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Abstract

This article reviews papers devoted to the investigation of photoinduced processes on non-semiconductor oxide catalysts.
The main results of our ESR in situ studies of such systems are presented. Wide-band-gap oxides are shown to constitute
a new and very promising class of photocatalysts capable of functioning under illumination with visual light. It is shown
that in many cases the light is initially absorbed by charge transfer complexes with the following generation of ion-radical
intermediates with high reactivity.

A very important feature of photoinduced reactions in the absorption band of charge transfer complexes is a significant
shift of their red edge to longer wavelengths in comparison with similar processes in homogeneous systems. In many cases,
the formation of such complexes is caused by the existence of strong acceptor or donor sites typical for many oxide catalysts
with pronounced acidic or basic properties. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction in the intrinsic absorption bands of semiconductor ox-
ide catalysts, primarily, titanium, zinc and tin oxides
Studies in the field of heterogeneous photocatalysis [1-5]. The width of the band gap in such oxides ex-
are primarily initiated by the demand in the develop- ceeds 3 eV, which corresponds to the near-UV light.
ment of photochemical and photocatalytic methods This makes the efficiency of the application of such
for utilization of the solar energy, widening of the systems for photocatalytic transformation of the solar
application of photoinduced reactions in chemical energy relatively low and stimulates the search of new
and environmental technologies, and importance of classes of photocatalysts working under illumination
such reactions for understanding of photochemical with visible light.
processes taking place in the earth atmosphere. The The band gap of oxide dielectrics is significantly
development of physical methods for investigation of wider than that of semiconductor materials. There-
the surface made it possible to study such reactions fore, the realization of photoinduced processes in their
at the molecular level and obtain information on their intrinsic absorption band requires irradiation with
elementary stages starting from the absorption of light far-UV light and is absolutely ineffective from the en-
and ending by the desorption of the reaction products ergetic point of view. Still, such processes can play a
from the surface. significant role in photochemical transformations tak-
The words “heterogeneous photocatalysis” are ing place on atmospheric aerosols in the upper part of
commonly associated now with processes occurring the earth atmosphere [6]. Meanwhile, photoinduced
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reactions taking place on solid—gas or solid—liquid presence does not affect the spectral characteristics
boundaries in many cases can be accomplished with  of the primary photoprocesses.
the light quantum energy significantly smaller than 2. Photoprocesses induced by absorption of light in
the band gap width of the oxides used [7-12]. Inthese  the absorption bands of adsorption complexes: In
cases, of special interest are processes, in which the this case, light is absorbed by an adsorption com-
light is absorbed either by intrinsic surface defects of plex, and spectral parameters of such processes are
the catalyst or by adsorption complexes. Such pro-  determined both by the structure of the surface and
cesses called hereafter photoprocesses in the surface properties of its active sites, and by the properties
absorption bands will be the main topic of discussion of adsorbed molecules.
in this paper. The first group of the processes is represented,
Photoprocesses on oxide dielectrics containing sup- first of all, by photoprocesses at illumination in the
ported transition metal ions will not be discussed here. absorption bands of surface coordinatively unsatu-
Such systems have been already thoroughly studiedrated ions, which have been studied in more detail
and discussed in a number of good reviews [13-15]. for alkaline-earth metal oxides [16-20]. It is notable
Typically, primary light absorption in such systems is that the narrowing of the band gap in the row of
related to the excitation of a M®© bond with the for- alkaline-earth metal oxides MgO-CaO-SrO-BaO is
mation of long-living charge transfer complex (CTC) accompanied by a decrease of the energy required
in the triplet state. This state has high reactivity and is for the excitation of such surface structures. Still, for
responsible for chemical transformations of adsorbed all oxides it corresponds to the UV light £380 nm)
molecules. It is important that known systems of this [18].

class exhibit photocatalytic activity only in the UV re- Relatively recently it has been shown that it is pos-
gion. This is related to the high energy necessary for sible to initiate the photosorption and photocatalytic
the excitation of MeO bonds. processes by the light absorption by defects created on

