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Abstract: A procedure to produce stable hydroperoxy radicals (HO2
• ) in bulk amorphous SiO2 (a-SiO2) has

been developed. Oxygen molecules incorporated in the interstitial voids in a-SiO2 react with mobile hydrogen
atoms (H0) generated by the photolysis of silanol (SiOH) groups with F2-laser light (λ ) 157 nm, hν ) 7.9
eV), resulting in the efficient creation of interstitial HO2

• . The high yield of HO2
• suggests that the collisions

of the reaction intermediate with the void wall play an important role in dissipating the excess energy of the
intermediate instead of the triple collision observed in the gas phase reaction. The resultant HO2

• is
thermally stable up to 100 °C.

1. Introduction

Reactive oxygen species such as O•-, O2
•- (superoxide ion

radical), and O3•- (ozonide ion radical) are important oxidants
in the catalytic oxidation of various organic compounds
(• denotes an unpaired electron).1,2 Their conjugate acids, HO•

(hydroxyl radical), HO2
• (hydroperoxy radical), and HO3

• (hy-
drogen trioxide radical), also act as key intermediates in
reactions in acidic solutions or protonic solvents.3 In actual
catalytic reactions, their formation and reactivity are controlled
by various catalysts such as metals, metal oxides, zeolites, metal
complexes, and their hybrids. Among these, catalytic activity
of amorphous SiO2 (a-SiO2), which is often regarded as inert,
has attracted particular interest due to its thermal and chemical
stabilities.4-8 It is considered that the main origin of the catalytic
activity of a-SiO2 is nano- and mesopores, which are formed
intentionally and are abundantly present in mesoporous silicas
and silica gels.4-6 However, besides these “extrinsic” pores,
a-SiO2 contains a lot of “intrinsic” interstitial voids in the Si-

O-Si bond network because of its low density (2.2 g cm-3) in
comparison to the related crystalline form of SiO2 (R-quartz,
2.62 g cm-3) and other light metal oxides of analogous formular
weight, such as MgO (3.6 g cm-3) and Al2O3 (3.97 g cm-3).

The interstitial voids ina-SiO2 often encapsulate small
molecules and radical fragments. For example, the hydrogen
atom (H0), which is one of the most reactive radicals, is
immobilized ina-SiO2 below ∼100 K.9-13 Various molecular
radicals such as HCO•,14 NO2

• ,15 and ClOx
• (x ) 0, 2, 3)16,17

have been formed ina-SiO2 exposed to energetic radiation, such
as X-rays,γ-rays, or ultraviolet laser light. Such small chemical
species can migrate through the interstitial voids ina-SiO2:
hydrogen molecules (H2) diffuse rapidly even at room temper-
ature (average diffusion length∼10-100 nm in 1 s).18 Thus,
interstitial voids having entrances to the outer surfaces may be
accessible for small reactive species to influence reactions
catalyzed bya-SiO2.

In this study, we report a novel process for the formation of
interstitial HO2

• in a-SiO2, which contains both interstitial
oxygen molecules (O2) and silanol (SiOH) groups. Bulka-SiO2

was used to selectively observe reactions among interstitial
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species while excluding the contributions of surface adsorbates.
Interstitial O2 traps mobile H0 generated by F2-laser (λ ) 157
nm,hν ) 7.9 eV) photolysis of the SiO-H bonds13,19,20to create
HO2

• ,

In this work, we show that the interstitial voids ina-SiO2 play
an important role in forming HO2

• in the above mechanism and
in stabilizing the resultant HO2

• up to 100°C.

2. Experimental Section

Commercial synthetic “wet”a-SiO2 pieces containing network-bound
SiOH (∼1 × 1020 cm-3) and SiCl (∼5 × 1018 cm-3) groups, 10× 4
× 2 mm3 in size, were used. Heating of the pristine pieces in O2 (∼3
atm) for 720 h at 900°C yielded O2-loaded hydrogenated samples that
contain∼1017 cm-3 of interstitial O2.21,22 The absorption coefficients
of SiOH groups and O2 at 7.9 eV in this sample were∼3523 and∼2
cm-1,24,25respectively. A separate set of pristine pieces was first treated
in D2 (∼3 atm) for 96 h at 900°C prior to the O2 loading to obtain
O2-loaded deuterated samples, whose SiOH groups were completely
(∼99%) replaced by SiOD groups.25 The third set of pristine pieces
was treated in a vacuum for 240 h at 900°C to prepare O2-free
hydrogenated samples for use as references for the O2-loaded samples.
The samples were exposed to F2-laser pulses (LPF-210, Lambda Physik,
pulse duration∼20 ns) of∼2-10 mJ cm-2 pulse-1 either at room
temperature or at 77 K. To avoid F2-laser photolysis of interstitial O2
into a pair of oxygen atoms (O0), the irradiation was terminated at a
small cumulative fluence (e1 J cm-2). The laser-induced paramagnetic
species were measured by an X-band electron paramagnetic resonance
(EPR) spectrometer (Bruker, Model E580) at 77 K.

