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Radicals of adsorbed oxygen as possible intermedi�
ates in oxidation catalysis and photocatalysis on oxide
systems have been attracting researchers' attention for
more than half�century [1–6]. EPR spectroscopic
studies have made a considerable contribution to the
development of this area. In a number of cases, this
method has made it possible to directly observe O–,

, and  radical anions stabilized on the surface of
oxide catalysts and to investigate reactions of these
species. The most important results obtained in this
field have been reported in detail in original works and
reviews [7–12].

At the same time, it is obvious that long�lived anion
radicals directly detectable by EPR do not cover all pos�
sible species involved as intermediates in catalytic reac�
tions. There have been only a few reports on process
involving these radicals on the surface of oxide semicon�
ductors, which proved to be efficient photocatalysts.

The formation, stabilization, and reactivity of each
of the above radical anions have their own specific fea�
tures. A particularly large number of formation routes

are known for the molecular radical anion  on oxide
surfaces [4, 9, 13–16]. This radical anion is a conve�
nient spin probe for studying of active sites of oxide
catalysts. However, its participation in high�tempera�
ture oxidation catalysis seems rather unlikely. As

O2
− O3

−

−O2

judged from the literature, the molecular radical anion

 is likely involved in liquid�phase oxidations using
H2O2 as the oxidizer. This species is extremely unstable
on the sulfated ZrO2 surface, which may be due to its
protonation on this strong acid catalyst [15]. However,

reactions involving  are beyond the scope of this
work. In this review, we will limit out consideration to
the atomic radical anion O–, a possible key intermedi�
ate in a variety of oxidation catalysis and photocataly�
sis processes [1–6].

The radical anion O–, with an electron spin of S = 1/2,
can be directly detected by EPR spectroscopy only
provided that the following specific conditions are sat�
isfied: (1) The radical anion should be fairly stable, so
that its lifetime is sufficiently long for recording an
EPR spectrum. (2) The nearest paramagnetic neigh�
bor of O– should be fairly far away, so that there are no
exchange�coupled complexes (which are possible at
d < 0.5 nm) and no considerable mutual broadening of
EPR lines due to dipole–dipole interactions. Use of
the formula ΔH ~ 4μe/r3 [17] (where ΔH is the contri�
bution from the dipole–dipole interactions to the line
width, μe is the magnetic moment of an electron, and
r is the average distance between the nearest paramag�
netic centers) for randomly oriented paramagnetic
centers leads to a characteristic radical anion–para�
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magnetic neighbor distance of at least 2 nm for a typi�
cal experimental line width of H ~1–2 G. (3) The
relaxation properties of the radical anion should be
suitable for recording its EPR spectrum under con�
ventional conditions (77–373 K, microwave power of
10–2–102 mW). This implies the elimination of the
degeneracy of the px and py orbitals of O– via their
interaction with the crystal field of the cation stabiliz�
ing O– [7, 8]. (4) The O– stabilization center should be
diamagnetic. This means that the Men+ cation in the
[Men+…O–] complex should not possess intrinsic
paramagnetism. This situation is fairly typical for the
cations Zn2+, Ti4+, Mg2+, Ca2+, V5+, Mo6+, etc. Obvi�
ously, this situation will not take place for the stabiliza�
tion of the radical anion on paramagnetic ions (Fe2+,
Fe3+, Mn2+, Cu2+, etc.).

Simultaneous fulfillment of the above four condi�
tions is a rather stringent requirement. It is far from
being always satisfied when O– forms on the oxide sur�
face. Therefore, in many cases O– can appear and exist
on the catalyst surface without being directly detect�
able by EPR spectroscopy. This situation is poorly
reflected in the present�day literature. Discussion and
analysis of this situation are among the purposes of this
review.

Here, we will report the results of an in situ EPR
investigation of the formation mechanism and reac�
tions of the radical anion O– on the surface of a sup�
ported catalyst (V/SiO2), dielectric oxides (MgO,
CaO), oxide semiconductors (ZnO, TiO2), and zeolite
FeZSM�5. Special attention will be focused on the
cases in which the radical anion is, for some reason,
directly undetectable by EPR and special�purpose
techniques should be used to make it observable by
EPR and amenable to investigation.

The experimental procedure, catalysts, and their
conditioning have already been described in detail [4,
10–13]. In all cases, unless otherwise stated, the samples
were subjected to prolonged oxygen–vacuum treatment
at 773 K, which was carried out for removing adsorbed
water, CO2, and “biographical” organic impurities.

FORMATION AND REACTIONS 
OF O– RADICAL ANIONS ON THE SURFACE 

OF OXIDE CATALYSTS

Photostimulated and Thermal Processes 
on V/SiO2 Catalysts

A typical example of a short�lived state of the radi�
cal anion O– coordinated to a paramagnetic cation
(two of the above conditions—(1) and (2)—are not
satisfied) is the charge�transfer state [V4+…O–]*,
which results from the photoexcitation of vanadyl
complexes in V/SiO2 catalysts:

(I)
hν+ − + −⎯⎯⎯→⎡ ⎤ ⎡ ⎤←⎯⎯⎯⎣ ⎦ ⎣ ⎦V O V O *.5 2 4... ...

