Kinetics and Catalysis, Vol. 45, No. 4, 2004, pp. 530-540. Translated from Kinetika i Kataliz, Vol. 45, No. 4, 2004, pp. 562-573.

Original Russian Text Copyright © 2004 by Tsyganenko, Storozhev, Aredn.

IR-Spectroscopic Study of the Binding Isomerism
of Adsorbed Molecules

A. A. Tsyganenko*, P. Yu. Storozhev*, and C. Otero Arean**
* Fok Institute of Physics, St. Petersburg State University, St. Petersburg, 198504 Russia
** Departamento de Quimica, Universidad de las Islas Baleares, 07071 Palma de Mallorca, Spain
Received December 9, 2002

Abstract—This paper discusses the use of IR spectroscopy in the studies of isomerism in the binding of
adsorbed molecules with a surface when a molecule may form several different surface species at the same site.
Species whose geometry does not provide minimal adsorption energy can be considered as adsorption com-
plexes in an excited state. The spectral manifestations of such a “steric excitation” are compared with the elec-
tronic and vibrational excitations of surface species. The “sterically excited” isomeric states existing in thermo-
dynamic equilibrium with ordinary adsorption species are found and studied in detail. Examples are CO mole-
cules bound through C and O atoms with metal cations in zeolites or with surface hydroxyl groups, the
thiophene molecule via hydrogen bonding with silanol groups, and HD molecules dissociatively adsorbed on
ZnO. A possible role of “sterically activated” isomeric states in catalysis is discussed.

INTRODUCTION

A number of studies are devoted to the nature of
activated states of surface complexes, which are possi-
ble intermediates in catalytic reactions. These studies
are aimed at elucidating detailed mechanisms of sur-
face reactions and hence, enhancing the efficiency of
various processes in industrial catalysis. IR spectros-
copy provides the most complete data on the structure
of intermediates adsorbed on solid surfaces. However,
the overwhelming majority of spectroscopic studies
concern relatively stable products of adsorption or
chemical transformations that may exist for an infinite
time at low temperatures in the absence of reactive mol-
ecules.

The energetically excited states of short-lived
adsorbed molecules are poorly studied. According to
the current concepts [1], a molecule on the surface that
has not lost its excess energy is in a so-called precursor
state. Such a molecule can be bound to a free chemi-
sorption site and retain some excess energy. The idea
that these high-energy activated states are intermediates
in a sequence of catalytic transformations has been dis-
cussed many times in the literature.

Data on the nature of activated states and on the
pathways of their deactivation can be obtained by
molecular (ionic) beam methods (see [1]) by analyzing
desorbing particles. Other methods for studying the
activated states involve the excitation of preadsorbed
molecules by an external source of energy, which can
be in the form of light or a flow of particles to the sur-

face, or use the thermal population of the excited states.
The latter case is of special interest to clarify the mech-
anism of dark catalytic reactions.

The excess energy of an adsorbed molecule which
does not translate along the surface may have an elec-
tronic, vibrational, or rotational nature. Another type of
activated states on the surface were found in the spectra
of CO adsorbed on Na-exchanged zeolites [2—4]. It was
shown that this molecule may form complexes of two
types in zeolites by its addition to a cation through a
carbon or oxygen atom, respectively. Two such isomers
coexist in thermodynamic equilibrium and possess dif-
ferent adsorption energies. The states of adsorbed mol-
ecules with higher energy accumulated due to the for-
mation of a surface complex with nonoptimal geometry
are denoted below as “sterically activated” or “steri-
cally excited” states to distinguish them from the elec-
tronically or vibrationally excited states.

The sterically activated states populated by thermal
excitation may use excess energy for overcoming the
activation barrier to the reaction with other adsorbed
molecules. Furthermore, different distributions of elec-
tron density of adsorbed molecules correspond to vari-
ous coordination modes, and this may affect their
chemical activity. Therefore, the binding of a CO mol-
ecule through the oxygen atom is considered as a path-
way for the molecule activation on the surface of metal
catalysts [5]. Hence, studies into the sterically activated
states of the adsorbed molecules are important for
understanding the mechanisms of catalytic reactions,
and these states are the focus of this paper.
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RESULTS AND DISCUSSION
Excited States of Adsorbed Molecules

Let us consider the pathways for the activation of
adsorbed molecules to clarify the status of sterically
excited states among other excitation types of surface
compounds, and the role of each of them in catalysis.
Under normal conditions, electronically excited states
possess too high energy and, as a result, their popula-
tion at moderate temperatures is rather small. As a rule,
the electronically excited states are studied by UV
spectroscopic and luminescence techniques. The life-
time of electronically excited molecules strongly
decreases upon adsorption on metals [1], and their
involvement in catalytic reactions becomes highly
improbable. Deactivation on the surface of oxides may
occur more rapidly or more slowly than in a solution or
a matrix [6]; however, the excited states always exist in
concentrations too low to be observed by conventional
vibrational spectroscopy. Nevertheless, their excitation
by UV-Vis radiation can produce photochemical or
photocatalytic reactions, and the accumulated products
can be found and identified by IR spectra [7]. Some-
times, one can observe the absorption bands of elec-
tronically excited molecules by time-resolved vibra-
tional spectroscopy. The laser pulse excitation and step-
scan techniques of interferogram recording for moni-
toring FTIR spectra [8] or Raman spectroscopy with
the registration of probing pulse scattering with a spec-
ified delay time with respect to the exciting pulse [9]
were used.

