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An EPR spectroscopy was examined in detail in order to
elucidate the role of mechanically induced radicals on the incip-
ient mechanochemical reaction between Ca(OH), and SiO,. The
specific radical species found on separately milled Ca(OH), and
SiO, disappeared in the case of mixed milling. O~ radicals on
Ca(OH), and E’centers on the SiO, surface reacted during
milling, leading to a precursor of complex oxide with Si—-O-Ca
bonding. Relative contribution of radical mechanism was com-
pared with those of electron pairs to the complex formation of
Si—-O-Ca under mechanical stressing. 0199 Academic Press, Inc.

1. INTRODUCTION

Electron paramagnetic resonance (EPR) spectroscopy
has been extensively used to examine surface and bulk
defects of various inorganic materials. For silica glasses,
irradiation of y ray (1, 2) or neutron (3) induces E’-center
and peroxy radicals. CaO and Ca(OH), were also studied
by EPR. Surface radicals by adsorption of oxygen were
found on thermally activated CaO (4). Irradiation of elec-
tron beams (5) and UV (6) is also known to generate
oxygen radials, F center (electron trap by oxygen vacancy)
or V center (positive hole trap by cation vacancy).

Mechanically induced radicals were studied by EPR, as
well. For example, E’ centers are induced by scratching on
the silicon {111} surface (7), mechanochemical activation
leads to the production of triplet radical pairs of porphyrin
and quinone (8), a trivalent titanium ion, Ti**, associated
with oxygen vacancies on the surface of anatase is gener-
ated by milling (9), and E’ center increases by milling silica
(10). Enhanced reactivity of MgO by milling has been
understood as a consequence of oxygen-related radicals,
e.g., F* center and O~ (11).

In our previous report (12), we have shown that mechan-
ically induced reactive acidic and basic sites interact with
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each other. As a result, precursors of complex oxide, e.g.,
CaSiO3, are formed. Avvakumov and co-workers have ex-
plained that the mechanochemical reactivity of binary sys-
tems depends on the difference between the acidity and
basicity of the reactants (13). Up to now, the mechanism
of mechanochemical synthesis has been discussed only on
the basis of acid—base interaction, i.e., reactions by the
change in the state of electron pairs.

In this paper, an EPR spectroscopy is used to examine
whether and to what extent the mechanically induced radi-
cals play a role on the mechanochemical reaction between
Ca(OH);, and SiO,. We also try to discuss the relative
contribution of radicals to that of electron pairs (acid—base
reaction) to the complex formation under mechanical
stressing.

2. EXPERIMENTAL

Ca(OH), was a guaranteed grade reagent (Wako Juny-
aku 99.9%). The specific surface area was 7.19 m?- g™},
determined by the N, BET method. Fumed silica powder
(Degussa, Aerosil 200) was used as a silica source. One
gram of sample in total was milled in air. Milling was then
performed in vacuum as well to avoid the effects of the
gaseous species in the ambient atmosphere. After evacuat-
ing a cylindrical PTFE container at room temperature for
1 h, mechanical activation was carried out at 10~! Pa by a
laboratory sized vibration mill (Glen-Creston, amplitude:
50 mm, frequency: 12 Hz). Activated samples were put
into a quartz tube for EPR measurement without being
exposed to air. EPR spectra were measured by an X-band
spectrometer (JEOL JES-RE3X) at room temperature.
Two resonance peaks at g = 1.981 (corresponding to 332
mT) and g = 2.034 (341 mT) due to Mn?* contained as an
impurity in Ca(OH), were used as an internal standard
for the calibration of applied magnetic field.

The mechanically activated samples are noted as follows.
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FIG. 1. EPR spectra of initial and separately milled Ca(OH), at 4
mW microwave power, where ¢ indicates the milling time in hours. The
g values are A, 2.021; B, 2.014 and 1.991; C, 2.009; D, 2.005 and 1.999;
E, 2.002; F, 1.996; respectively.

Ca and S denote Ca(OH), and SiO,, respectively, and -z,
milling time in h throughout the figures. The additional
symbol V denotes milling in vacuum. For the purpose of
inducing well-defined defects, the powder Ca(OH), was
irradiated with X-ray produced by an Rh cathode tube
operating at 50 kV and 40 mA, and then spectroscopy was
carried out in the same manner. The microwave power
saturation method was also used for the purpose of assign-
ment of overlapping complex EPR signals.