Such states are unobservable by EPR, but they are
reliably identifiable by luminescent methods [18–21].
Their lifetimes are at the millisecond level and are suf�
ficiently long for their O– radical anions to react with
molecules from the gas phase. It is these intermediates
that are responsible for the photoreduction of vana�
dium complexes in V/SiO2 [18, 19, 21–23]:

(II)

The tetravalent vanadium complex [V4+…OH–] result�
ing from this photoreduction is stable at room temper�
ature and is reliably detectable by EPR [21, 23]. Simi�
lar processes are known for many supported catalysts
[19, 24] and low�coordinated structures on oxide sur�
faces [25].

Note that V/SiO2 is among the few systems in
which stabilized O– radical anions result from the
reoxidation of the reduced catalyst due to the adsorp�
tion of N2O and O2 molecules [7, 8, 26–29]. A
remarkable specific feature of these processes is that,
up to 673 K, N2O oxidizes only its “own” sites and
does not react with O2 adsorption sites [28]. Let us
consider these processes in greater detail. The mecha�
nism of O– formation via N2O adsorption on the sur�
face of reduced (or photoreduced) oxide catalysts,
which is well known from the literature, is fairly simple
and is commonly associated with the adsorption of an
N2O molecule on an electron�excessive surface site [e]:

(III)

In the case of the V/SiO2 system, the role of this reduc�
tion�generated site is played by the V4+ ion:

 (IIIa)

The mechanism of O– formation via oxygen
adsorption is not so obvious. It is generally assumed in
the literature that the reoxidation of reduced oxides
involves the following sequence of reactions of
adsorbed oxygen molecules:

(IV)

This scheme was suggested long ago and, since then,
has been widely discussed [1, 2, 5, 27]. No significant
changes have been made to this scheme to date [6].
Nevertheless, according to our knowledge, there is still
no convincing evidence that the reoxidation processes
take place via this scheme. Particularly doubtful is the
step

(V)

in the consecutive conversions of the molecular oxy�
gen radical anion into atomic species in the reoxida�
tion of reduced oxide systems. Conversely, the totality
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of presently available relevant EPR data indicates that,

after the formation of stabilized  and (O–)s radi�

cal anions separated by sufficiently long distance, they
participate independently in subsequent chemical
reactions [4, 10–12].

Figure 1 displays EPR spectra typical of oxygen
radical anions appearing during the reoxidation of a
partially reduced V/SiO2 catalyst by N2O and O2 mol�
ecules. Note that, in all cases, the radical yield in the
reoxidation of the reduced catalyst does not exceed 1–
5% of the total amount of oxygen spent for reoxida�
tion. At the same time, the entire oxygen necessary for
the reoxidation is chemisorbed even at room tempera�
ture [28]. It can readily be seen that, up to 670 K, N2O
molecules can oxidize only their “own” sites (Fig. 1,
curves 2, 3). The sites responsible for the formation of
radical anions upon oxygen adsorption are not oxi�
dized under these conditions. Subsequent O2 adsorp�

tion yields O– and  radical anions (Fig. 1, curve 4).
Short�term pumping of this sample at 470 K elimi�

nates the line due to  (Fig. 1, curve 5) owing to the
shift of the equilibrium

(VI)

to the right. The radical anion O– is fairly stable under
these conditions and is observable by EPR spectros�
copy (Fig. 1, curve 5).

( )
s

O2
−

−O2

−O2

O e + O−

2 2�

Our detailed analysis of the formation and disap�
pearance conditions for the adsorbed oxygen radicals
generated during the reoxidation of the partially
reduced V2O5/SiO2 catalyst [28] demonstrated that the
most likely mechanism of the formation of the oxygen
radical anions stabilized on the surface of this catalyst
is the formation of [V4+ … O–]* charge�transfer com�
plexes via the reoxidation of the vanadium catalyst by
oxygen followed by the stabilization of the spatially

separated radical anions ( )s and (O–)s:

(VII)

Thus, the excited triplet states of the [V4+…O–]*
complexes can result both from photostimulated reac�
tions and from ordinary redox reactions and can be
responsible for the formation of oxygen radical anions.
Note that the possible participation of these charge�
transfer complexes in oxidation catalysis was discussed
in a number of works [6, 20, 30].

Photostimulated Formation of O– Radical Anions 
on the Surface of Oxide Semiconductors 

and Dielectrics

Nearly all of the known ways of generating O– rad�
ical anions on the surface of oxide systems somehow
involve irradiation. These species are directly gener�
ated as holes by irradiation with light in the absorption

−O2

( ) ( )O
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V O * O O24
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Fig. 1. EPR spectra of a V/SiO2 catalyst sample successively subjected to the following treatments: (1) reduction with H2 (3 Torr)
at 760 K for 4 h, (2) N2O adsorption at 295 K, (3) additional heating in N2O at 670 K followed by pumping at this temperature
and N2O adsorption at 295 K, (4) pumping at 295 K and O2 adsorption (0.15 Torr) at the same temperature, and (5) pumping at
470 K. The spectra were recorded at 295 K.