An known example is when an oxygen molecule
changes its electronic state for the singlet state upon
adsorption [10, 11]. This is possible when the adsorp-
tion energy of singlet oxygen is so high that it exceeds
the electronic excitation energy in the 'A state. How-
ever, in this case, the singlet state becomes the ground
state and may exist for a long time at a low temperature
and be observed in IR absorption spectra [10]. Singlet
oxygen may desorb from the surface of some catalysts
at high temperatures [12]. It is possible that the electron
transfer energy for some molecules is too low for the
thermal population of the lowest excited electronic lev-
els. However, we do not have examples of recording
vibrational spectra of thermally populated adsorbed
molecules in the electronically excited states.

Low vibrational states of surface compounds can
easily be populated thermally; however, their excitation
and especially excitation of their rotational states can-
not substantially affect the reactivity of adsorbed mole-
cules. The excitation of higher vibrational states by a
laser pulse of a corresponding frequency followed by
further probing absorption of the vibrationally excited
surface compounds with another pulse allowed us to
evaluate the time of energy relaxation, which proved to
be shorter than 18 ps for the stretching vibration of CO
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adsorbed on Pt/SiO, [13] and nearly 100 ps for the OH
groups in zeolites [14]. Such times do not rule out the
participation of vibrationally excited molecules in
catalysis. The energy absorbed during the resonant
excitation of vibrations is redistributed and transforms
into thermal energy, and when the energy absorbed is
higher than the adsorption energy, molecules may des-
orb. As experiments with molecules of various isotope
compositions showed, the energy exchange in the layer
of adsorbed molecules can cause desorption of not only
those molecules that absorb radiation [15].

The thermal population of vibrational states whose
probability sharply increases with decreasing fre-
quency results in the temperature-dependent IR spec-
tra. The absorption of vibrationally excited compounds
can be seen in the spectrum as so-called “hot” transition
bands when the bands are narrow and the anharmonic-
ity constants are rather high. Such a “hot band” corre-
sponding to the absorption of the vibrationally excited
silanol groups on the SiO, surface was found by Peri
[16] as a weak maximum at 3560 cm™ in the spectrum
of aerosil heated to 1073 K. The estimate of the popu-
lation of the vibrationally excited state by the Boltz-
mann equation shows that the fraction of excited silanol
groups is less than 1% even at such a temperature. The
excitation of low-frequency vibrations usually results
in a gradual shift of the maxima of the absorption bands
with temperature due to the anharmonic coupling of
vibrations. This shift is clearly seen in the spectra of
isolated silanol groups [16] and especially OH groups
perturbed by a hydrogen bond [17].

Technique of IR Studies
in a Wide Temperature Range

The study of thermodynamic equilibria on the sur-
face makes a severe demand to the cell design. It is not
only necessary to combine the high-temperature treat-
ment of samples with recording spectra at low temper-
atures but also to record spectra in the presence of
adsorbed gas avoiding breach of thermal insulation. It
is desirable to minimize the beam path length in the gas
phase to diminish gas absorption. Furthermore, it is
necessary to provide good thermal contact between a
sample and a thermostat at any gas pressure; the latter,
as well as the temperature, should be controlled with
high accuracy. Most of the known devices meet few of
these requirements.

Findings described below were obtained using a cell
developed by us [18, 19]; its design is shown in Fig. 1.
When thermal-vacuum treatment is needed, a sample is
transferred with a magnet to a quartz tube in which it
can be heated to at least 1200 K. It is important to use
the second pair of windows, which are placed on the
refrigerant-cooled part of the cell (normally refrigerant
is liquid nitrogen) and separate the inner space of the
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Fig. 1. Cell for recording the spectra of adsorbed molecules
at temperatures 55-373 K. (/) Sample; (2) sample holder;
(3) anchor of magnetic stainless steel; (4) quartz tube;
(5) hook for keeping holder in the upper position;
(6) heater; (7) Viton gasket; (8) cell body; (9) coolable part
of the cell; (/0) inner cooling windows; (//) external win-
dows; (/2) indium gaskets; (13) valve; (/4) teflon or Viton
gasket; and (/5) pressure sensor.

cell where the sample is placed from thermal insulating
vacuum jacket. This permits us to record the spectra of
a sample in the presence of adsorbed gas or even the
spectra of a sample immersed into liquid oxygen with-
out breaching the thermal insulation of a cell. To pro-
vide reliable contact between the sample and the cell
walls in the absence of an adsorbate or at low pressure,
~0.5 torr of helium was admitted to the inner space of
the cell. To decrease the temperature to 55 K, the vapor
of boiling nitrogen was evacuated from the volume
with the refrigerant. When there was a need to increase
the temperature, the same volume could be filled with
water heated to a specified temperature up to 373 K.
The temperature of the cooled part of the cell was mea-
sured by a thermocouple inserted into the inlet for fill-
ing up the coolant. The pressure was controlled simul-
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taneously with an Edwards Barocel 600 sensor joined
directly to the volume with the sample.