3. RESULTS AND DISCUSSION

3.1. EPR Spectrograms of Milled and X-Ray
Irradiated Ca(OH),

The EPR spectrogram for the samples of separately
milled Ca(OH), at 4 mW microwave power is shown in
Fig. 1. After milling Ca(OH), in vacuum, we observe very
complicated EPR spectra. The peaks comprise six different
components, denoted A to F. They are by no means attrib-
uted to some organic species possibly abraded from nylon
coated balls and a PTFE vessel, since no such EPR signals
are observed on silica separately milled for 3 h in air.
Rather, the peaks A to F seem to be attributed to oxygen-
related radicals including F* centers like those found on
milled MgO by Steinike et al. (11).

For the purpose of identification of active centers on

WATANABE, ISOBE, AND SENNA

milled materials, we introduced a series of well-defined
defects by an irradiation of X ray in vacuo on Ca(OH),,
since there is a much smaller number of reports on the
EPR signals from Ca(OH),, as compared with those from
Si0O; (10, 11). Apart from well-distinguished Mn peaks, we
observe 2 small peaks at g = 2.009 (denoted by (1)) and
g = 2.068 (2) on the intact Ca(OH), as shown in Fig. 2.
These are attributed to the V center, i.e., a positive hole
entrapped at a Ca** cation vacancy (6, 14-16). The un-
paired spins causing these resonance peaks are related with
p electrons and hence are anisotropic. Peaks (1) and (2)
are parallel and perpendicular components, respectively,
of the V center.

On irradiation for 0.1 s, a weak spin (3) at g = 2.002
and a strong one (4) at g = 1.999 appear. These two peaks
unify into one at g = 2.000 (peak (5)) on further irradiation.
No changes on the EPR spectra are observed on prolonged
X-ray irradiation. According to Matsuhashi et al. (17),
there are two different F* centers generated on the unsta-
ble and stable surface spots, respectively. These F* centers
have a strong tendency to donate an electron, enabling
the catalysis of dehydrogenation of isopropyl benzene or
hydrogenation of alkenes (17). Peaks (3) and (4) are likely
to be the F* centers on metastable and stable areas, respec-
tively. The g value of signal (3) generated by X-ray irradia-
tion is similar to that of signal E induced by mechanical
stressing in Fig. 1. The signals A, B, D, and F presented

Magnetic field /mT

FIG. 2. EPR spectra of Ca(OH), irradiated by X-ray for quoted
time(s) at 4 mW microwave power. The g values; (1) g = 2.009, (2) g =
2.068, (3) g = 2.002, (4) g = 1.999, (5) g = 2.000.
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FIG. 3. EPR spectra of the initial and milled Ca(OH),-SiO, mixture,
CaS-t at 4 mW microwave power. The g values are B, 2.014 and 1.991;
C, 2.009; E, 2.002; G, 2.000; respectively.

on the separately milled Ca(OH), are absent on the X-ray
irradiated one. This will be further discussed in Section
3.2 by power saturation method.

3.2. Assignments for EPR Spectra of Milled Samples

EPR spectra at 4 mW microwave power of the mixed-
milled sample is shown in Fig. 3. The spectra are similar
to that of separately milled Ca(OH), in Fig. 1. However,
the signals A and F are absent and the signal G, due to
the defects on SiO,, is present in the case of the mixed-
milled sample. The signals induced by X-ray irradiation to
Ca(OH), do not enable us to fully assign the complex
signals of these milled samples. Therefore, a microwave
power saturation method was employed.

As shown in Fig. 4, the dependence of the peak heights
relative to their own maxima with the square root of micro-
wave power for separately milled Ca(OH), (Ca-3V in Fig.
1) are divided into three categories, (I)A, D, and F; (II)B
and E; and (III)C. Knowing that all the signals but C
in Fig. 1 change their intensity on exposure to ambient
atmosphere, all others must be attributed to the surface
defects and/or oxygen-related radicals. The signal C, being
insensitive to the air exposure, might be related with
bulk defects.

The g values of A and F signals are close to those
of O3, generated by a heat treatment of CaO, found
by Cordischi et al. (4). The g value of D is close to that
of CO;, generated from He" and +y-ray irradiation on
CaCO; (18). The power saturation behavior of A and
F are also similar to those of O; or O3, identified by
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Giamello et al. (19) on MgO sputtered Mg thin film.
The power saturation behavior of signal D is similar to
that of CO; (18). O; is formed by a single electron
transfer to an oxygen molecule, while the formation of
O3 is explained by the adsorption of an oxygen molecule
on the O~ anion radical.