608

KINETICS AND CATALYSIS  Vol. 52  No. 4  2011

VOLODIN et al.

region of surface [Men+… O2–]LC complexes contain�
ing a low�coordinated (LC) ion [3, 4, 10–12, 31] or
are produced via preliminary generation of electron
centers [e] by UV irradiation in a hydrogen medium
followed by N2O adsorption [32–34]. All of these pro�
cesses involve the initial nonparamagnetic surface
complex responsible for the primary absorption of
light quanta. Therefore, the spectral characteristics of
the photostimulated processes bear direct information
concerning the absorption spectra of these structures.

Figure 2 shows spectral dependences of the photo�
stimulated formation of O– radical anions upon the
irradiation of oxide semiconductors (TiO2 [3, 35] and
ZnO [4]) and dielectrics (MgO [10, 12] and CaO [11,
12]). It was demonstrated in the cited studies that
these photostimulated processes include primary light
absorption by coordinatively unsaturated surface
structures and, in all cases, can be described by the fol�
lowing scheme:

Reaction (VIII.2) involves oxidizable RH molecules
from the gas phase and results in the photoreduction of
the cation. As was mentioned above, this is a typical
reaction of the short�lived radical anion O– of the trip�

let excited complex (Me(n – 1)+–O–) .

The absorption bands of this complex vary,
depending on the surface structure to which the com�
plex is bound. Owing to this fact, use of monochro�
matic light makes it possible in some cases to selec�

tively generate  radical anions with different coor�

(Men+–O2–)LC (Me(n – 1)+–O–)LC
*hν

(Me(n – 1)+–OH–)LC

(Me(n – 1)+–O–)LC
*

+ R•

O2 + [OLC…O2]––

[e]st + (OLC)st
–

(O–)ads + (OLC)st
–

+O2

+N2O

+ O2

+ O2

+RH

– O2
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–
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Fig. 2. Spectral dependences of the initial rate of the photostimulated formation of oxygen radical species on the surface of TiO2
[3, 35], ZnO [4], MgO [10, 12], and CaO [11, 12].
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dination spheres [11, 12, 36]. Reactions (VIII.3)–
(VIII.5) take place in all systems examined. The
oxides differ significantly in spectral characteristics of
photostimulated processes (Fig. 2), in the stability of
the resulting radical anions, and in the efficiency of
formation of these species.

Note that the efficiency of formation of electron
centers and holes is low for most oxides irradiated in
vacuo (Table 1). However, the introduction of the
electron acceptor O2 (reaction (VIII.3)) or N2O (reac�
tion (VIII.5)) into the gas phase can raise the effi�
ciency of this process by a factor of several tens (MgO)
or several hundreds (TiO2, SnO2).

The efficiency of formation of oxygen radical
anions under irradiation of the surface in the presence
of O2 stops increasing once a certain critical pressure is
reached. This pressure varies significantly from one
system to another (Table 1). It is likely that, at pres�
sures above the critical value, the frequency of colli�
sions of O2 molecules with adsorption sites (excited
[Me(n – 1)+…O–]* complexes) does not limit the rate of
this process. Hence, under the assumption that reac�
tion (VIII.3) proceeds via the Eley–Rideal mecha�
nism and this reaction occurs with a probability of
about 1 upon collision between an O2 molecule and an
adsorption site, it is possible to estimate the minimum
lifetime of the excited complex (Table 1). The lifetime of
the excited state for MgO was thus estimated at ~10–3 s,
which is in good agreement with the data obtained for
this system by chemiluminescent methods [25].

Now we will discuss our results concerning the
photostimulated processes in oxide dielectrics (MgO
and CaO) and semiconductors (ZnO) in greater detail.

MgO. Figure 3 (curve 2) shows a typical EPR spec�
trum obtained upon the irradiation (hν = 4.43 eV) of
MgO in vacuo at 298 K. Along with signals from bulk
centers (gav = 2.01, gav = 2.004) and Mn2+ cations, there

are weak lines from the surface radical anion (O–)st

with  = 2.042 and  = 2.032. Stabilized surface
electron centers (F+ centers) cannot be observed
under these conditions because of their short lifetime
at 298 K. Note the low efficiency of the formation of
surface paramagnetic centers in the irradiation of
MgO in vacuo at 298 K (reaction (VIII.4)). Also low
are their limiting concentrations attainable by pro�
longed irradiation.