A significant progress in the investigation of pos- oxide dielectrics by the preliminary UV irradiation. It
sible applications of dispersed oxide dielectrics as has been reliably established that such preliminary ir-
photocatalysts has been achieved in the latest decaderadiation results in the formation of relatively stable
An analysis of the recent data indicates that such defects (color centers) on the surface of oxides, which
systems can be considered as a new promising classare able to absorb visible light and initiate photochem-
of photocatalysts capable of initiating photochemi- ical transformations of adsorbed molecules [21-25].
cal and photocatalytic transformations of adsorbed Most probably, such color centers can initiate photo-
molecules under illumination not only with the UV  catalytic reactions under illumination with the visible
light but also with visible light. In this case the red light without a need in regeneration of the sites by the
edge of the photoinduced reactions taking place on UV irradiation.
such systems can be below 2 eV, which corresponds Significantly different photoprocesses not related
to the red and even near IR light. to the light absorption by a catalyst have been dis-

Naturally, the existence of surface sites capable of covered by Frei and coworkers [26—-28]. They have
absorbing light in this spectral region is the key factor shown the possibility of selective photooxidation of
for accomplishing the photoinduced reactions. In our various hydrocarbons with molecular oxygen on Y
opinion, it is convenient to divide photoprocesses in zeolites under illumination with visible light. It is
the surface absorption bands of oxide catalysts into interesting that the red edge of such processes ap-
two large groups: pears in many cases in the region of red and near IR
1. Photoprocesses induced by absorption of light in light. The authors believe that in such systems the

the “intrinsic” surface absorption bands, which are light is absorbed by electron donor—acceptor (EDA)

initiated by the primary light absorption by vari- complexes located in the zeolite channels, with the
ous surface defects and coordinatively unsaturated following electron transfer to the oxygen molecule:
structures: In this case, adsorbed and gas-phase

molecules can participate in the charge separation

and various chemical reactions. However, their [RH - Oz]ﬁ[RH+ o ]*
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A subsequent proton abstraction from the hydrocar- KTLav ok + -
. . . D-Aj] =2 [DT-A D A
bon radical cations in the above CTC seems to be the | o = s I'=> D" +As
first stage of chemical transformation resulting in the Counterions (A~) formed in this reactions are usually

formation of selective oxidation products [28]: not observed by ESR.
Special attention has been paid to zeolites and sul-
[RHT.0,7]* — [R® + HO,*] — Products fated zirconia. These are two of very few systems, for

which it is possible to observe primary radical cations
The experimentally observed decrease of the light of adsorbed compounds and to study their reactions.
energy required for the excitation of the [Rbp] com- It is also important that photoinduced processes in
plexes in the cavities of zeolites exchanged with alka- such systems can be initiated with visible light. For
line or alkaline-earth metal ions is very significant in instance, the red edge for ZSM-5 zeolite with ad-
comparison with similar complexes in solutions and sorbed benzene is close =436 nm (blue light)
can exceed 2-3 eV [26-28]. The authors believe that [30-32]. Meanwhile, on sulfated zirconia, which has
it is caused by strong electrostatic fields present in the significantly stronger acceptor sites, benzene radi-
zeolite channels, which favor stabilization of very po- cal cations can be formed under illumination with
lar charge transfer states in such complexes. Selectivegreen light =546 nm) [33]. The possibility of the
oxidation products formed in the photochemical reac- photocatalytic cracking of pentane in the presence of
tions stay inside the zeolite channels and are reliably molecular oxygen has been demonstrated in the same
identified by IR spectroscopy. paper. This reaction can also be initiated by illumina-
Similar photoprocesses initiated by the visible light tion with the visible light, and, most likely, involves
have been recently observed on Ba-exchanged zeo-EDA complexes as key intermediates.
lites of different structure (BaX, BaY, BaZSM-5) [29]. Another interesting reaction taking place under
In the same paper the possibility of desorption of the illumination in the absorption band of adsorption com-
photooxidation products (benzaldehyde for the photo- plexes is the reduction of aromatic nitrocompounds
oxidation of toluene and acrolein for the photooxi- adsorbed on donor sites of basic oxides [32,34]. EDA
dation of propylene) has been demonstrated for the complexes are key intermediates in this reaction.
BaZSM-5 zeolites. Their excitation into the CTC band results in the
Thus, obtained experimental results indicate that formation of radical intermediates registered by ESR.
photochemical and even photocatalytic selective ox- One more interesting example of photoinduced
idation of organic molecules by molecular oxygen reactions by the illumination in the absorption band
can be provided on wide-band-gap oxides under their of adsorption complexes is the recently discovered
illumination with visible and even near IR light. photoadsorption of freons on MgO under conditions
A significantly different type of photoinduced pro- similar to atmospheric ones [35,36]. In these papers it
cesses in the absorption bands of ad-complexes hashas been shown that prolonged contact of magnesium
been discovered and studied in our group for oxide cat- oxide with the atmosphere results in the formation
alysts with distinct Lewis acidity [30—33]. Such sys- of surface structures capable of initiating the pho-
tems often possess strong surface acceptor sitgs (A tosorption processes after absorbing near-UV light
capable of forming EDA complexes with adsorbed (1<365nm).