Binding Isomerism of CO in Zeolites

In the spectrum of CO adsorbed on zeolites, a weak
band shifted to low frequencies relative to the fre-
quency of the free molecule (LF band) is often found
along with the band of the cation-bound molecules
shifted to high frequencies (HF band). Various hypoth-
eses were advanced on the origin of the LF band. We
found earlier [2, 3] for NaY and NaZSM-5 zeolites that
the intensity of this band increases with temperature.
The bands whose intensities increase upon heating can
be due to the products of activated CO adsorption. After
CO was added to the cell with MgO or CaO at 77 K, a
slight increase in temperature results in an increase in
the absorption bands in the 21002030 cm™ region, which
belong to the ketene group O=C=C of the surface

C20§7 ions arising upon the interaction of CO with

strongly basic O ions [18]. However, the products of
activated adsorption cannot disappear upon repeated
cooling, whereas changes in the LF band intensity in
the spectra of zeolites are completely reversible.

As shown in [2, 3], the logarithm of the ratio of the
intensities of the LF and HF bands changes linearly
with reciprocal temperature (Fig. 2). Such dependence
can be expected when the LF band corresponds to a
transition from the excited state of a molecule with the
excitation energy comparable to k7, particularly in the
case of the above “hot” transitions from the vibra-
tionally excited states. However, the LF band is shifted
to a low-frequency region relative to the HF band much
more noticeably than would be expected for the “hot”
transition from the excited stretching vibrational state
of the CO molecule, taking into account its anharmo-
nicity (2m.x, = 26 cm™! for a free molecule), and the
spectrally estimated excitation energy is nearly one
order of magnitude lower than that for v(CO). In addi-
tion, more recent studies show that both the energy and
the frequency shift change from one cation to another,
a fact which does not stem from the model of vibra-
tional excitation.

The origin of the LF band was explained by the
existence of CO surface complexes of two types in
which the molecule is bound to a cation through the
carbon or oxygen atom [2—4]. These two forms are in
thermodynamic equilibrium, and the ratio of their con-
centrations depends on the temperature and enthalpy of
their interconversion AH°, which can be estimated from
the slope of the Vant-Hoff plot shown in Fig. 2b. The
Vant-Hoff equation can be written for our case as

In(A p/Ayp) = —AH’/RT + AS IR + In(€,p/€45),
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Fig. 2. (a) IR spectrum of CO adsorbed on zeolite NaY at (/) 167, (2) 177, (3) 187, (4) 197, (5) 215, (6) 225, and (7) 233 K. (b) Vant-

Hoff plots: (/) CO/NaY, (2) CO/NaZSM-5.

where the ratio of concentrations of substances partici-
pating in the equilibrium is expressed in terms of the
integral intensities of the low-frequency and high-fre-
quency absorption bands (A;y and Ayp) and the corre-
sponding extinction coefficients of surface compounds
€ r and €. Taking into account small changes in the
entropy upon adsorption, the fact that two straight lines
in Fig. 2b do not pass through the origin can be due to
the difference between €;  and €y Moreover, we could
determine the ratio €& /ey from the intersection points
of the two curves, and this ratio proved to be different
for NaZSM-5 and NaY zeolites, equal to 0.8 and 0.5,
respectively. The slopes of the two straight lines in
Fig. 2b are also different and give AH° values of 3.8 and
2.4 kJ/mol for NaZSM-5 and NaY zeolites, respec-
tively. Hence, the above findings can be adequately
explained if we assume that CO adsorbs in two forms
on the same cation with different adsorption energies,
and this difference depends on both the cation nature
and its surroundings, which are different in zeolites
with various lattice structures. A less energetically
favorable oxygen-bound species exists due to the ther-
mal excitation and can be treated as the sterically acti-
vated state of adsorbed CO.