The irradiation of the same MgO sample at 298 K
in the presence of electron acceptor molecules of O2

raises the concentration of surface�stabilized electron
and hole centers by a factor of 30–50, as in the case of
titanium dioxide [3, 35] and tin dioxide [37]. When O2

is present in the gas phase, the hole centers show
themselves as [O–… ] complexes, which turn revers�
ibly into (O–)st radical anions upon pumping at 298 K
(Fig. 3, curves 1, 1a). The electron centers manifest

themselves as the radical anion .
The EPR spectra presented in Fig. 3 clearly show

that there are different O– radical anions on the MgO
surface, as is indicated by the somewhat different g⊥

values (  = 2.042;  = 2.032;  = 2.044). These rad�
icals differ in their thermal stability [38] and in the
heat of formation of the molecular complex [O–…O2]
resulting from their interaction with oxygen (Fig. 3a).
Their common features are that all of them are stable
at 298 K, are observable by EPR, and, interacting with
O2, yield the molecular complex [O–…O2] with the fol�
lowing EPR parameters: g1 = 2.017, g2 = 2.010, and
g3 = 2.002 (T = 100 K) [12, 36, 39]. Based on the
results of those studies, these radicals can be identified

as tricoordinated O– radicals (hereafter, ). The dif�
ference between the g⊥ values for these radicals is due
to the difference between their locations and was also

g⊥

1 g⊥

2

O2

−O2

g⊥

1 g⊥

2 g⊥

3

O3C
–

Table 1. Comparative characteristics of the efficiency of formation of oxygen radical anions resulting from irradiation of
oxides in the spectral region of their surface absorption

Characteristic TiO2 [3, 35] SnO2 [37] MgO [10, 12, 36] CaO [11, 12, 36] ZnO [4]

“Memory” effect* in the formation of O– 

and  radical anions, %

<1 <1 ~3 ~50 >90

O2 pressure starting at which the efficiency 
of formation of radical anions stop increas�
ing, Torr

~100 ~1 ~10–3 – <10–6

Estimated lifetime of the excited state, s ~10–8 ~10–6 ~10–3 – >103

* In the determination of the memory effect, irradiation was performed in vacuo and oxygen was adsorbed after the irradiation was finished.
The memory effect was determined as the ratio of the concentration of the radical anions obtained via this procedure to their concentration
attained by irradiation in oxygen for the same time.

−

O2
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observed by other authors [31, 33]. Accordingly, the

complex between  and dioxygen will be designated

[ …O2].

Markedly different properties are shown by O– rad�
ical anions hypothetically bound to tetracoordinated

structures (hereafter, ), discovered in our earlier
works [12, 36, 39]. They are thermally much less stable
and disappear almost entirely via recombination at
T > 250 K. At the same time, attempts to directly
observe their EPR spectra have failed. An appropriate
spin probe for their detection and study is their com�

plexes with dioxygen, [ …O2] (Table 2, Fig. 4), with
EPR parameters of g1 = 2.015, g2 = 2.010, and g3 =
2.002 [39]. It is these radical anions that are dominant
under low�temperature irradiation of the sample with
monochromatic light (λ = 303 nm) at short exposure
times (Fig. 4, curve 1). Extending the exposure time
leads to an increase in the concentration of these spe�

cies, to the appearance of [ …O2] complexes, and to
an increase in their contribution to the overall spec�

O3C
–

−

CO3

−

CO4

−

CO4

−

CO3

trum. Figure 4 (curve 2) shows a typical spectrum
characterizing the limiting concentration of the radi�
cal anions generated by prolonged irradiation. Clearly,

the contribution from the complexes [ …O2] and

[ …O2] to the overall spectrum 2 are similar.

The heat of formation of [ …O2] is much lower

than that of [ …O2]. Because of this, short�term
pumping at 180–200 K causes the reversible disap�
pearance of the former (Fig. 4, curve 3) as a result of
the shift of the [  …O2] ⇔ [  + O2] equilibrium to
the right. As this takes place, the  centers persist,
and subsequent oxygen adsorption reproduces spec�
trum 2 (Fig. 4). This pumping does not change the

[ …O2] concentration. It is, therefore, possible to

prepare a sample containing bound  radical anions

([ …O2] complexes) and free  radical anions.
Figure 5 illustrates the results of the interaction of this
sample with 13CO molecules at 163 K. The EPR spec�
trum clearly indicates the appearance of components

−

CO3

−

CO4

−

CO4
−

CO3

−

CO4
−

CO4
−

CO4

−

CO3

−

CO3

−

CO3
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CO4
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T = 100 K

2.042 2.002

2.044 2.032g⊥ g||
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1a
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2.032
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Fig. 3. EPR spectra observed after the irradiation of MgO (1) at an oxygen pressure of 66 Pa and (2) in vacuo (hν = 4.43 eV, t = 90 min,
T = 298 K). Spectrum 1 was recorded after the sample was pumped at 298 K. The spectra were obtained at 100 K. Fig. 3a: EPR spectra
obtained in the same way as spectrum 1 (1a) in vacuum and at equilibrium O2 pressures of (1b) 1.2 × 10–2 and (1c) 9.3 × 10–3 Pa; the
spectra were recorded at 283 K.
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characteristic of the radical anion  [40–42],
which results from the reaction

(IX)

−CO13
2

( )

( )

Mg O = CO

Mg CO =

2

2
2

... 1 2

... 1 2 .

+ −

+ −

⎡ ⎤ +⎣ ⎦

⎡ ⎤→ ⎣ ⎦

S

S

Note that, at 163 K, the free  radical anion
reacts readily with other oxidizable molecules (H2,

CH4, C2H4), while the [ …O2] complex does not.

