous catalysis both in UHV and
under real atmospheric conditions. The results
alow usto fully characterize the reaction mech-
anisms.

3.1. Ethylene hydrogenation

The first mgjor system chosen for investiga-
tion involved hydrogenation of the smallest
olefin, ethylene [8]. This system was chosen for
its smplicity as only one product, ethane, may
be formed. The mgjority of previous surface
science studies of this system have focused on
using ultrahigh vacuum conditions to analyze
the nature and bonding of surface moieties
formed when clean platinum surfaces are ex-
posed to ethylene and hydrogen. It was found
that in the absence of hydrogen, ethylene ph-
ysisorbs to Pt(111) below 52 K [9]. This species
is called 7-bonded ethylene. When the surface
is annealed above 52 K the m-bond of the
ethylene is broken and the molecule is more
strongly bound to platinum via the formation of
two carbon metal sigma bonds. This species is
referred to as di-o bonded ethylene [10]. Upon
further annealing of the di-oc bonded
ethylene/Pt(111) system above 240 K, the ad-
sorbed ethylene is decomposed into ethylidyne
and hydrogen [11]. The identification of these
surface species and others involved in hydro-
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genation of ethylene can be achieved by surface
vibrational spectroscopy with the help of peak
assignments from known organometallic cluster
anaogs.

The hydrogenation of ethylene was first stud-
ied by Horiuti and Polanyi in 1938. They pro-
posed that ethylene is hydrogenated stepwise
from an adsorbed ethylene intermediate through
an ethyl group to ethane. More recently, several
groups have investigated the possible role of
ethylidyne, knowing that it is often present on
the platinum surface during the ethylene hydro-
genation process. Davis et al. [12] hydrogenated
“C labeled ethylidyne on Pt(111) with near
atmospheric pressure of H,. Their results indi-
cated that the rate of hydrogenation of the eth-
ylidyne was several orders of magnitude slower
than the overall turnover rate of hydrogenation
of ethylene to ethane, indicating that ethylidyne
was not directly involved in the reaction. Beebe
et a. [13] monitored ethylene hydrogenation
over a Pd/Al,O, supported catalyst in situ by
using transmission infrared spectroscopy. By
varying the ratio of ethylene to hydrogen it was
observed that hydrogenation occurred over sur-
faces both with and without an ethylidyne
(=CCH,) overlayer. Rekoske et a. [14] have
repeated the transmission infrared work on
Pt/Cab—O-Sil and concluded that ethylidyne
was hot involved in the reaction in the case of a

supported platinum catalyst. All evidence
strongly suggests that ethylidyne is only a spec-
tator species in ethylene hydrogenation.

The roles of m-bonded and di-o bonded
ethylene have also been examined. Using trans-
mission infrared spectroscopy, Mohsin et al.
have shown that both m-bonded and di-o
bonded ethylene are hydrogenated when H, is
flowed over a Pt/Al,O, catalyst precovered
with these species [15]. Further, they found that
upon annealing a surface covered with 7-bonded
and di-o bonded ethylene in the absence of
hydrogen only the di-o bonded species was
converted to ethylidyne while the 7r-bonded eth-
ylene remains unaffected.

None of the infrared spectroscopy studies
described above, however, alowed the monitor-
ing of surface species during ethylene hydro-
genation with ethylene flowing. This is because
gas phase ethylene greatly interferes with the
infrared spectroscopic experiments [14]. All ex-
periments in which di-o and 7-bonded ethylene
were monitored required that ethylene be re-
moved from the gas phase in order to make
observations.

We were able to investigate ethylene hydro-
genation in situ near ambient pressure and tem-
perature using SFG spectroscopy [8]. Our re-
sults indicate that ethylene primarily hydro-
genates through a 7-bonded intermediate rather
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Fig. 4. Possible reaction pathways for ethylene hydrogenation.
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than the more strongly adsorbed di-o bonded
ethylene species (Fig. 4). The m-bonded inter-
mediate occupies only a few percent of surface
sites during reaction and is in fast equilibrium
with gas phase ethylene. Without gas phase
ethylene, its presence on the surface is negligi-
ble at room temperature. This species hydro-
genates through an ethyl intermediate to ethane
with an identical rate in the presence or absence
of ethylidyne. By contrast, di-o bonded ethy-
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lene competes directly for sites with ethylidyne
and its presence or absence had no observable
effect on the reaction rate.