donor molecules (D) Many of the above reactions involve the formation
of charge transfer states after the absorption of light.
D+As=[D- A4 In many cases, such processes initiate spatial separa-

tion of charges followed by the stabilization of radical

lllumination of such complexes into the inter- ions. The investigation of the structure of radical ions
molecular electron transfer band can result in the spa- formed and spectral characteristics of photoinduced
tial separation of charges and stabilization of radical processes yields valuable information on the nature
cations on the surface, which are reliably identified by and properties of initial (ESR silent) surface structures
ESR. It has been shown that similar processes can alsaresponsible for the light absorption. In most cases,
take place under thermal excitation of such complexes the concentration of such structures on the surface
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is low. This makes ESR with its high sensitivity the Absorption bands of surface low-coordinated
most informative method for investigation of photoin-  structures (M&"—0?").c including 3-coordinated
duced processes taking place on the surface of oxide(A=274 nm) and 4-coordinatedh£=230 nm) oxygen
catalysts. anions are readily distinguished for MgO [16-18].
In the present paper the results of in situ ESR stud- The photocatalytic activity of magnesium oxide is ob-
ies of different classes of photoinduced processes tak-served in the same spectral region [19,20]. Note that
ing place on the surface of dispersed wide-band-gap the excitation of bulk and subsurface F-type defects
oxides are reviewed. (anion vacancies with one or two electrons, &nd
Experimental techniques, details on the prepara- F sites, respectively) is possible on MgO in the sim-
tion of catalysts and their pretreatment are reported ilar spectral region. This excitation is accompanied
in earlier papers [12,31,32]. Unless otherwise by the generation of charge carriers and can result in
stated, the samples were subjected to a prolongedthe photoadsorption of molecules from the gas phase
oxygen-vacuum treatment at 773 K performed to re- with their further chemical transformations [21].
move adsorbed water, G@nd “biographic” organic A detailed investigation of the formation of differ-
pollutions from the surface. ent types of oxygen radical anions under MgO illumi-
nation has shown that in all cases they are related to
the primary light absorption by coordinatively unsat-
urated surface structures and can be described by the

2. Photoinduced processes at illumination into :
b following scheme [32,38,39]:

intrinsic surface absorption bands

hv
. L _ 24— +
In many cases the illumination into the absorption (Mg**~0*)Lc=(Mg*-0)c*
band of intrinsic surface defects of oxides result in

the charge separation and stabilization of electron and +0,
hole centers on their surface. Such centers are highly > (0 +  [OLce 0:]
reactive and, usually, paramagnetic. Our data on the
mechanism of formation of such centers on the MgO T +0, + Ozn -0,
and CaO surface are presented below.
(Mg" -0 ) c ——> [elg + (O'cc st
2.1. Magnesium oxide
l +N;O0