CaO. On the whole, the mechanism of the photo�
stimulated formation of oxygen radical anions on the

−

CO4

−

CO3

3360334033203300

H, G

1 ×5

2

3

T = 163 K
MgO

O4C
–

…O2[ ]

O3C
–

…O2[ ]

Fig. 4. EPR spectra observed after the irradiation (hν = 4.09 eV) of MgO at 163 K and an oxygen pressure of 0.04 Torr for (1)
1 min, (2) 40 min, and (3) after subsequent 20�min�long pumping of the sample at 303 K. The spectra were recorded at 163 K.
The thin lines show the simulated EPR spectra with g1 = 2.0155, g2 = 2.010, and g3 = 2.002 (spectrum 1) and with g1 = 2.0175,
g2 = 12.010, and g3 = 2.002 (spectrum 2), which are close to the parameters listed in Table 1.

Table 2. EPR parameters of various types of O– radical anions and  [O–…O2] complexes on the surface of different oxides

Oxide
[ …O2] 

 
[ …O2] 

Reference
 g
⊥ g|| g1 g2 g3 g1 g2 g3 

MgO 2.033–2.044 2.002 2.017 2.010 2.002 Unobs.* 2.015 2.010 2.002 [10, 12, 36]
for T > 250 K g

⊥ = 2.013 g|| = 2.002
CaO Unobs.* 2.015 2.009 2.002 Unobs.* g

⊥ = 2.012        g|| = 2.004 [11, 12, 36]
2.016 2.009 2.002

ZnO 2.021 2.003 g
⊥ = 2.003         g|| = 2.008 [4]

2.023 2.003  
TiO2 Unobs.* g⊥ = 2.001         g|| = 2.008 [3, 35]

* Unobs. = radical anion unobservable by EPR.

−

CO3
−

CO3
−

CO4

−

CO4
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CaO surface is similar to the mechanism considered
above for MgO. For this reason, we will point out only
the most significant distinctions between these sys�
tems: (1) The spectral dependences of these photo�
stimulated processes in CaO are red�shifted relative to
the same dependences for MgO (Fig. 2), which is due
to the narrower band gap of CaO. (2) The preirradia�
tion memory effect is close to 50% for CaO and does
not exceed 3% for MgO (Table 1). This means that the

irradiation of CaO in vacuo causes very efficient 

and  formation. (3) In the case of CaO, it is impos�

sible to observe the EPR spectra of  and .
Therefore, test reactions have to be used in their detec�
tion [11, 12, 36, 43]. A convenient test for their detec�
tion and concentration measurement is their interaction
with dioxygen, which yields the surface molecular com�

plexes [ …O2] and [ …O2], as in the case of MgO.

−

CO3

−

CO4
−

CO3
−

CO4

−

CO3
−

CO4

Figure 6 shows the EPR spectrum of the initial
CaO sample pumped at 773 K (curve 1) and the spec�
trum of the same sample subjected to prolonged irra�
diation with monochromatic light (λ = 313 nm) in
vacuo at 123 K (curve 2). A weak signal with g < ge

(g = 1.998) can clearly be seen, which is due to the
appearance of stabilized electron centers. No EPR
lines due to the appearance of O– hole centers are
observed. However, subsequent exposure of the sample
to O2 at 123 K gives rise to an intense EPR signal

(curve 3) due to the molecular complexes [ …O2]

(g1 = 2.0164, g2 = 2.0095, g3 = 2.0026) and [ …O2]
(g⊥ = 2.0126, g|| = 2.0044). Irradiation of the sample in
an oxygen atmosphere raises the concentration of
these radicals by a factor of 2–2.5 (curve 4), which is
consistent with the above�mentioned memory effect
of about 50% (Table 1). Figure 7 presents the experi�
mental (curve 1) and simulated (curves a, b, a + b)

−

CO3
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CO4
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Fig. 5. EPR spectra observed after the interaction of MgO with 13CO: (1) spectrum obtained in the same way as spectrum 3 in
Fig. 4); (2, 3a) spectra obtained after additional adsorption of 13CO (13C isotope enrichment of 60%) at 0.02 Torr and 163 K;
(3b) simulated spectrum of the  radical anion with g1 = 2.003, g2 = 2.001, and g3 = 1.997; A1(13C) = 180 G, A2(13C) = 227 G,

A3(13C) = 175 G. The spectra were recorded at (1, 2) 163 and (3a) 123 K.

CO2
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spectra of the [O–…O2] complex characterized by the
above EPR parameters.

As in the case of MgO, for CaO the heat of forma�

tion of the [ …O2] complex is substantially lower

than that of the [ …O2] complex. Short�term
pumping at 160–180 K causes the reversible disap�

pearance of the [  … O2] complex, while the

[ …O2] complex is stable under these conditions.
Thus, for CaO it is also possible to prepare a sample

containing bound  radical anions ([ …O2] com�

plexes) and free  radical anions.