In our SFG study, the first step was to find
vibrational spectroscopic ‘fingerprints for vari-
ous surface species. This was carried out with
the sample in UHV using SFG spectroscopy
[16]. Fingerprint spectra of ethylidyne and di-o
bonded ethylene on Pt(111) are shown in Figs.
3 and 5a respectively. These spectra were taken

T
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Fig. 5. Spectra of (a) a saturation coverage of di-o bonded ethylene on Pt(111) at 200 K (b) ethyl groups formed from ethyl iodide at 193 K
and (c) a mixture of di-o and m-bonded ethylene at 120 K on O/Pt(111).
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after dosing ethylene onto clean Pt(111) at 295
K for ethylidyne and 202 K for di-o bonded
ethylene. Other potentially important species
such as ethyl groups and 7-bonded ethylene
could not be prepared by direct adsorption on
clean platinum, but could be formed in the
presence of other adsorbates. Ethyl groups were
formed from the dissociation of ethyl iodide
(Fig. 5b), while 7-bonded ethylene was formed
by adsorption on Pt(111) preadsorbed with oxy-
gen (Fig. 50).

The second step was to use these fingerprint
spectra to identify the surface species present
under reaction conditions and to try to find
correlation or noncorrelation with the reaction
rate. Fig. 6a shows the in situ SFG spectrum in
the CH stretch range under reaction conditions
of 100 Torr H,, 35 Torr C,H,, and 615 Torr
He at 295 K [8]. Under these conditions ethy-
lene was measured to hydrogenate at a rate of
11 4 1 turnovers per platinum site per second as
determined by gas chromatography. The domi-
nant feature in the spectrum was from ethyli-
dyne (cover is approximately 0.18 ML). Just
above the ethylidyne peak, the CH, symmetric
stretch of di-o- bonded ethylene was observed at
2910 cm~! and its coverage was nearly 0.07
ML. In addition to these two prominent fea
tures, a weak and broad hump around 3000
cm~! from 7-bonded ethylene was observed.
The coverage of this species was about 0.04 ML
based on a calibration of the well characterized
C,H,/O/Pt(111) system in UHV [17,18].

To investigate the role of various surface
species in this reaction, experiments were car-
ried out on a Pt(111) surface that was precov-
ered with ethylidyne, prepared by dosing the
clean platinum surface with 4 | of ethylene in
UHV at 295 K. The crystal was then exposed to
similar experimental conditions as in Fig. 6a
Fig. 6b shows the resulting vibrational spec-
trum. A dlight increase in the ethylidyne con-
centration (~ 0.24 ML) and a four-fold drop in
the di-oc bonded ethylene concentration (less
than 0.015 ML) were observed with respect to
the previous case without ethylidyne preadsorp-
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Fig. 6. (&) SFG spectrum of the Pt(111) surface during ethylene
hydrogen with 100 Torr H,, 35 Torr C,H,, and 615 Torr He at
295 K. (b) The SFG spectrum under the same conditions as (a),
but on a surface which was precovered in UHV with 0.25 ML of
ethylidyne.

tion. By contrast, the feature from -bonded
ethylene was present at nearly the same inten-
sity as in the previous case.

The increase of ethylidyne concentration and
the decrease of di-o bonded ethylene concentra
tion without a corresponding decrease in the
rate of hydrogenation argues strongly against
di-o bonded ethylene being an important inter-
mediate in ethylene hydrogenation. In fact, the
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di-o bonded species appear to compete directly
for sites with ethylidyne. Once ethylidyne
species are formed they block the adsorption
sites for di-o bonded ethylene. It is known
from previous studies on supported catalyst sur-
faces that the presence of ethylidyne has no
effect on the rate of ethylene hydrogenation
[13,14]. If di-o bonded ethylene had been an
important intermediate, then ethylidyne would
have been a poison for ethylene hydrogenation.

In contrast to the behavior of the di-o bonded
species, the concentration of 7-bonded ethylene
was unaffected by the ethylidyne concentration.
Therefore, the 7-bonded species is likely to be
the key intermediate in ethylene hydrogenation
(Fig. 4b). The strength of the m-bonded feature
corresponds to approximately 4% of a mono-
layer; therefore, the turnover rate of the reaction
at 295 K and 100 Torr H, is about 300 per
ethylene molecule per second [19]. The above
results demonstrate the difficulty in exclusively

(a) 4
H H RQ/ £H

H, /\CZ[H H, P& oH
HC—Q;C\H i S_\H 2!;
n-bonded di-c bonded propylidyne
propylene propylene
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n-bonded
propylene

H-H
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using UHV studies to characterize the mecha
nism for catalytic reactions. Indeed, 7-bonded
ethylene does not survive in vacuum near 300
K, where ethylene is typically hydrogenated. In
Situ studies alone are also insufficient in this
case. It was important to prepare an ethylidyne
covered surface in UHV in order to rule out
di-o bonded ethylene as a key reaction interme-
diate.