3. Results

Figure 1a shows the EPR spectra of the O2-free and O2-loaded
hydrogenated samples exposed to F2-laser light at room tem-
perature with a cumulative fluence of∼1 J cm-2. The EPR
spectrum of the O2-loaded deuterated sample is shown in Figure
1b. In the O2-free sample, only a very weak signal assigned to
the oxygen dangling bond (nonbridging oxygen hole center,
NBOHC, ≡SiO•)26 was observed. In contrast, signals for the
O2-loaded hydrogenated and deuterated samples were much
more intense and complicated. The dominant part of the signals
was due to one or several unidentified paramagnetic species
(hereafter denoted as “Z”) overlapping the well-known signals
of NBOHC and the peroxy radical (POR,≡SiOO•).26,27

To isolate the signal specific toZ, the components of NBOHC
(g1 ) 2.0014,g2 ) 2.0103, andg3 ≈ 2.08) and POR (g1 )
2.0017,g2 ) 2.0073, andg3 ) 2.070), whose spectral shapes were recorded using the techniques shown in refs 13, 20 and

28, 29, respectively, were subtracted. Characteristic signals of
NBOHC at∼345-347 mT, and of POR at∼334 mT (theg3

peak, not shown in Figure 1) and∼345 mT, were used to
determine the amplitudes of the subtracted components, which
are shown in Figure 1a for the case of the hydrogenated sample.
The spectrum obtained by the subtraction is referred to as the
“extracted spectrum” (Figure 1, traces C). The positions of the
peaks remaining in the extracted spectrum were insensitive to
small variations in the amplitudes of the subtracted components.
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≡SiOH98
hν)7.9 eV ≡SiO• + H0 (1)

O2 + H0 f HO2
• (2)

Figure 1. EPR spectra of (a) hydrogenated and (b) deuterated samples
exposed to F2-laser light of ∼1 mJ cm-2 cumulative fluence at room
temperature (recorded at 77 K; microwave power, 20 mW; modulation
amplitude, 0.1 mT; modulation frequency, 100 kHz). A new paramagnetic
species, also referred to asZ in the text, is formed along with NBOHC (0)
and POR (4) in the O2-loaded samples (traces A). In contrast, the only
paramagnetic species detected in the O2-free sample is a small amount of
NBOHC (trace B, magnified by 5 times). Subtraction of the NBOHC and
POR components from trace A yields the signal due toZ, which is assigned
to interstitial HO2

• or DO2
• (traces C). For the hydrogenated sample, the

subtracted NBOHC and POR components are shown in the lower part of
panel (a). A simulated spectrum of the hydrogenated sample [trace D in
panel (a)] was calculated using theg andA values listed in Table 1, and
that of the deuterated sample [trace D in panel (b)] was obtained by the
same procedure but employing the nuclear parameters of D instead of H.
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The thermal stability of paramagnetic species was examined
by isochronal pulse annealing of the O2-loaded hydrogenated
sample irradiated with F2-laser light (cumulative fluence,∼0.2
J cm-2) at 77 K, for 10 min up to 673 K (Figure 2). A similar
sequence was applied to the O2-free hydrogenated sample. EPR
spectra, recorded at 77 K after each irradiation or annealing
step, were deconvoluted following the procedure shown in
Figure 1a, to evaluate the concentrations of NBOHC, POR,Z,
and H0. The temperature dependences of these are summarized
in Figure 2. Because of a distinct microwave saturation effect,
the concentration of H0 (sharp doublets at∼318 and 368 mT)
was determined in relative units only, normalized to the initial
signal intensity at 77 K.