Magnesium oxide is one of the most widely studied +N,0
systems with respect to the identification of the radical > (O7ags *  (Ouclst
forms of oxygen stabilized on its surface [18,32,37].
The absorption bands associated with the excitation of + ole -0, +0, n -0,
surface low-coordinated structures (fe-0?") ¢ in-
cluding 3- and 4-coordinated oxygen anions are read- (07 )45 =Osc [03ce0:] +  [Opce 0]

ily distinguished in the luminescence excitation and

diffuse reflectance spectra [16—18]. The role of such  In the same papers it has been shown that the ef-
structures in photocatalytic processes has been studiediciency of the charge separation and stabilization of
in detail. As in the case of catalysts containing tran- €lectron and hole defects during the illumination of the

sition metal ions, the photoexcitation of such struc- MgO surface under vacuum is not high. The memory

tures results in the formation of a charge transfer state, €ffect to the prior illumination does not exceed 3-5%

which initiates photocatalytic reactions [19,20]: for magnesium oxide. The introduction of acceptor
molecules, such asf®r N>O, results in a 20-30-fold

2+_cp- o increase of the charge separation efficiency and cor-
(Mg =0")Lc=Mg"-0")ic responding growth of the concentration of different
— photocatalysed reaction oxygen radical anions stabilized on the MgO surface.
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oL } 92013 283 K mary light absorption. It is interesting that&~ rad-
9 Y [05°0s] ical anions resulting from the decomposition ofM
molecules on the electron sites are always identical
f'— to Osc~ radical anions [32].
Note that on MgO, all discussed photoprocesses
require irradiation with UV light X<300 nm).

oo
2044 2042 2032

2.2. Calcium oxide

In general, the mechanism of the photoinduced for-
mation of radical forms of adsorbed oxygen on CaO
is similar to that presented above for MgO. However,
" there are a number of differences between the two sys-

i tems [32,42,43]:
Fig. 1. ESR spectra of MgO observed after illumination 1. llumination with longer wavelengti£365 nm)
(Ag=280 nm) at 29% K and Qpregsure 13 Pa (dashed line) and af- Is required for initiation (.)f p.hoto.prgcesses on Cao.
ter following 30 min evacuation at 298K (solid line). The spectra 2 1€ memory effect to prior irradiation exceeds 30%
are registered at 283K. on CaO (in comparison with 3-5% on MgO).
3. O radical anions in different coordinationz@~
and Q,c~ similar to those observed on MgO can

Fig. 1 presents typical ESR spectra of radical be formed on CaO as well. However, neither of

forms of adsorbed oxygen formed during photoad- them can be observed by ESR directly. Their iden-

sorption at 283 K. The formation of 49~ radical tification and investigation require different test re-
anions ¢ =2.042, g;=ge), which are transformed actions. The formation of complexes with molec-
into [O3c™ - O2] complexes ¢, =2.013, g;=ge) in ular oxygen [Q¢c~ - O2] with typical ESR spectra

the presence of oxygen in the gas phase, is reliably is the most convenient among them (Table 1).
registered under these conditions [40,41]. The heat Fig. 2 presents typical ESR spectra observed after
of the formation of such complexes measured under the illumination of an oxidized CaO sample in the
equilibrium conditions is 75 kJ/mol [41]. presence of molecular oxygen. Note that the spectral
Photoinduced processes on the MgO surface resultregions of the photoinduced formation of complexes
in the stabilization of (O) radical anions in different  [O3c™-O2] and [Ouc™ - O2] are significantly different.
coordination: Qc~ and Qic~ with significantly dif- The illumination near the red edge of the absorption
ferent spectral manifestations (Table 1) and chemical (A=365nm) results in the preferential formation of
properties. Their appearance is due to the differences[O3zc - Oz] complexes. Anincrease of the light energy
in the coordination of oxygen anions in the initial (A=303 nm) increases significantly the efficiency of

complexes (M&"—0?").c responsible for the pri- the formation of [Qc™ - O] complexes.
Table 1
Parameters of the EPR spectra of different types ofadd [O-Oz] complexes observed on the MgO and CaO surfaces [32,40-43]
Osc™ Ozc™ - O2 Osc™ Osc™ - O2
gL 9y g1 92 93 g1 92 g3
MgO 2.033:-2.044 2.002 2.017 2.010 2.002 an.o. 2.015 2.010 2.002
For T>250K g1=2.013,g;=2.002
CaOo n.o. 2.015 2.009 2.002 n.o. g:=2.012,9,,=2.004
2.016 2.009 2.002

a Anion-radicals not observed in EPR.
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Fig. 2. ESR spectra of CaO observed at 123 K ang@ssure 4 Pa
after illumination ¢=365nm) for 70min (1) and after additional
illumination (A.=303 nm) for 10 min (2). The spectra are registered
at 123 K.