3.2. Hydrogenation of higher olefins

The hydrogenation of larger olefins repre-
sents the microscopic reverse of akane
dehydrogenation and should help aid in under-
standing the molecular details of olefin forma
tion. Compared with ethylene, little UHV work
has been undertaken to understand adsorption of
higher a-olefins on platinum. Much of the exist-
ing work was carried out by Delacruz and Shep-
pard [20,21] and Sheppard and co-workers [22—

H HH
N X

Ay

1- propyl

Fig. 7. (&) Propylenic moieties formed on Pt(111) (b) Possible reaction pathways for propylene hydrogenation.
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24], who showed that propylene (C,H ) adsorbs
in a di-o bonded conformation in UHV on
clean Pt(111) below 220 K [25]. Upon heating,
hydrogen is evolved around room temperature
and the species changes to propylidyne
(M=CCH,CH,) (Fig. 7a). These results are
analogous to the formation of di-o bonded
ethylene and ethylidyne from ethylene. In fact,
species corresponding to ethylenic moieties have
also been found for isobutene, and 1-butene
adsorbed on platinum as well [20—24]. Usudly,
weakly bound species (7-bonded alkenes),
strongly bound species (di-o bonded alkenes)
and decomposition products (alkylidynes) are
formed on the surface respectively with increas-
ing temperature. Ex situ infrared spectroscopy
of hydrogenation of higher olefins indicates that
all these species can be found on a supported
platinum catalyst after exposure to the olefin
and hydrogen [20-24]. The hydrogenation
chemistry of higher a-olefins is, however, po-
tentially more complex than for ethylene as
more possible reaction pathways to alkane pro-
duction exists. This is because hydrogenation
can be initiated at either the termina or internal
carbon of the double bond (Fig. 7b).

Using SFG, we found for the case of propy-
lene hydrogenation that the reaction predomi-
nately proceeds through a 2-propyl intermediate
(top pathway, Fig. 7b). Further, analogous to
ethylene hydrogenation, it was found that
propylene hydrogenates through a m-bonded in-
termediate in forming propane. It was also ob-
served that as the size of the a-olefin grew and
branched, less decomposition products were
found on the surface under high pressure reac-
tion conditions.

In obtaining the results of hydrogenation of
higher olefins, the same strategy for in situ
monitoring of ethylene hydrogenation was used
[26,27]. Fingerprint spectra for various species
were obtained with the sample in UHV and
exploited for species identification at high pres-
sure. In addition, vacuum hydrogenation studies
were carried out on 1- and 2-propyl moieties.
These investigations indicated that 2-propyl

groups hydrogenate faster than 1-propyl groups.
At high pressure 2-propyl species (dominant
feature near 2840 cm™ ) were present at much
larger concentration than 1-propyl (dominant
feature near 2860 cm™*) on the (111) surface of
platinum when 723 Torr H, and 40 Torr C;Hg
were present (Fig. 8a). The faster hydrogenation
of 2-propyl species vs. 1-propyl species indi-
cated by vacuum results in combination with the
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hydrogenation with (a) 723 Torr H, and 40 Torr C3Hg at 295 K
and (b) 100 Torr H,, 35 Torr C3H4 and 617 Torr He.
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predominance of 2-propyl species on the surface
under hydrogenation conditions was strong evi-
dence that the 2-propyl pathway is dominant in
the formation of propane. First, the formation of
2-propy! is preferred because hydrogen addition
to the termina carbon (which is primary) is
more energetically favorable than to the internal
carbon (which is secondary). Second, the 2-pro-
pyl groups have a faster rate of hydrogenation
than the 1-propy! groups because the Pt—C bond
is weaker in the former.