More recently, the existence of two adsorption spe-
cies of CO was found for a wide series of zeolites with
the ZSM-5 or faujasite lattices with Li [20], K [21], Rb,
and Cs [22] cations, as well as for the H-forms of zeo-
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lites [23, 24] in which the hydroxyl groups form hydro-
gen bonds with CO molecules. Data on the position of

the bands of adsorbed CO and the AH". values deter-

exp
mined from the Vant-Hoff plots are shown in the table.
The low intensity of the LF band in some systems did
not allow us to trace its dependence on temperature
with an accuracy sufficient for the determination of AH?
from the Vant-Hoff plot. In these cases, neglecting the
difference between €y and ey, we could evaluate the
energy of CO-OC isomerization from the Bolzmann
equation assuming that the band intensity reflects the
ratio of populations of the levels:

AE = RT]I’I(ILF/IHF).
The AE values obtained are placed in one column with
AH?_ in the table and marked with an asterisk.

exp

Electrostatic Model

The frequency shifts for adsorbed CO are well
described within a simple electrostatic model as a result
of the vibrational Stark effect. This model has success-
fully been used to calculate changes in the frequencies
caused by lateral interactions in the layer of adsorbed
molecules [28, 29]. In the framework of this approxi-
mation, the AE value can be calculated as the energy of
reorientation of the CO dipole in the field of a cation E



534

TSYGANENKO et al.

Positions of the high-frequency and low-frequency absorption bands of adsorbed CO and the experimentally determined en-

thalpy and calculated energy of CO-OC isomerization

Adsorbent Vg, cm™! Vi, cm™! Av, cm™! AH gxp . kJ/mol | AE_,.q, kJ/mol |  Reference
LiZSM-5 2195 2100 95 6.5 4.9 [20]
2188 2110 80 5.6 4.1
NaZSM-5 2178 2112 66 3.8 34 [2, 3]
KZSM-5 2166 2117 49 3.2 2.5 [21]
RbZSM-5 2162 2119 43 1.8 2.2 [22]
CsZSM-5 2157 2122 35 - 1.8 [22]
HZSM-5 2175 2112 63 4.2 3.2 [24]
HY 2173 2124 49 4.3 2.5 [23]
NaY 2171 2122 49 2.4 2.5 [3]
CaY 2197 2094 103 11 5.3 [25]
2191 2099 92 8 4.7
SrY 2191 2095 96 9.8 4.9 [26]
2187 2098 89 7.6 4.6
Si0, 2154 2131 23 2% 1.2 [27]
Silicalite 2160 2122 38 3* 2.0 [27]

* Energy of CO-OC isomerization calculated by the Boltzmann equation.

whose strength can be estimated from the frequency
shift upon adsorption or from the difference between
the frequencies of the CO molecules in two orientations

(Var—Vip):

AE = 2U00E = po(Vir — Vip)/K,

where for the CO molecule, i, =0.11 D and K =4.29 x
10 D cm™! mol kJ™!. The AE_,, values calculated in

this way are shown in a separate column of the table.

Comparison of these values with AHSXp determined

from the Vant-Hoff plots shows a good coincidence
between the calculated and experimental values for Na,
K, and Rb cations. Deviations to one side or another are
seen, but the difference is at most 20%. For zeolites
with double-charge cations and LiZSM-5 in which the
cation field strength and hence, the CO frequency shift

0
are more pronounced, the measured AH.,, values are

1.5-2 times higher than the calculated values. Appar-
ently, an increase in the frequency with increasing field
strength for strong fields should inevitably reach satu-
ration, and the use of the Stark coefficient results in
underestimating the field. One can suggest that the

Angp value can itself be a measure of the field strength

instead of the CO frequency. The high values of AH Sxp

compared to the calculated values are also observed for
CO adsorbed on the OH groups, and this is probably a
peculiar feature of the hydrogen bond.

The electrostatic model permits one to explain the
presence of two CO structures separated by a potential
barrier when the molecule is considered as a polariz-
able dipole assuming that the polarizability in a direc-
tion along the molecule axes is substantially higher
than that in the field perpendicular to the molecule axis.
One can achieve quantitative agreement between the
experimental CO adsorption energy and a value calcu-
lated using the electrostatic model when the interaction
of the quadrupole moment of the molecule with the gra-
dient of the field of the cation is taken into account.

Binding Isomerism of CO over Oxides
and Effect of Interaction between Molecules
on Its Spectral Manifestation

The above CO binding isomerism has been
observed only over zeolites, but it has been shown
recently [27] that the band of CO molecules bound
through the oxygen atom could be separated in the
spectrum of amorphous SiO, (aerosil) extensively stud-
ied previously. In this case, it is necessary to subtract

KINETICS AND CATALYSIS Vol. 45 No.4 2004
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Absorbance

Fig. 3. IR spectrum of CO adsorbed on SiO, (aerosil) at
123 K. (/) on sample evacuated at 873 K (Pg = 10.6 torr);
(2) on methoxylated sample (Pcq = 4.6 torr); (3) difference
spectrum obtained by subtracting spectrum 2 from / with a
factor of 0.4.

the band of physically adsorbed CO, which can be
observed separately upon adsorption on the methoxy-
lated sample (Fig. 3). Both bands of CO molecules
bound by the hydrogen bond with the silanol groups
through carbon and oxygen can be observed simulta-
neously in the spectrum of silicalite (Fig. 4) in which
the bands of CO stretching vibration at small surface
coverages are shifted more strongly relative to the posi-

Absorbance
3749

535

tion typical of a free molecule due to the presence of
more acidic OH groups.