Thus, it is possible to affirm that the formation of
radical forms of adsorbed oxygen on the CaO sur-
face during its illumination in the surface absorption
band involves different types of low-coordinated sur-
face oxygen anions. In all cases this process can be
described by the scheme shown earlier for MgO.

The electron and hole centers are formed under
illumination and stabilized on the surface due to the ex-
istence of definite defects on the initial oxide surface.
Therefore, the ratio between different types of radical
forms of adsorbed oxygen formed under illumination
and their concentrations give information on the na-
ture and concentration of surface defects on which the
light absorption with the following stabilization of the
radical particles takes place. From this point of view,
it was interesting to study the effect of the CaO activa-
tion temperature on the photoinduced reactions. Nat-

A.M. Volodin/ Catalysis Today 58 (2000) 103-114

urally, similar conditions were used for the generation
of the radical particles on different samples.

Fig. 3 presents the results of such experiments. One
can see that an increase of the CaO dehydroxylation
temperature results in a significant redistribution be-
tween the concentrations ofy©" radical anions (reg-
istered as [@Qc~ - O2] complexes) and &~ radical
anions (registered as @~ - O] complexes) with an
increase of the latter. It is important that such a change
of the state of the surface is not related to the removal
of surface oxygen, as the treatment in oxygen at any
temperature does not regenerate the initial state of the
catalyst. Meanwhile, even a short treatment of such
sample with H leads to a complete regeneration of
the surface with respect to the reactions under study.

This phenomenon can be most naturally related to
the reversible dehydroxylation of the CaO surface dur-

[O;C.OQ]
[O;c'o2]

1 % 773K
2 923 K
3

1073 K

H, G
32|90 33[1 0 33|30 33ISO

Fig. 3. Effect of CaO evacuation temperature on the formation
of different forms of adsorbed oxygen during illumination under
similar conditions T=143 K, 2z=313 nm,t=40 min, P(O2)=4 Pa).
The spectra are registered at 143 K.



A.M. Volodin/ Catalysis Today 58 (2000) 103-114 109

ing the high-temperature treatment. This indicates that 3. Light-induced processes of ion-radical
O3c~ and Q¢ radical anions described in the present formation at illumination in the absorption band
review and their non-paramagnetic precursors are dis- of adsorption complexes
tinguished by the presence of an additional hydroxyl
group in the coordination sphere of the 4-coordinated  The adsorption of various molecules on the surface
anions. This fact makes it possible to understand why of oxide catalysts with wide-band-gap possessing pro-
Oags~ radical anions formed during theo® decom-  nounced acidic or basic properties is often accompa-
position as a result of the interaction of oxygen atoms nied by the appearance of noticeable coloring. This
with the surface electron sites are always identical to indicates the formation of surface ad-complexes ca-
Osc™ radical anions. This appears to be connected pable of absorbing visible light. The investigation of
with the need in the appearance of additional ligands the nature of such complexes as well as the possibil-
formed during the surface hydroxylation in the coor- ity of the initiation of photochemical and photocat-
dination sphere of the £~ radical anions for the for-  alytic reactions by illumination into this absorption
mation of Qc~ particles. band are of considerable importance. The simplest sit-
The available literature data indicate that the oxy- uation takes place in the case of the formation of EDA
gen adsorption on CaO activated under vacuum at high complexes between adsorbed molecules and donor or
temperature T>1173K) results in the formation of acceptor surface sites of the catalysts. The existence
radical anions stabilized on the surface [44,45]. The and strength of such sites are usually connected with
ESR spectra presented in these papers seem to evithe acidic or basic properties of oxide catalytic sys-
dence the formation of £ radical anions and [§-~ - tems. The illumination of EDA complexes into the
O] complexes. This brings also natural questions: charge transfer band can often result in the initiation of
what processes result in the formation of radical anions jon-radical reactions. The observed shift of the spec-
without illumination and why do they result in the for-  tral region of such photoprocesses is a function of the
mation of electron (@) and hole (Qc™) centers? It electron affinity of the acceptors and ionization po-
is very likely that the formation of the radical forms of  tential of donors forming the EDA complexes. There-
adsorbed oxygen in such processes follows the samefore, their red edge can be used for comparison of the
mechanism as in the case of light-induced processesstrength of donor and acceptor sites on the surface of