As noted above, propylene hydrogenation
differed from ethylene hydrogenation in the
amount of carbonaceous species present on the
surface during reaction. In the case of ethylene
hydrogenation, ethylidyne was present on the
surface near saturation coverage for conditions
of 100 Torr H,, 35 Torr C,H, and 295 K (Fig.
6a). By contrast the propylidyne
(M=CCH,CH,) concentration on the surface
was much less during propylene hydrogenation
with 100 Torr H,, 35 Torr C;H, at 295 K (Fig.
8b). It was only about 5% of a monolayer. This
trend continued for isobutene hydrogenation
where no dehydrogenated species was found
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Fig. 9. SFG spectrum of the Pt(111) surface during isobutene

hydrogenation with 105 Torr H,, 40 Torr isobutene, and 635 Torr
He at 295 K.
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Fig. 10. A schematic representation of the hydrogenation of
ethylidyne, propylidyne, and isobutylidyne to their respective
alkylidenes.

(isobutylidyne would have its dominant feature
at 2970 cm~ ) (Fig. 9).

In the case of ethylidyne, the B-carbon is
primary, whereas it is secondary in propylidyne
and tertiary in isobutylidyne (Fig. 10). In order
to remove decomposition products from the sur-
face, hydrogenation of these species must occur.
It is likely that the first step in this process is
the addition of hydrogen to the akylidynes at
the a-carbon. If the transition state for this step
involves separation of charge, it is expected that
a tertiary carbon at the B position would be
better able to stabilize the transition state than a
secondary carbon, which in turn would be better
than a primary carbon. Such charge separation
would occur if the transition state involved, for
example, a-hydride addition. The most impor-
tant consequence of the increasing hydrogena-
tion rate with alkylidyne size is the relative
degree of cleanliness that prevails on the surface
under reaction conditions. Indeed, during
isobutene hydrogenation with 105 Torr hydro-
gen, the surface was essentialy free of decom-
position products (Fig. 9).
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3.3. CO oxidation

The oxidation of carbon monoxide to carbon
dioxide has been one of the most widely investi-
gated catalytic reactions over the past 75 years
[28]. Its simplicity as well as its importance in
automobile emissions control makes it an attrac-
tive topic for in situ investigation [29]. UHV
studies revea that thermal excitation of ad-
sorbed oxygen can initiate oxidation [30]. In-

frared studies have shown that atop CO species
were present on the surface during carbon diox-
ide formation in vacuum. However, in situ in-
frared spectroscopy on a Pt/Al,O, catalyst re-
veaed that the density of atop CO species oscil-
lates out of phase with the reaction rate and,
hence, is unlikely to be the key surface reaction
intermediate [31,32]. The success of in situ
monitoring of CO oxidation with infrared spec-
troscopy was in part due to the substantial in-

107 Torr

Fig. 11. SFG spectrum showing the change of surface vibrational features with increasing CO pressure.
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crease in the dynamic dipole moment of an
adsorbed CO species in comparison with the gas
phase. Despite this, the key reaction intermedi-
ates in CO oxidation were difficult to observe
using IR. Indeed, most CO oxidation studies
were carried out at very low pressure [33] and
the results may have little bearing on the reac-
tion mechanism under realistic reaction condi-
tions (ambient pressures).

Simultaneous in situ SFG and gas chro-
matography studies revealed that carbon monox-
ide oxidation took place in two distinct tempera-
ture regimes where the activation energies for
CO, formation were dramatically different [34].

These regimes were separated by an ignition
temperature above which the reaction is self-
sustained without the need for heating because
of the high exothermicity of the reaction. As we
shall show below, SFG spectra indicate that
below the ignition temperature the surface is
dominated by atop CO, but above the ignition
temperature it is mainly covered by incommen-
surately absorbed CO (i.e., highly packed CO
which is out of registry with the underlying
platinum atoms). In both cases, it is the cover-
age of incommensurate CO and not that of atop
CO, that correlates with the CO oxidation rate.
Clearly, incommensurate CO is the species re-
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Fig. 12. Temperature dependent SFG spectra of CO oxidation on Pt(111) initially at 40 Torr CO/100 Torr O, /600 Torr He.
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sponsible for the surface catalytic reaction. In
fact, atop CO is poisonous to the reaction.
Below the ignition temperature, the activation
energy for the catalytic reaction is found to be
42 kcal mol !, which corresponds with the
desorption energy of CO. This indicates that the
rate limiting step of the reaction is the desorp-
tion of atop CO. Above the ignition tempera-
ture, the atop CO hardly exists; the activation
energy reduces to 14 kcal mol !, which is
known to be the reaction barrier to CO and O
coupling on Pt(111).