Oxygen-bound surface complexes of adsorbed CO
with the cations or OH groups have not been observed
by now in the spectra of metal oxides. This is possibly
due to the surface heterogeneity, which causes the
appearance of several overlapping absorption bands,
and each of them has its own OC bands. The bands of
the admixture of the isotopomer *CO, which is always
present in a small concentration (~1%) in the gas of the
natural isotopic composition, are present in the same
spectral region, and this fact makes the observation of
the weak bands of sterically excited molecules much
more difficult. When the CO bands are narrow and
intense, as in the case of ZnO, the spectrum proves to
be distorted by the lateral interactions that lead not only
to the shift of maxima but also to the redistribution of
the band intensities due to dynamic interactions [29].
As a result, the weak low-frequency bands of oxygen-
bound molecules can become even less observable.

The interaction between adsorbed molecules mani-
fests itself in the spectra of CO adsorbed on some zeo-
lites at rather high surface coverages. The initially aris-
ing bands begin to weaken with increasing coverage
simultaneously with an increase in the intensities of the
CO bands at lower wavenumbers. This effect is illus-
trated in Fig. 5. The spectra of 1*CO adsorbed on zeolite
CaY were recorded during desorption of adsorbed mol-
ecules. Such a change in the intensities was found for
the bands at 2149 and 2140 cm™, and this fact can be
attributed to the adsorption of one or two molecules on
the same Ca®* cation, respectively. According to [30],

T

3700 3600

2200 2150

Fig. 4. Changes in IR spectrum of silicalite (/) evacuated at 653 K and cooled to 77 K, (2, 3) with increase in the amount of adsorbed
CO at 77 K and (4) after increase in temperature to 77, (5) 133, (6) 153, and (7) 173 K.
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Fig. 5. Changes in IR spectrum of zeolite CaY with adsorbed Bclég during heating the sample to (1) 77, (2) 95, (3) 105, (4) 114,
(5) 134, (6) 144, (7) 166, (8) 185, (9) 205, (10) 215, (11) 225, (12) 245, (13) 273, (14) 293, (15) 312, (16) 325, and (17) 344 K.

the band at 2115 cm™! observed at higher coverages can
be assigned to the third CO molecule bound to the same
cation. If the dynamic interaction of the two molecules
were strong enough, a more complicated spectrum with
two maxima would correspond to a complex of the two
interacting molecules. However, the spectrum of an
admixture of the >CO molecules shown in the left inset
is in fact identical to that of the pure '>CO isotope. This
indicates that the dynamic interaction in this system is
weak and the origin of the frequency shift from 2198 to
2190 cm! is entirely due to the effect of static interac-
tion. The same pair of bands of CO molecules,
adsorbed singly and in pairs, was found on LiZSM-5. It
was impossible to observe two bands separately in the
spectra of SrY zeolite, and transition to dicarbonyl
complexes manifests itself as a gradual shift of the band
maximum with coverage.

The binding isomerism that manifests itself in the
spectrum of the system of two interacting molecules
has some peculiarities. The presence of a neighboring
molecule weakens the field of a cation resulting in a
decrease in the frequency shift for both coordination
modes. The low-frequency shift of the CO band upon
the adsorption of the second molecule is accompanied
by a high-frequency shift of the maximum of the band
of the oxygen-bound molecules. This leads to a shift of
the band at 2048 to 2052 cm™! (right inset in Fig. 5) in
the 3CO spectrum as the temperature decreases. The
Vant-Hoff plot for these systems reveals two linear sec-

tions describing the equilibria M—CO «—— M-OC and
OC-M-CO ~—— OC-M-0OC and allows one to esti-
mate separately the enthalpy of reorientation of a lone
molecule and one of two molecules in the dicarbonyl
complex. The formation of the structure with two CO
molecules bound through oxygen with the same cation
is quite improbable. Simultaneous monitoring of pres-
sure and temperature while recording the spectra allows
one to determine the isosteric heat of adsorption for
various species, in particular, for mono- and dicarbonyl
CO complexes with Ca cations, as well as the mutual
arrangement of the energy states of the system shown in
Scheme 1. As can be seen from Scheme 1 and the table,
both the heat of adsorption and the energy of isomeriza-
tion prove to be significantly lower upon the addition of
the second molecule to the cation than upon the adsorp-
tion of the first molecule.

(2CO ) + Ca-Y)

—47 kJ/mol 0
Ca**—0C
11 kJ/mol
Ca*—CO ,
—36 kJ/mol Catt OC
_co ___~0C
Ca™*_ co 8 kJ/mol
Scheme 1.
KINETICS AND CATALYSIS Vol. 45 No. 4 2004
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Fig. 6. IR spectrum of thiophene adsorbed on SiO, (aerosil) before (1) and (2-5) after addition of SO, recorded at (1, 2) 55, (3) 98,

(4) 112, and (5) 138 K.