involving the excitation of surface complexes: different oxide systems.
AE The investigation of photoinduced processes in
(Me"t—O?7) c = (Me" " Dt_07) c* the absorption bands of adsorption complexes was

performed by in situ ESR. This method has high
The energy needed for the formation of the excited sensitivity and often makes it possible to identify
state can result from the reoxidation of the reduced primary ion-radical products formed under illumina-
oxide or its structural rearrangement. The possibility tion as well as to follow their subsequent chemical
of the formation of oxygen radical anions via such a transformations.
mechanism was earlier shown for the reoxidation of
partly reduced vanadium oxide with molecular oxygen
[46]. 3.1. Photoinduced processes with participation of

The data reported in this section indicate that in all radical cations on ZSM-5 zeolites and sulfated

cases the formation of charge transfer complexes with zirconia
the following charge separation is a necessary stage
for the generation of various oxygen radical anions  The possibility of the formation of aromatic rad-
on the surface of wide-band-gap oxides. Such radical ical cations stabilized on the surface of oxide ma-
anions have high reactivity. Therefore, their formation terials during their illumination with UV light or
in the photoinduced processes discussed above can beg-irradiation is known for a long time [47—-49]. How-
considered to be the first stage of photochemical and ever, only recently it was shown that it is possible
photocatalytic transformations of various molecules to perform similar photoprocesses on the surface of
on the surface of oxide dielectrics. acid catalysts with very strong acceptor sites under
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illumination with visible light [30—-33]. The formation  processes and secondary transformations. In general,
of benzene radical cations on ZSM-5 zeolites and the processes under discussion can be described by
sulfated zirconia has been studied in detail. the following scheme:

Benzene has relatively high ionization potential -
(Ip=9.24eV). Therefore, its EDA complexes even [D-As] == [D +As ] —» D" +As —» Products
with the strongest organic acceptors (trinitrobenzene,  “~___
tetracyanoethylene, etc.) in homogeneous systems,

and absorb in the near-UV spectral region [50]. The NO information on the chemical nature of prod-
absorption of the EDA complexes formed after ad- ucts resulting from such secondary transformations are
sorption of the benzene molecules on acceptor sites ofdvailable to date. However, there is no doubt that some

chlorinated alumina is observed in the same spectral Products are formed. These processes account for con-

region [51]. However, for ZSM-5 zeolites and sulfated siderable irreversible changes of the initial state of
zirconia with very strong acceptor sites a significant (e System with respect to the following illumination

red shift of the absorption of such complexes is ob- (Fig. 5). ) )
served. So, the formation of benzene radical cations R€versible broadening of the ESR spectra of photo-

is possible even under illumination with visible light induced benzene radical cations is observed in the
(Fig. 4). presence of paramagnetic oxygen molecules in the gas

The radical cations formed are stable up to phase. This indicates that they are stabilized on the sur-
180-220K. A further temperature increase leads to face and are accessible to vapor-phase molecules. So,

their destruction resulting from the recombination it is possible to investigate their interaction with vari-
ous gaseous molecules in a wide temperature range.