ZnO. The mechanism of the photostimulated for�
mation of oxygen radical anions on the ZnO surface is
similar to the mechanism considered above for MgO
and CaO. However, note the following most signifi�
cant distinctions between these systems: (1) The spec�
tral dependence of these photostimulated processes in
ZnO is shifted to the visible region (Fig. 2), which is

−

CO4
−

CO3

−

CO4
−

CO3

−

CO3
−

CO3
−

CO4

due to ZnO� having a much narrower band gap than
MgO or CaO. (2) The preirradiation memory effect
for ZnO is close to 100%. This means that the appear�
ance of oxygen or N2O in the gas phase exerts almost
no effect on the efficiency of radical anion formation.
(3) ZnO is the only presently known system in which
irradiation generates pairs of hole sites (O– radical
anions) and electron centers (Zn+ ions) [4].

As in the above systems, the O– radical anions and
Zn+ ions are spatially separated and react independently
with molecules of the gas phase. For example, only O–

reacts with oxidizable molecules of CO and CH4:

(X)

(XI)
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Zn O = CO

Zn CO =

2

2
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Fig. 6. EPR spectra of the initial oxidized CaO sample recorded (1) in vacuo, (2) after irradiation with λ = 303 nm light in vacuo
for 40 min, (3) after subsequent O2 adsorption (0.03 Torr), and (4) after additional irradiation with λ = 303 nm light at the same
oxygen pressure. The sample was treated at 123 K in all cases, and the spectra were recorded at the same temperature.
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The Zn+ ion does not react with these molecules
[41, 44]. Figure 8 shows the EPR spectra of the radi�
cals resulting from these reactions. Note that the reac�
tion between [Zn2+…O–] and CO is not accompanied
by a change in the spin of the initial complex: the

[Zn2+… ] radical anion also has a spin of S = 1/2
and is detectable by EPR in a rather wide temperature
range. At the same time, the reaction of the zinc com�
plex with methane (and other hydrogen�containing
molecules) is typically accompanied by a change in the
spin, yielding the paramagnetic complex [Zn2+…OH–].
The •CH3 radical that has escaped from the reaction
“cage” is stable on the ZnO surface only at low tem�
perature of T < 90 K [44] and is detectable by EPR
(Fig. 8, curve c). Note that the escape of •CH3 radicals
into the gas phase as a result of similar reactions on the
MgO and Li/MgO surfaces was observed by other
authors [45–47].

Thus, the above data demonstrate that, in all cases,
the O– radical anions are stabilized on diamagnetic
ions. Owing to this circumstance, either these radical
anions themselves or the radical anions resulting from
their reaction with O2 (reactions (VIII.3) and (VIII.4))
or CO (reactions (IX) and (X)) are detectable by EPR.
This is due to the fact that all of these species have a
half�integer spin (S = 1/2) and this spin is unaffected
by the occurring reaction. At the same time, the inter�
action of these species with hydrogen�containing mol�
ecules typically changes the spin (reaction (XI)),
yielding a diamagnetic product.

α�Oxygen in Zeolite FeZSM�5 and Its Reactions

So�called α�oxygen [6, 48, 49] (О
α
), which is

responsible for the selective oxidation of organic com�
pounds by N2O over zeolite FeZSM�5, is the only
presently known example of an O– radical anion stabi�
lized on a paramagnetic ion. According to the litera�
ture [6, 48–50], the mechanism of its formation can
be described by the following scheme:

(XII)

The radical difference between this scheme and
schemes (III), (IIIa), and (VIII.5) is the integer spin
(S = 2) of the initial electron�excessive complex [Fe2+]
and, accordingly, the integer total spin of the complex
[Fe3+…O–]—radical anion O– stabilized on a para�
magnetic ion. This is the reason why neither [Fe2+] nor
[Fe3+…O–] can be directly detected by EPR.

In order to investigate such systems, we earlier sug�
gested a spin design technique, specifically, purpose�
oriented change of the spin state of a complex by
reacting it with molecules of the gas phase so that the
resulting complex has a half�integer spin and is readily
detectable by EPR [50–53]. This approach proved
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Fig. 7. EPR spectra of [О–…О2] complexes on CaO: (1)
the same as spectrum 4 in Fig. 6; (a, b) simulated spectra,
with parameters indicated on the figure panel; (2) sum of
the spectra (a) and (b).

Fig. 8. (a) EPR spectrum of photoinduced O– radical
anions on the ZnO surface and (b, c) those of the radicals
resulting from the interaction of ZnO with (b) CO and (c)
CH4. The spectra were recorded at (a, c) 90 and (b) 160 K.
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very informative in the study of [Fe2+] complexes [50, 52]
using the reaction

(XIII)

as well as in the investigation of the reactions of
[Fe3+…O–] (α�oxygen) with hydrogen and methane
[50, 53]. It was demonstrated that these reactions yield
the same paramagnetic complex [Fe3+…OH–] with
S = 5/2:

(XIV)

The formation of complexes with S = 5/2 (signal with
g = 4.3) is also observed in the interaction between
α�oxygen and an NO molecule (Fig. 9, curve 1):

(XV)

It is clear from the data presented in Fig. 9 that NO
adsorption gives rise both to signals from the

[Fe3+… ] (S = 5/2) complexes and to a signal near
ge (g⊥ = 1.99, g|| = 1.86) from weakly bound [NO…AS]
complexes, which are due to the stabilization of the
NO molecule on nonparamagnetic Lewis acid sites
(AS) of the zeolite [54, 55]:

(XVI)
Subsequent exposure of the sample to oxygen at 123 K
causes the oxidation of adsorbed NO to NO2, giving
rise to the EPR spectrum characteristic of this radical
[56, 57] (Fig. 9, curve 2):

(XVII)

This is not accompanied by any change in the spectra

of the [Fe3+… ] complexes.
We were unable to detect the appearance of any

paramagnetic complexes in the interaction of α�oxy�
gen with CO and O2 molecules. These reactions for
“ordinary” O– radical anions take place without a change

in the spin: the resulting  radicals and [O–…O2]
complexes have a spin of S = 1/2, like the primary O–

radicals. It can be assumed that, for α�oxygen, these
reactions proceed according to the similar schemes

(XVIII)

(XIX)

without changing the spin of the initial complex (S = 2).
Only in this case will the paramagnetic complexes
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have an integer spin and be directly unobservable by
EPR.

Thus, the EPR data indicate that, in all of its
known reactions (Table 3), α�oxygen behaves in the
same way as “ordinary” O– radical anions. The only
difference between these species is in their spin: S = 2
for α�oxygen and S = 1/2 for O– stabilized on diamag�
netic cations. It is, therefore, natural that, in the reac�
tions in which the spin state remains unchanged (reac�
tions of these species with CO and O2), paramagnetic
products with a half�integer spin (S = 1/2) are
observed only for the O– radical anions, while in the
react ions changing the spin state (reactions with H2,
CH4, and NO), paramagnetic products with S = 1/2
are observed only for α�oxygen.

A special place among the above reactions of the O–

radical anions (Table 3) is occupied by the interaction
of these species with ethylene. Depending on the
properties of their stabilization sites, this reaction may
result in the addition of ethylene, yielding the para�
magnetic product C2H4O

– (S = 1/2) [58–60], or in the
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Fig. 9. EPR spectra observed (1) after NO adsorption at
173 K on zeolite FeZSM�5 containing adsorbed α�oxygen
and (2) after additional exposure of the sample to oxygen
(0.1 Torr) followed by pumping at 173 K. The spectra were
recorded at 173 K.
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abstraction of a hydrogen atom from the ethylene mol�
ecule, yielding the diamagnetic complex [Men+…OH–]
and the stabilized radical R•, as in reactions (II) and
(XIV) [61–63]. It is interesting that the latter situation
is observed both in the interaction of ethylene with O–

radical anions stabilized on the surface of MgO [61] or
ZnO [63] and in the interaction of ethylene with
short�lived [V4+…O–]* radical anions [62]. No data
concerning the spin state of the products of the inter�
action between α�oxygen and ethylene have been
reported to date.

Thus, a direct comparison of all known reactions of
α�oxygen with reactions of “ordinary” O– radical
anions (Table 3) indicates that these reactions are sim�
ilar. This result can be considered as convincing spec�
troscopic evidence that α�oxygen is essentially the
[Fe3+…O–] complex, or an O– radical anion stabilized
on a paramagnetic ion.

CONCLUSIONS

The experimental results presented in this work,
including relevant data available from the literature,
revealed the general regularities of the reactions
involving the O– radical anions. These regularities
allow such reactions to be identified even when the O–

radical anions themselves are undetectable by EPR.
These reactions include the following: (1) various

reactions involving short�lived the O– radical anion of
triplet excited surface [V4+…O–]* complexes;

(2) above�considered reactions of EPR�inactive 

and  radical anions on the CaO and MgO surface;
(3) reactions of the α�oxygen species [Fe3+…O–], the

−

CO3
−

CO4

only known example of an O– radical anion stabilized
on a paramagnetic ion. 

The approaches suggested here for analysis of such
systems, including the spin design methodology, are
usable in the identification of O– radical anions (both
observable and unobservable) and in the investigation
of their role in chemical reactions on the surface of
oxide catalysts, including systems containing para�
magnetic ions of transition elements.

A very important feature of the above photostimu�
lated reactions occurring in the spectral range of the
surface absorption of the oxides is that their red
boundary shifts to longer wavelengths as the band gap
of the oxide narrows. For titanium and zinc oxides, the
formation of O– radical anions and all of their typical
reactions are possible under irradiation with visible
light.

In all photostimulated reactions, O– radical anions
act as electron�deficient (hole) centers. The role of
charge�compensating, electron�excessive (electron)
centers can be played by Zn+ ions in ZnO, Ti3+ ions in
TiO2, and Fs(H)�centers in MgO and CaO. However,
although spatially separated electron and hole centers
are detectable by EPR, until recently there was no
information reported on the mechanism of their spa�
tial separation. It was conventionally assumed that this
process is due to the motion of charged particles,
either electrons or holes, on the surface, followed by
their stabilization on local surface states.