Thus, the presence of a neighboring CO molecule
weakens the cation field, decreasing the adsorption
energy and the energy of isomerization of the other
molecule. It might be expected that the vicinity of the
oxygen-bound molecule would enhance the frequency
of the neighboring CO molecule. The authors of [25]
used this way of reasoning to explain the origin of the
band at 2211 cm™', whose intensity in the spectrum of
zeolite CaY increases with increasing temperature like
the intensity of the band of oxygen-bound CO mole-
cules. However, the authors of [30] noted that the band
that appears upon CO adsorption on zeolite CaNaY has
a disproportionately high intensity at low temperatures,
which disagrees with the above assignment.

Binding Isomerism upon Adsorption
of Other Molecules

We cannot exclude that binding isomerism is a
rather abundant phenomenon among adsorbed mole-
cules of various nature. Coordination through both car-
bon and nitrogen was observed upon the adsorption of
the CN~ion, which is isoelectronic to the CO molecule,
from a solution to the surface of metal electrodes [31].
Heterocyclic molecules can interact with hydroxyl
groups and form a hydrogen bond with an unshared pair
of a heteroatom or m-electrons of an aromatic ring. A
recent study of the temperature dependence of IR spec-
tra of thiophene adsorbed on the hydroxyl groups of the
aerosil surface showed the existence of at least three
adsorption species. Indeed, as can be seen from Fig. 6,
areversible “transfer of intensity” is observed from the
band at 1409 cm™' belonging to thiophene molecules
bound through a sulfur atom (Scheme 2, structure I) to
Vol. 45 No. 4
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the band at 1397 cm™' of molecules perturbed by the
hydrogen bond with 7-electrons of the aromatic ring
(structure IT) with a decrease in the temperature from
140 to 55 K. These changes should be considered as
evidence for the thermodynamic equilibrium between
these two structures in which the second structure is
more energetically favorable. The isomerization energy
estimated from the Vant Hoff plot is ~1.8 kJ/mol.

s o
N %
] 40‘6 C’/ e, 0‘2‘“‘5
H H %o K 7% u
0 0 S
Si Si Si
I 11 111
Scheme 2.

Spectra 2—5 shown in Fig. 6 were recorded after
adding a small amount of SO, to the cell. SO, can
weakly bind to the oxygen of a silanol group and thus
prevents its interaction with thiophene. When SO, is
absent, the band at 1409 cm™ is much more intense
(curve /) because of the superposition of additional
absorption due to the third adsorption species (struc-
ture IIT) in which thiophene acts as a proton donor in
the hydrogen bond with the oxygen atom of the
hydroxyl group. The silanol group can serve as an
adsorption site for molecules with electron-acceptor or
proton-donor properties, such as SO, or H,S, due to
bond formation through the oxygen atom of the silanol
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Fig. 7. IR spectrum of HD (a) adsorbed on ZnO (Kadox 15) at 100 K and (b) after heating to 300 K and repeated cooling to 100 K

in a closed volume.

group, as has been shown recently by the coadsorption
of these molecules with bases [32]. When thiophene is
adsorbed together with such a base as lutidine
(2,5-dimethylpyridine), the band at 1397 cm™ is
extremely weak. Apparently lutidine forms a stronger
H-bond with the proton of the OH group, replaces
thiophene, and prevents the formation of structures I
and II; structure III remains the only possibility. Thus,
thiophene can form hydrogen-bonded complexes of
three types with surface silanol groups and two of these
are in thermodynamic equilibrium with a rather low
isomerization energy.

The above examples of binding isomerism concern
molecular adsorption through coordination or a hydro-
gen bond. However, the formation of several energeti-
cally nonequivalent structures on the same surface site
is also possible upon the dissociative adsorption of
some molecules. It was shown [33, 34] that HD on ZnO
could dissociate through two channels (Scheme 3) to
form either ZnH and OD groups or ZnD and OH groups
on the metal-oxygen pair site. The energies of the prod-
ucts are not equal because the energies of zero vibra-
tions are different.

)
AHads
AEacl, 1 I I AEaCL,Z
ZnD + OH-1; HD
2f_7nH + OD
Scheme 3.

As can be seen from the spectra in Fig. 7, the second
channel of adsorption is not effective at 100 K, proba-
bly because of a higher activation barrier, and dissocia-
tion occurs only via channel 1 so that the bands of the
ZnH and OD groups in the spectrum are extremely
weak. Their intensities rapidly increase with increasing
temperature above 250 K, and the energetically more
favorable structure 2 prevails at room temperature
under equilibrium conditions. Repeated cooling does
not restore the initial spectrum and results in only freez-
ing the concentrations of the surface species typical of
higher temperatures. In this case, a study of the temper-
ature dependence of IR spectrum makes it possible to
determine the energy difference between two channels
of dissociative adsorption and estimate the height of the
activation barrier between two states on the basis of the
spectrokinetic measurements of the dissociation rate
Vs. temperature.