The photocatalytic cracking of pentane on the
surface of sulfated zirconia is one of the few known
‘ g examples of photocatalytic reactions on the surface

¢ of wide-band-gap oxides. The isomerization of pen-

1 A <436 nm

1.0 —o—1 °
—A—2

W, rel.units
o
[4,]
1

A <546 nm

AA/EA:/‘

00{ o-0——®

T T T T T T T T
20 25 30 35 40

H, G hv, eV

3310 ) /20 30 3340 3380 Fig. 5. Effect of light wavelength on the initial rat&y, of for-
mation of the benzene radical cations on ZSM-5 zeolite at 123 K.
Fig. 4. ESR spectra of photoinduced benzene radical cations on 1 — initial sample 2 — sample after prolonged illumination
ZSM-5 zeolite (1) and on sulfated zirconia (2). (A=365nm) followed by relaxation at 295K.
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tane toiso-pentane with 98% selectivity takes place The concentration of strong acceptor sites on the
on this catalyst at room temperaturiso-Butane sulfated zirconia samples studied does not exceed
and branched hexanes are formed as side products5x 10 sites/g. For théso-butane formation process,
in small amounts. The illumination of the reaction the estimation of the turnover number based on this
mixture in the oxygen atmosphere results in a signif- amount of active sites under study gives the value of
icant increase of théso-butane yield (Fig. 6). The about 16 for the experiment with the use of green
reported data indicate that the cracking process canlight [33]. This means that the observed cracking re-
be initiated even by the illumination with yellow light  action is indeed photocatalytic. Most likely, similar
(A=578nm). In all casesiso-butane and branched photoreactions can be realized on other types of acid
hexanes are formed in close molar amounts. This catalysts with sufficiently strong acceptor sites.
indicates that the photoinitiated process involves the
formation of Gg intermediates. 3.2. Photoinduced reduction of aromatic

The effect of light on the pentane cracking appears nitrocompounds on surface donor sites of oxides and
to indicate that the reaction is initiated on strong sur- in donor solvents
face acceptor sites by the electron transfer in surface
EDA complexes with the formation of very unstable The formation of Ph—N(O)-OR nitroxyl radicals
radical cation intermediates. An obvious induction pe- in homogeneous systems during the photolysis of
riod indicates that the adsorption complexes that ab- aromatic nitrocompounds (NB) in the presence of
sorb the light are formed in the course of the reaction. molecules acting as donors of hydrogen atoms (D)
Most probably, such complexes contago-pentane,  is known in the literature [52,53]. Usually it is con-
which is the major product of the reaction. In this case, sidered that the first stage of such processes involves
the photocatalytic process can be described by the fol- the light absorption by the nitrocompound with the

lowing scheme: subsequent reaction of its triplet excited state with a
) ) donor molecule. However, the studies of the spectral

Pentane- iso-pentane— iso-butane characteristics of these reactions have shown that the
+Zisohexane position of their red edge depends on the ionization

potential of the donor molecules used (Table 2). This
brought us to the conclusion that the formation of

radicals in such systems results from the primary light
absorption by EDA complexes and can be described
by the following scheme [54]:

1.0

0.8 h
NB + D = [NB - D]=2[NB~ - D*]* — R®

It was shown that similar transformations could
take place for nitrobenzene molecules adsorbed on
the surface donor sites {pof alumina. In this case,

°
(o]
1

o
'S
1

Table 2

Dependence of the position of the red edge of the light-induced
formation of radicals on the ionization potentisl, of solvent for
sym-trinitrobenzene and sym-trichlorotrinitrobenzene in a homo-
e - geneous solution and for nitrobenzene on the surface-af203

Isobutane, mol.%

0.2

Acceptor Toluene, o-Xylene, Mesitylene,

0.0 = . . . .
0.0 05 1.0 1.5 2.0 Ip=8.78¢eV Ip=8.56 eV Ip=8.40eV

Reaction Time, h TNB 3.4 3.04 2.85

. . L . . ) TCTNB 3.04 2.85 -
Fig. 6. Effect of illumination oriso-butane yield during the pentane NbagdAl 203 285 23

conversion on sulfated zirconia at 300 K.
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the photochemical reaction requires the formation of  Such reactions have been studied in more detail for
three-component complexes including a donor surface alkaline-earth metal oxides. They are related to the
site, a nitrobenzene molecule adsorbed on it and a presence of low-coordinated ions on their surface. In-

donor solvent molecule [32,55]:
+D
NB + Ds = [NB - Ds]=[D - NB - Dg]

KT, hv
[D-NB-Dg = [D-NB-Dg* — *Rg

The donor solvent molecules (D) appear to be an
integral part of such complexes and their properties
determine the spectral characteristics of the photopro-
cesses.