It is also to be noted that the intensity of signals A and
F decreases relative to that of Mn after air exposure. Based
on these changes, together with the comments given by
Cordischi et al. (4) that the O3 radicals are very unstable
and are easily deactivated, e.g., by the presence of H,—O,
gas mixture, we conclude that signals A and F are attrib-
uted to Oj3 radicals while signal D is attributed to CO;.
The latter radical sites are called as reducing sites. An
electron transfer to adsorbed nitrobenzene at the reducing
sites was detected by EPR (20). Such an electron transfer
is easier when the spin is associated with low-coordinated
surface oxygen atoms (21). The resulting O~ anion radicals
are highly reactive and often coupled with a luminescence
source (22).

On the other hand, signals B and E increase at relatively
low microwave intensity, with a gradual decrease on fur-
ther increase in the microwave power. This is quite similar
to the behavior of the F* center, as detected from alkali
metals like Li or Na sputtered on MgO (17, 23) or Mg
(19). The g value of the signal E is close to that of the F*
center induced by X-ray irradiation, as referred to in the
Section 3.1. Signals B and E are, therefore, likely to be
attributed to the F* centers. The broadness of signal B
could be explained by assuming the interaction of the elec-
trons entrapped at the oxygen vacancy with hydrogen
atoms of the hydroxyl groups (19, 24), whose energy state
is widely distributed. Finally, signal C, being invariant to

Peak height, 1/Tmax /-

Square root power /mW12

FIG. 4. Peak height (in arbitrary units) versus the square of the
microwave power for the A-F paramagnetic species observed for Ca-
3V in Fig. 1.
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FIG. 5. Peak height (in arbitrary units) versus the square of the
microwave power in mixed-milled sample (CaS-3V in Fig. 3).

air exposure, must be associated with bulk defects, e.g.,
V centers.

Power saturation behavior of the spins detected from
the mixed-milled samples are shown in Fig. 5. While the
shape of curves of B, C, and E are similar to those of
separately milled samples shown in Fig. 4, the change of
signal G is quite unique and is solely to be observed on
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FIG. 6. EPR spectra of initial and separately milled SiO, at 0.02 mW
microwave power. The g values are G, 2.000; H, 2.001; I, 2.003.
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the mixed-milled sample. From the g value and its power
saturation behavior (1, 3, 10), signal G is suspected to be
an E’center in SiO,.

Figure 6 shows EPR spectra of separately milled SiO,
at 0.02 mW microwave power, and the power saturation
curves are shown in Fig. 7. From the examination of the
powder saturation behavior shown in Fig. 8 and based on
the information given in Ref. (1, 3, 10, 25), signal G is
again confirmed to be the E’ center (=Si-) in SiO,,
whereas signal H is confirmed to be the peroxy radical
(POR; =Si-0-0+), i.e., molecular oxygen at defect sites
(E’ center). The E’ center, i.e., signal G, is also present in
the mixed-milled sample in Fig. 3. Since signal I appeared
in a lower magnetic field than those of E’ and POR centers,
the signal is likely to be attributed to nonbridging oxygen
hole center (NBOHC; =Si-0O ) (25).

3.3. Difference in the Radicals Induced by Separate and
Mixed Milling

The main differences between separately milled
Ca(OH), (Fig. 1) and mixed-milled samples (Fig. 3) are
(i) the absence of signals A and F due to O3 radicals on
the mixed milled samples, and (ii) the opposite change of
signal E due to F* center with milling time, an increase
on separate milling versus a decrease on mixed milling.
Point (i) is explained by the coexistence of silica, as will
be discussed later below.

F* centers are formed only after milling. As a result
of mechanochemical dehydration, oxygen vacancy will be
formed when a proton necessary for dehydration is sup-
plied from the hydroxyl groups belonging to the hollow
site type (26). This suggests easier formation of the F*
center for the condition leading to easier mechanochemical
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FIG. 7. Peak height(in arbitrary units) versus the square of the
microwave power in separately milled SiO2 in vacuum (S-3V in Fig. 6).
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FIG. 8. EPR spectra of the initial and milled Ca(OH),-SiO, mixture
at 0.02 mW microwave power. The g values are G, 2.000 and E, 2.002.

dehydration (12, 26-28). This is quite compatible with the
observation that the formation of the F* center on mixed
milling is faster than on separate milling, judging from the
comparison between Figs. 1 and 3. The electron entrapped
by surface oxygen vacancy could survive when only one
kind of cation exists as in the case of separate milling. It
transfers from the F* center to the different cations, Si,
when those with higher electron affinity coexist. The latter
is the case of mixed milling. Thus, the easier mechanochem-
ical dehydration is explained not only by the acid—base
reaction reported previously (12) but also by the radical
mechanism mentioned above.