CONCLUSIONS

Molecules may form several nonequivalent configu-
rations with different energies upon adsorption on the
same surface site, and this was confirmed for various
types of adsorption: through the hydrogen bond,
through the coordination bond with cations in zeolites,
and through dissociation. The surface isomeric struc-
tures are in mutual thermodynamic equilibrium either
over the total temperature studied or in a specific tem-
perature region whose lower limit is restricted by the
activation barrier of isomerization. Such a barrier
results in freezing the equilibrium between two states
for the HD dissociative adsorption at temperatures
below 250 K. In other systems under study, freezing
No. 4 2004
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was not achieved either because of a drop in the con-
centration of sterically excited states below the detec-
tion limit, as in the CO adsorption on the metal cations
in zeolites, or because of low isomerization energy, as
in the case of the hydrogen-bonded CO or thiophene,
when the concentration of the sterically excited isomer
remains significant and continues to change until reach-
ing the lowest experimental temperatures.

The energy of steric activation can vary from 1-—
2 kJ/mol for the hydrogen-bonded molecules of CO
and thiophene to at least 10—15 kJ/mol for CO coordi-
natively bound to the metal cations. The upper limit is
evidently determined by the conditions of observation,
which do not allow us to record spectra at temperatures
above 373 K and high CO pressures, rather than by the
nature of the phenomenon. Nevertheless, the AE values
obtained are close in the order of magnitude to the acti-
vation energies of some catalytic reactions involving
these molecules. The activation energy of CO oxidation
with oxygen over solid solutions of NiO or CoO in
MgO determined spectrokinetically is 4-20 kJ/mol
[35]. The catalytic isotopic mixing of 2,5-thiophene-d,
over CaO occurs at a temperature ~200 K when the
pressure of the thiophene vapor is barely sufficient for
adsorption [36] and the corresponding activation
energy, when it is measurable, should be extremely low,
comparable to the reorientation energy of the hydro-
gen-bonded thiophene. Thus, the sterically activated
states, in their energies, can be intermediates of cata-
lytic reactions and can initiate their occurrence in the
presence of molecules-partners. The spectrally mea-
sured energy of their thermal excitation can be the
major part of the activation energy.

In this work we dealt with only one structural aspect
of steric excitation, namely with a change in the geom-
etry of mutual arrangement of an adsorbed molecule
with respect to the surface site. However, the formation
of sterically activated surface complexes with the
geometry of the adsorption site changed or with struc-
tural reconstruction of the adsorbed molecules them-
selves stimulated by a catalyst is quite possible. Further
studies are necessary to elucidate the role of the steric
activation in catalysis.

ACKNOWLEDGMENTS

P. Yu. Storozheyv is grateful to Haldor Topsge A/S for
graduate student scholarship.

REFERENCES

1. Krylov, O.V. and Shub, B.R., Neravnovesnye protsessy v
katalize (Nonequilibrium Processes in Catalysis), Mos-
cow: Khimiya, 1990.

2. Otero Aredn, C., Tsyganenko, A.A., Escalona Platero, E.,
Garrone, E., and Zecchina, A., Angew. Chem., 1998,
vol. 37, no. 22, p. 3161.

KINETICS AND CATALYSIS Vol. 45 No.4 2004

3.

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

539

Tsyganenko, A.A., Escalona Platero, E., Otero Aredn, C.,
Garrone, E., and Zecchina, A., Catal. Lett., 1999, vol. 61,
nos. 3—4, p. 187.

Tsyganenko, A.A., Otero Aredn, C., and Escalona
Platero, E., Stud. Surf. Sci. Catal., 2000, vol. 130D,
p. 3143.

. Catalysis in Cl1 Chemistry, Keim, W., Ed., Dordrecht:

Reidel, 1987.

Litke, S.V., Mezentseva, T.V., Litke, A.S., Lyalin, G.N.,
and Ershov, A.Yu., Opt. Spektrosk., 2002, vol. 92, no. 2,
p- 167.

. Filimonov, V.N., in: Elementarnye fotoprotsessy v mole-

kulakh (Elementary Photoprocesses in Molecules), Mos-
cow: Nauka, 1966, p. 330.

. Honigs, D.E., Hammaker, R.M., and Fateley, W.G., Ana-

lytical Applications of FTIR to Molecular and Biological
Systems, During, J.R., Ed., Dordrecht: Reidel, 1980,
p- 119.

Dallinger, R.F., Guanci, J.J., Woodruff, W.H., and Rodg-
ers, M.A.J., J. Am. Chem. Soc., 1979, vol. 101, no. 5,
p. 1355.

Tsyganenko, A.A. and Filimonov, V.N., Spectrosc. Lett.,
1980, vol. 13, p. 583.

Lipatkina, N.I., Przheval’skaya, L.K., Shvets, V.A., and
Kazanskii, V.B., Dokl. Akad. Nauk SSSR, 1978, vol. 242,
no. 5, p. 1114.

Guillory, J.P. and Shiblom, C.M., J. Catal., 1978,
vol. 54, p. 24.