In both the O2-free and O2-loaded samples, the main
paramagnetic centers created at 77 K were NBOHC and H0,
and they were progressively annihilated with an increase in the
annealing temperature. However, in the O2-loaded sample,
NBOHC disappeared at a much higher temperature (∼600 K),
and the new signalZ appeared along with the decay of H0. In
addition, POR was found to be formed above 200 K, suggesting
that interstitial O2 is partially photolyzed at 77 K, and a part of
the resultant O0 becomes mobile above 200 K, turning NBOHC
into POR.28 Thermal decomposition of paramagnetic species
in the O2-loaded sample started above 400 K and was almost
complete at 700 K.

4. Discussion

The shape of the “extracted spectrum” remains the same
during the change in the intensity in the isochronal annealing
experiment, indicating that the extracted spectrum most likely
belongs to a single type of paramagnetic speciesZ. There is
strong evidence thatZ is HO2

• generated via eq 2. First,Z is
observed only in the O2-loaded samples. Second, the distinct
difference in the extracted spectra between the hydrogenated
and deuterated samples indicates the presence of hydrogen atoms
that cause a large hyperfine interaction. Third, the formation of
Z is accompanied by the decay of interstitial H0. To confirm
this supposition, line-shape simulation of the extracted spectra
was performed. The mutual orientations of principal axes ofg
and hyperfine (A) tensors listed in Table 1 were set identical to

those of HO2
• reported in ref 30. Considering that the para-

magnetic species is randomly oriented ina-SiO2, the extracted
spectrum of the hydrogenated sample (Figure 1a) was simulated
via the least-squares method by optimizing the principal values
of g, A, and the line width tensors, and the Gaussian-Lorentzian
ratio of the pseudo-Voigt peak convolution function. The
optimized principal values ofg andA (Table 1), which were
obtained by adopting an almost pure (∼95%) Lorentzian
convolution function, agree well with those determined for
HO2

• trapped in ice30-34 and inert gas matrixes.35,36 The
resultant parameters were then used to generate the signal of
the deuterated species by merely accounting for the differences
between H and D (nuclear spin,IH ) 1/2, ID ) 1; AH ) 6.5144
AD), resulting in a good agreement between the extracted and
simulated spectra (Figure 1b). Thus, we conclude that the
unidentified species is interstitial HO2

• .
This assignment was further verified by the magnitudes of

the isotropic (aiso) and anisotropic (T) parts ofA,39 calculated
as

where1 is the 3× 3 unit matrix.aiso has a negative sign, and
its absolute value is∼3% of the isotropic hyperfine constant
of a free H atom (50.7 mT), but it is larger than the components
of the anisotropic partT. These results accord well with the
characteristic features of HO2

• , namely that the unpaired elec-
tron is located on theπ* orbital of the O-O bond and that spin
polarization is the dominant origin of the hyperfine interaction.39

The EPR line width of HO2
• in a-SiO2 is narrower than that

in H2O ice,30-34 allowing the hyperfine splitting resulting from
the H nucleus to be well resolved. This is due to the absence of
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Figure 2. Variations in concentrations of HO2
• , NBOHC, POR, and H0

(inset) in the O2-free (open symbols) and O2-loaded (filled symbols)
hydrogenated samples with isochronal annealing for 10 min at each
temperature. The concentrations of H0 are normalized to the signal intensity
at 77 K because of the difficulty in evaluating the absolute value due to the
microwave-saturation effect. The paramagnetic centers were created by
exposure to F2-laser light at 77 K (cumulative fluence,∼0.2 mJ cm-2).

Table 1. Principal Values of g and Hyperfine (A) Tensors
Determined for HO2

• in a-SiO2
a

Direction cosines Direction cosines

g 1 2 3 A (mT) 1 2 3

xx 2.0033( 0.001 1 0 0 -1.34( 0.2 -1 0 0
yy 2.0081( 0.001 0 1 0 -1.44( 0.2 0 0.105 0.995
zz 2.0368( 0.001 0 0 1 -1.26( 0.2 0 0.995 -0.105

a It was assumed that thez axis ofA is along the O-H bond and has an
angular separation of 96° relative to thezaxis ofg, which is in the molecular
plane and lies nearly along the O-O bond.30 The x axes ofg andA were
both taken to be perpendicular to the molecular plane. The signs of the
principal values ofA were determined following the data of gaseous HO2

• ,
reported in refs 37 and 38.