Comparing the results obtained for the photolysis
of sym-trinitrobenezne (TNB) and a stronger accep-
tor sym-trichlorotrinitrobenzene (TCTNB) in solution
with similar data on nitrobenzene (NB) adsorbed on
surface donor sites of alumina (Table 2), it is natural to

terestingly, even methane can be involved in such re-
actions over MgO samples activated at temperatures
above 973K [59].

Earlier we have shown that similar processes can
be accomplished on the surface of zirconium diox-
ide [60]. Prior to the experiments, the samples were
subjected to the activation in air or under vacuum in
the temperature range of 573-973 K. It was found that
the photoinduced formation of O radical anions on
such catalysts is possible even under irradiation with
visible light (Fig. 7).

In all cases it was possible to initiate this process
both thermally and by illumination. An increase of the
activation temperature resulted in a decrease of the

conclude that the surface photoprocesses require sig-

nificantly lower energies of light than the analogous
homogeneous ones. This means that the NB molecule
adsorbed on the surface active sites has substantially
stronger acceptor properties with respect to the donor
molecules than TNB and TCTNB molecules. This
makes it possible to carry out photochemical reactions
with the participation of aromatic nitrocompounds in
the adsorption layer even under illumination with vis-
ible light.

3.3. Photoinduced formation @,~ radical anions
on ZrO, surface in the presence of adsorbed organic
molecules

The formation of molecular oxygen radical anions
O~ during the oxygen adsorption on oxide materials
containing adsorbed organic molecules is well known
(see, e.g. [56-58]). It is usually supposed that a het-
erolytic dissociation of a hydrocarbon molecule on an
acid—base pair is the first stage of such processes:

R—-H+ (0% )surt — (OH )surf + Rads~

The carbanion formed donates easily an electron to
an oxygen molecule to form both molecular oxygen
radical anion @~ stabilized on the surface and very
unstable radical intermediates

Rags +02 — O~ +R*

0, 293 K
2.036 2.01 2.004 ‘ 1977
3+
1 Zr
‘ge 1.958
'
2
3 x0.2
H, G
32|50 32|90 3:130 3:?70 34;1 o

Fig. 7. ESR spectra of the oxygen radical anions formed at room
temperature in 24 h after Qadsorption on Zr@ with preadsorbed
toluene (1); after additional illuminatiom.£436 nm) for 30 min
(2); and after illumination with unfiltered mercury lamp light for
5min (3).



A.M. Volodin/ Catalysis Today 58 (2000) 103-114 113

activation energy of thermal reactions and a shift of In most cases, charge transfer complexes are respon-

the red edge of the light-induced reactions to longer sible for the primary light absorption in such systems,

wavelengths. which can result in the formation of highly reactive
The maximum achievable concentration o O ion-radical intermediates.

radical anions is determined by the concentration of  Another important feature of photoinduced reac-

the sites where the radical anions can be stabilized. tions at illumination in the absorption band of the

This concentration depends only on the preparation ad-complexes consists in a significant shift of the red

procedure of the zirconia sample, being not affected edge of such processes to longer wavelengths in com-

by the temperature of its activation and the method parison with similar processes in the respective homo-

used for the generation of the radicals. The sites are geneous systems. The value of this shift is determined

formed during the preparation of the catalysts. Then, by the properties of the surface active sites. The forma-

their concentration is not changed during the follow- tion of such complexes are related to the presence of

ing thermal treatments at temperatures below that of strong surface acceptor or donor sites typical for many

the initial calcination step [60]. oxides with pronounced acidic or basic properties.
There is no doubt that the adsorption complexes ac-

counting for the primary light absorption in such sys-

tems must contain a surface site (S), an adsorbed donorAcknowledgements

hydrocarbon molecule (or a product of its dissocia-
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