Cavanagh, R.R., Heilweil, E.J., and Stephenson, J.C.,
J. Electron Spectr. Relat. Phenom., 1987, vol. 45, no. 1,
p- 31

Casassa, M.P.,, Heilweil, E.J., Stephenson, J.C., and
Cavanagh, R.R., J. Vac. Sci. Technol., A, 1985, vol. 3,
no. 3, p. 1655.

Hussla, 1., Seki, H., Chuang, T.J., Gortel, Z.W., Kreu-
zer, H.J., and Piercy, P., Phys. Rev. B: Condens. Matter.,
1985, vol. 32, no. 6, p. 3489.

Peri, J.B., J. Phys. Chem., 1966, vol. 70, no. 9, p. 2937.

Pavlov, A.Yu. and Tsyganenko, A.A., Opt. Spektrosk.,
1994, vol. 77, no. 1, p. 221.

Babaeva, M.A., Bystrov, D.S., Kovalgin, A.Yu., and
Tsyganenko, A.A., J. Catal., 1990, vol. 123, no. 2,
p- 396.

Otero Aredn, C., Manoilova, O.V., Tsyganenko, A.A.,
Turnes Palomino, G., Penarroya Mentruit, M.,
Geobaldo, F., and Garrone, E., Eur. J. Inorg. Chem.,
2001, p. 1739.

Otero Aredn, C., Manoilova, O.V., Rodriguez Delgado, M.,
Tsyganenko, A.A., and Garrone, E., Phys. Chem. Chem.
Phys., 2001, vol. 3, p. 4187.

Manoilova, O.V., Penarroya Mentruit, M., Turnes Palo-
mino, G., Tsyganenko, A.A., and Otero Arean, C., Vibr.
Spectrosc., 2001, vol. 26, no. 1, p. 107.

Otero Aredn, C., Turnes Palomino, G., Tsyganenko, A.A.,
and Garrone, E., Int. J. Mol. Sci., 2002, vol. 3, p. 764.

Otero Aredn, C., Tsyganenko, A.A., Manoilova, O.V.,

Turnes Palomino, G., Penarroya Mentruit, M., and Gar-
rone, E., J. Chem. Soc., Chem. Commun., 2001, p. 455.



540

24.

25.

26.

27.

28.

29.

TSYGANENKO et al.

Turnes Palomino, G., Penarroya Mentruit, M., Tsyga-
nenko, A.A., Escalona Platero, E., and Otero Arean, C.,
Stud. Surf. Sci. Catal., 2001, vol. 135, p. 219.
Tsyganenko, A.A., in: Aspects of the Surface Chemistry
of Oxidic Systems, Turin: Edizioni Libreria Cortina,
1999, p. 51.

Garrone, E., Bonelli, B., Tsyganenko, A.A., Rodriguez
Delgado, M., Turnes Palomino, G., Manoilova, O.V., and
Otero Aredn, C, J. Phys. Chem. B., 2003, vol. 107,
no. 11, p. 2537.

Storozhev, P.Yu., Otero Aredn, C., Garrone, E.,
Ugliengo, P, Ermoshin, V.A., and Tsyganenko, A.A.,
Chem. Phys. Lett., 2003, vol. 374, nos. 5-6, p. 439.
Tsyganenko, A.A., Denisenko, L.A., Zverev, S.M., and
Filimonov, V.N., J. Catal., 1985, vol. 94, p. 10.
Tsyganenko, Yu.A., Ermoshin, V.A., Keyser, M.R., and
Smirnov, K.S., Vibr. Spectrosc., 1996, vol. 13, p. 11.

30.

31.

32.

33.

34.

35.

36.

KINETICS AND CATALYSIS

Hadjiivanov, K., Knozinger, H., Ivanova, E., and Dimit-
rov, L., Phys. Chem. Chem. Phys., 2001, vol. 3, p. 2531.

Bozzini, B. and Fanigliulo, A., J. Appl. Electrochem.,
2002, vol. 32, no. 9, p. 1043.

Tsyganenko, A.A., Storozheva, E.N., Manoilova, O.V.,,
Lesage, T., Daturi, M., and Lavalley, J.-C., Catal. Lett.,
2000, vol. 70, p. 159.

Griffin, G.L. and Yates, J.T., Jr., Chem. Phys. Lett., 1982,
vol. 87, no. 2, p. 201.

Tsyganenko, A.A., Lamotte, J., Saussey, J., and Laval-
ley, J.-C., J. Chem. Soc., Faraday Trans. I., 1989,
vol. 85, no. 8, p. 2397.

Matyshak, V.A., Kadushin, A.A., and Krylov, O.V., Izv.
Akad. Nauk SSSR, Ser. Khim., 1979, no. 11, p. 2428.

Tsyganenko, A.A., Can, F., and Maugé, F., J. Phys.
Chem. B, 2003, vol. 107, no. 33, p. 8578.

Vol. 45 No. 4 2004