A ) aiso1 + T ) -1.35× 1 + |0.01
-0.09

0.09| (3)
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superhyperfine interaction between HO2
• and the surrounding

matrix. Analogous spectra with reduced line widths have been
observed for HO2

• in D2O ice34 and CO2.36

In “wet” O2-free a-SiO2 exposed to F2-laser light, a large
amount of NBOHC is transiently formed by efficient (quantum
yield > 0.1) cleavage of SiO-H bonds.13,19,20 The resultant
NBOHC quickly decays at room temperature through recom-
bination with the photogenerated mobile H0 and H2, leaving
only a small amount of persistent NBOHC.19,13 In contrast, in
the O2-loaded sample, a large part of NBOHC remains unreacted
at room temperature (Figures 1 and 2) as a result of the
competitive trapping of mobile H0 by O2 (eq 2), preventing
recombination of H0 with NBOHC. The trapping is efficient,
because the cumulative concentration of H0 induced at 77 K
under a similar irradiation fluence (∼2 × 1016 cm-3 13,19) is
roughly equal to the concentration of HO2

• subsequently formed
above 150 K (∼1 × 1016 cm-3) in the annealing experiment
(Figure 2). A study of the quenching of singlet photolumines-
cence of O2 by SiOH groups suggests a homogeneous distribu-
tion of O2 and SiOH groups in O2-loaded samples of present
type.40 The average separation between O2 and SiOH groups
(∼1 nm) is sufficiently smaller than the average diffusion length
of H0 in a-SiO2 (∼1-100 nm in 1 s at 100 K12), supporting the
formation of HO2

• via eq 2.
The formation of HO2

• through the reaction of O2 with H0

has been intensively studied in the gas phase.41-43 The reaction
is very slow when the participation of an inert gas molecule M
that takes the excess energy away from the reaction intermediate
(triple collision),

is absent. However, HO2
• is efficiently formed ina-SiO2. Thus,

it seems likely that the dissipation of the excess energy of the
reaction intermediate through its collisions with thea-SiO2

network plays a vital role in the creation of HO2
• in interstitial

voids in a-SiO2. The presence of such energy redistribution
processes is well-known for reactions in solid gas matrixes,44

including the formation of HO2
• .45,46 However, it is interesting

that the same reaction occurs near room temperature ina-SiO2,
a covalent macromolecule with a three-dimensional tetrahedral
network. The dimerization of H0 in a-SiO2,10,12,13 which is

another triple collision reaction in the gas phase,47,48

should take place by an analogous mechanism ina-SiO2.
Although the numerical simulation generally reproduced the

peak positions of the experimental EPR spectra well, some
discrepancies still remain in the spectral shape and the relative
peak amplitudes (Figure 1). This is probably due to the thermal
motion of paramagnetic species,2 which makes the simulation
using a static spin-Hamiltonian difficult, particularly when the
motion is anisotropic.49 A reason for such anisotropic motion
is the steric hindrance. The interstitial voids ina-SiO2 would
be too small for HO2

• to rotate unhindered, considering that O2,
whose size and shape are similar to those of HO2

• , does not
rotate freely about the axes perpendicular to the O-O bond in
a-SiO2.50 Another possible factor restricting the free motion of
HO2

• is hydrogen bonding,32,33,45which can take place with the
bridging oxygen atoms and SiOH groups in thea-SiO2 network.
An analogous type of hydrogen bonding is suggested for
interstitial H2O in a-SiO2.25 It is considered that hydrogen
bonding suppresses the motion of HO2

• in ice,32,33 whereas its
absence allows HO2

• to rotate in solid Ar even at 4 K.35 On the
basis of these considerations, we suggest a rocking motion51 of
HO2

• in a-SiO2 at 77 K.

5. Conclusions

The hydroperoxy radical (HO2
•) was synthesized in bulk

amorphous SiO2 (a-SiO2), and its properties were studied by
electron paramagnetic resonance (EPR). Interstitial O2 in a-SiO2

is efficiently converted into HO2
• through reaction with a

mobile hydrogen atom (H0), which is formed by F2-laser
photolysis of SiOH groups. It is likely that the formation of
HO2

• is promoted by collisions of the reaction intermediate
with the a-SiO2 network that dissipates the excess energy of
the intermediate. The resultant HO2

• is stable against thermal
annealing up to 100°C, due to its encapsulation in the
chemically inerta-SiO2 network. It was demonstrated that bulk
SiO2 provides nanospaces appropriate for photomanipulation of
small reactive compounds.
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H0 + H0 + M f H2 + M (5)

O2 + H0 + M f HO2 + M (4)
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