Incommensurately adsorbed CO does not ex-
ist on Pt(111) under UHV; however, its pres-
ence can easily be detected by SFG with appre-
ciable background CO pressure [35]. Fig. 11
shows that when a clean Pt(111) surface is
exposed to CO under ultrahigh vacuum, two
peaks at 1845 cm~! and 2095 cm ™!, character-
istic of stretch modes of CO adsorbed on bridge
and atop sites are observed (Fig. 11) [36—39].
When the CO pressure is increased to 700 Torr,
the spectrum becomes dominated by a broad
band extending from 1700 to 2045 cm™?! [35].
This broad background is apparently due to
inhomogeneous broadening and can be at-
tributed to the formation of an incommensurate
CO layer on Pt(111). As the CO pressure is
increased, the adsorbed species lose registry
with the platinum surface atoms. High CO sur-
face density at atmospheric pressure may also
induce the relocation of surface Pt atoms, espe-
cialy near defect, step, or kink sites [40]. Ter-
minally bonded CO-Pt or even a Pt /CO binary
complex, Pt (CO),, with n/m ratio greater than
unit may also be present as judged from the
appearance of aweak structure at 2045 cm™! in
the spectrum at 700 Torr of CO pressure.

The reaction can be followed with SFG spec-
troscopy and gas chromatography near atmo-
spheric reactant pressures at temperatures rang-
ing from 500 to 1300 K [34]. The SFG spectra
of 100 Torr O, /40 Torr CO and 600 Torr He at
different surface temperatures are presented in
Fig. 12. The ignition temperature, which is CO
partial pressure dependent, is about 600 K for

these conditions. Below ignition, atop bonded
CO appears near 2095 cm™* (bottom two spec-
tra Fig. 12) and is the major species on the
surface; the reaction rate is low and is inversely
proportional to the surface coverage of this
species (Fig. 13a). Above ignition, the SFG
spectra obtained are dramatically different from
those obtained below 600 K (top two spectra
Fig. 12). The atop CO peak that is the dominant
feature at low temperatures becomes unde-
tectable, while three new broad bands peaked at
2045, 2130 and 2240 cm™~* showed up with a
corresponding increase in the turnover rate to
2238 molecules per platinum site per second at
740 K. The 2130 and 2240 cm™~* peaks can be
attributed to the stretch modes of CO adsorbed
at oxidized platinum sites, which has previously
been shown not to be important in CO oxidation
[41]. The broad feature peaked at 2045 cm™!
and extending to 1700 cm™~* can be assigned to
the incommensurate CO overlayer as we dis-
cussed earlier in connection with CO adsorption
under high CO gas pressure together [35]. As
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shown in Fig. 13b and c, the reaction rate is
directly proportional to the coverage of this
incommensurate CO species on Pt(111) at a
given temperature both below and above igni-
tion. Therefore, it is likely the species mainly
responsible for the CO oxidation reaction.

We believe that the atop CO inhibits the
reaction by preventing oxygen from adsorbing
on Pt(111) and hence, below the ignition point
desorption of the atop CO appears to be the
limiting step for reaction. A small decrease in
the atop CO coverage leads to a large increase
in the reaction rate. Obvioudy, the empty atop
sites left behind by CO desorption can facilitate
dissociative adsorption of oxygen that will react
at adjacent positions. Then without atop CO, the
CO oxidation reaction is only limited by the
actual reaction barrier between CO and O on the
surface.

4. Future prospects

Success at applying infrared-visible SFG to
in situ monitoring of high pressure reactions on
model catalysts has opened up an entire new
field for catalytic studies. However, at present
most SFG vibrational apparatus are only capa-
ble of studying kinetics with a time resolution
on the order of seconds, limiting all but the
sowest reactions to batch reactor techniques.
To enable in situ dynamic monitoring of surface
species and permit the effects of pressure jump
experiments to be observed, lasers with faster
repetition rates need to be exploited. SFG spec-
troscopy should also be useful for studies of
catalytic reactions on oxide surfaces and
liquid /solid interfaces. New reactor designs will
expand the number and class of reactions that
could be monitored. It should be noted that in
addition to SFG, other optical techniques also
hold promise for in situ catalytic studies. Per-
haps the most promising is polarization-
modulated infrared spectroscopy [42,43]. At
present, however, this technique has been mostly

limited to monitoring the stretch modes of sur-
face CO species.
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