Comparison of milling silica separately and with
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FIG. 9. Changes in the surface basicity of Ca(OH), and Ca(OH),—
SiO, due to mechanical activation.
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FIG. 10. Variation of radical concentration in separately milled sam-
ples with milling time.

Ca(OH), brings about another aspect of the radical mecha-
nism. As shown in Figs. 3 and 6, the E’ and POR centers,
denoted by signal G and H, respectively, generated in
separately milled SiO, are hidden by the large signals in
mixed-milled samples. To further examine the argument,
EPR signals were measured for mixed-milled samples un-
der still lower microwave power, 0.02 mW, because, as
shown in Figs. 5 and 7, the E’ center is not saturated yet
at this power. As shown in Figs. 6 and 8§, signal G, being
attributed to E’ centers, increased in both cases. At the
same time, signal H, being attributed to POR centers,
increased only in the case of the separately milled SiO,,
and are not detected at all in the case of mixed milling.
The POR center is formed by the oxygen adsorption to
the E’ center (25); it takes place as long as other cationic
species are absent. This supports the idea that the surface
E’ centers, leading to the formation of POR centers, are
consumed by the interaction with the radicals presented
on the Ca(OH),.

3.4. Mechanisms of Radical Reactions

One of the most remarkable differences between sepa-
rated and mixed milling (Figs. 1 and 3) is a disappearance
of O3 species, denoted by A and F, in the case of mixed
milled CaS-3. The absence of these signals is linked with
the absence of POR (signal H) in Fig. 8, in contrast to
survival of this radical species in the separately milled
samples, as shown in Fig. 6. The difference could be inter-
preted by the following scheme of radical recombination:

mechanical dehydration

Ca(OH),: OH- + OH- — H, + O~ + O~(Ca-0O")

oxygen adsorption

— H, + Oj3 (signal A and F).

(1]
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These oxygen radicals can be formed even if mechano-
chemical dehydration takes place simultaneously. Mean-
while, the peroxy radicals can be formed by the following
reaction scheme:

mechanical activation

Si0,: =Si-0-Si= — =Si-O- + =Si-

oxygen adsorption

— =8§i-0- (signal I) + =Si-0-0 - (H).

2]

Since oxygen adsorption is a prerequisite for POR forma-
tion, E' centers must be located on the surface, together
with the O3 on the surface of Ca(OH),. When the radical
species generated in schemes’ [1] and [2] first steps react
with each other, they are annihilated by the scheme

radical recombination

Ca(OH),-SiO,: Ca-O - + =Si-— Ca-0-Si  [3]

3.5. Relative Role of Electron Pair and
Radical Mechanisms

At the end of the present study on the radical mecha-
nism, we discuss quantitatively the relative contribution of
the acid—base reaction as an electron pair mechanism and
the radial mechanism discussed extensively in the forego-
ing. The concentration of surface basicity is cited from our
previous report (12) as Fig. 9. This is now compared with
the surface concentration of the radical, determined with
the aid of the radical standard, TEMPOL (4-hydroxy-
2,2,6,6-tetramethyl-1-piperidine-1-oxyl). The result is
shown in Fig. 10. The basic site concentration on the surface
is six to seven orders of magnitude higher than the radical
concentration. It seems therefore clear that the relative
role of the electron pair mechanism is by far larger than
that of the radical mechanism. The statement is to be
understood with care, however, since the comparison of
the concentration does not account for the kinetic factors,
for which radical mechanisms could well conquer the elec-
tron pair mechanism, because of the rapid radical recombi-
nation involved. Further studies are therefore necessary for
the comprehensive discussion with regard to the relative
contribution of electron pair and radical mechanisms.

4. CONCLUSION

During mechanochemical complex formation between
Ca(OH), and SiO,, various species of radicals are formed

WATANABE, ISOBE, AND SENNA

as a result of dehydration and various kinds of bond break-
age. O~ radicals on Ca(OH), and E’ centers on SiO, can
react during milling, leading to a complex Si—-O-Ca bond-
ing, and annihilate by each other. The relative importance
of radical mechanisms seems, however, to be smaller than
the electron pair mechanism represented by an acid-
base reaction.
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