In our recent study [64], we have carried out an
analysis of the mechanism of the photostimulated pro�
cesses responsible for the formation of spatially sepa�
rated electron and hole centers on the MgO surface. It

Table 3. Reactions of O– radical anions on oxide surfaces and those of α�oxygen on zeolite FeZSM�5 (EPR�detectable
paramagnetic species are bold�typed)

Entry  Reactant Radical anion O–: [Men+–O–], S = 1/2; 
Men+ = Mg2+, Ca2+, Zn2+, V5+, Mo6+, W6+, …

α�Oxygen: [Fe3+–O–], S = 2; 

1 +H2 [Men+–OH–], S = 0 + (H•), S = 1/2  [Fe3+–OH–], S = 5/2 + (H•), S = 1/2

2 +CH4  [Men+–OH–], S = 0 + (•CH3), S =  1/2  [Fe3+–OH–], S = 5/2 + (•CH3), S = 1/2 

3 +NO  [Men+–(N )], S = 0 (?)  [Fe3+–N ], S = 5/2 

4 +CO  [Men+–(C )], S = 1/2;  [Fe3+–C ], S = 2 (?)

5 +O2  [Men+–(O–…O2)], S = 1/2;  [Fe3+–(O–…O2)], S = 2 (?)

6  [Men+–OH–], S = 0 + (•C2H3), S = 1/2 

(?)
+C2H4  [Men+–(C2H4O–)], S = 1/2;

  [Men+–OH– ], S = 0 + (•R–CH2), S = 1/2

Note: The EPR�detectable paramagnetic species are bold�typed.

O2
–

O2
–

O2
–

O2
–
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was demonstrated for the first time that these pro�
cesses can occur owing to the spatial separation of not
charged particles, but neutral radicals resulting from
the homolytic photodissociation of chemisorbed
water. The key element of our approach is taking into
account the effect of chemisorbed water on the forma�
tion and stabilization of O– radical anions in photo�
stimulated processes. It was shown that the tricoordi�
nated structures containing chemisorbed water (desig�
nated as [OH–…Mg2+–O2–…H+]3C complexes) may be
responsible both for the primary absorption of light
quanta and for the subsequent stabilization of O– rad�
ical anions:

(XX)

The resulting hole center [OH–…Mg+–O–]3C is
electroneutral and possesses all properties of the above

described radical anion . Formally, the formation
of this center can be described as the stabilization of
the neutral radical •OH on the coordinatively unsatur�
ated structure [Mg2+–O2–]3C:

 (XXI)

The formation of electron centers through the
interaction of [Mg2+–O2–]3C with the neutral radical
H• takes place via a similar mechanism:

 (XXII)

Our approach easily resolves the paradox of the
existence of “electron” O– radical anions (resulting
from reactions (III) and (VIII.5)) and “hole” ones
(resulting from reaction (VIII.4)) with identical
chemical properties and spectroscopic characteristics
on the MgO surface [12, 31]. “Hole” O– species result
in a natural way from reaction (XX) or (XXI); “elec�
tron” O2– species, from the interaction of an FS(H) =
[Mg+–O2–…H+]3C center with an N2O molecule:

(XXIII)

The final structure of the resulting complexes is the
same in both cases.

In the framework of the approach being developed,
it can be assumed that the “hole” and “electron” char�
acters of the EPR�detectable O– radical anions and
FS(H) centers is due not to spatial charge separation,
but to electron density redistribution in surface
[Mg2+–O2–]3C complexes occurring as a result of reac�
tions (XX)–(XII). The formation of spatially sepa�
rated paramagnetic centers is due to the transfer of
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neutral H• (or •OH) radicals resulting from the
homolytic photodissociation of chemisorbed water
(Fig. 10). It is most likely that, because of their elec�
troneutrality, the O– radical anions (more exactly,
[OH–…Mg2+–O–]3C complexes) show the properties
of a radical, not a hole (electron acceptor), in all of
their presently known chemical reactions. This circum�
stance was pointed out earlier in the literature [12, 65].
Note that impurity bulk hydroxyl groups play a signif�
icant role in the formation of radiation�induced V–

centers (O– radical anions) in MgO single crystals [66].
The magnetic resonance parameters of these centers

are similar to those of the surface  radical anions

(Table 2). Note also that the designations  and ,
used in this work and accepted by other authors for the
differently coordinated oxygen radical anions, are a
matter of convention and merely conform to the ter�
minology accepted for coordinatively unsaturated
structures on the magnesium oxide and calcium oxide
surfaces. The actual structure of the surface complexes
corresponding to these paramagnetic species is pres�
ently unknown and can be determined only by using
quantum chemical models describing their experi�
mentally observed magnetic resonance parameters
and reactivity.

In conclusion, it should be emphasized that, under
all practical experimental conditions, the oxide sur�
face always contains chemisorbed water. The model
based on this fact was suggested for the first time in our
earlier work [64]. It assumes that O– radical anions
result from the dissociation of chemisorbed water fol�
lowed by the spatial separation of the radicals. It is
based on the partially hydroxylated MgO surface
model [67–69], which is presently widespread and can
serve as a convenient tool for description of the mech�
anisms of many thermal and photostimulated pro�
cesses involving these highly reactive intermediates on
oxide surfaces.
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Fig. 10. Formation of electron and hole centers on the
MgO surface as a result of the homolytic photodissociation
of chemisorbed water. 
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