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We report an experimental investigation on the effects of γ-ray irradiation in several types of silica nanoparticles
previously loaded with O2 molecules. They differ in specific surface and average diameter. By electron paramag-
netic resonance (EPR) measurements we observe the generation of about 1018 HO2

• /cm3 interstitial radicals.
These radicals are induced by reaction of interstitial O2 molecules with radiolytic H atoms, as previously sug-
gested for O2-loaded bulk a-SiO2 samples. However, at variance with respect to bulkmaterials, our experimental
evidences suggest a different generation process of HO2

• radical. In fact, by a detailed study of samples exposed to
D2O, our results prove that radiolytic hydrogen atoms reacting with O2 to produce HO2

• mainly arise from a radi-
ation induced breaking ofH2Omolecules in the layers surrounding the nanoparticles or in the interstices. Also, by
the correlation of HO2

• paramagnetic centers concentration, determined by EPRmeasurements, and O2 Raman/PL
signal we further considered the issue of the direct estimation of theO2 concentration in silica nanoparticles from
Raman/PL spectra giving an independent conversion factor (the ratio between these latter twoquantities), which
is in good agreement with those previously proposed by other authors basing on optical measurements.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Here we report on the generation process of point defects in nano-
structured silica materials with interstitial O2 molecules. These materials
are already frequently used for industrial applications and they are very
promising for a large variety of future nanotechnological devices, with
vast range of applications in a lot of scientific ambits [1–3]. Moreover,
the study of the optical properties of the O2 molecules in all the aggrega-
tion states of matter is very interesting due to the abundance of this mol-
ecule, for example in the air, and due to its fundamental role in physical,
chemical, and biological processes [4–6]. In our systems, they can take
part in chemical reactions and generate, among others, hydroperoxy rad-
icals (HO2

• ) [7–9]. In this reaction, a-SiO2 plays a key role, thanks to its in-
terstitial voids that absorb the excess energy of the reaction intermediate
[10,11,8]. Over the years, HO2

• radical has been studied in manymaterials
thanks to the possibility to detect themolecule through EPR spectroscopy
[12–15]. In particular, in some studies, the radical has beendetected inO2-
loaded bulk a-SiO2 irradiated by F2-laser at T = 77 K [7,8]. It has been
shown that, by breaking O-H bonds in SiOH and SiOOH groups, the radi-
ation induces radiolytic hydrogen atoms that promptly react with inter-
stitial O2 molecules generating the HO2

• radicals. By EPR mesurements,
Kajihara et al. [7,8] observed, together with the hydroperoxy radicals, a
+39 091 6162461.
arino).
comparable amount of nonbridging oxygen hole centers (NBOHC) and
peroxy radicals (POR) defects.

In the present study we investigate the generation process of HO2
•

radicals in silica nanoparticles by γ-ray irradiation. The nanoparticles
differ in specific surface and average diameter. Furthermore, we charac-
terize the EPR signal of hydroperoxy molecules and analize the differ-
ences and the analogies between our results and those reported by
Kajihara et al. in their study on bulk materials aiming to further clarify
the generation of these species in nanoparticles [7,8].

Our experimental investigation also supplies new independent sup-
port based on the EPR estimation of defects on themethod recently pro-
posed to estimate the amount of interstitial O2 molecules in silica with
very high sensitivity by measuring the photoluminescence of O2 mole-
cules by means of a Raman spectrometer. In fact, to detect and evaluate
the amount of interstitial O2 one can make use of the electronic transi-
tion in O2 from the first excited state 1Δg to the ground state 3Σg

−. This
transition gives rise to an infrared (IR) photoluminescence (PL) band
at ~1272 nm that a Raman spectrometer equipped with a Nd:YAG
laser source at 1064 nm can detect [8,16–20].

2. Experimental

Thematerials considered here are seven types of silica nanoparticles
of different average diameters and specific surfaces. Detailed informa-
tion on the materials and the constituting nanoparticles are reported
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in Table 1. The powders were pressed in a hydraulic press to obtain self-
supporting tablets not altering the structural properties of the fumed sil-
ica samples [21,22]. All the pristine materials were preventively loaded
with O2molecules by treating them at T ~ 200 °C in oxygen atmosphere
(P = 50 bar) for 11 h [17]. After loading, a natural outgassing process
was observed. This process is very fast during the first hours and be-
comes less efficient with time. In order to limit the deleterious effects
of this process on our experiments, after the O2 loading, each sample
was aged for 48 hours. This ensures that the O2 concentration present
in the samples remains stable within 10% for the duration of our exper-
iment. Subsequently thematerialswere subjected toγ-ray irradiation at
various doses in a 60Co source (dose rate of 10.7 Gy/min). Each irradiation
was done at ambient temperature and, with few exceptions, in air. In few
cases the irradiations were done with the samples immersed in water or
heavywater. Irradiation doses ranged from0.1 kGy to 1000 kGy but every
samplewas irradiated to just one dose. In our studieswehave also consid-
ered anO2-loaded bulk a-SiO2 samplewith size 5× 3×2mm3. It contains
network-boundSiF (1.4 · 1019 cm-3) and SiOH(1÷2·1018 cm-3) groups.
For this latter sample theO2 loadingwas done at T=1000 °C for 30 days.
The final O2 concentration was 3.6 · 1017 cm-3 [19,23].

FT-Raman measurements were carried out by a Bruker RAMII
spectrometer equipped with a Nd:YAG laser source at 1064 nm
(9398 cm-1). The optical activity present in Raman spectra (PL
band) was used to estimate the O2 content of loaded samples by fol-
lowing the procedure proposed by Kajihara et al. [8]. It uses a conver-
sion factor that has to be multiplied to the amplitude of the O2 PL
band, normalized with respect to the 1200 cm-1 intrinsic Raman
band, and gives as a result the desired concentration of O2molecules.
We have to point out that this estimation was limited to a-SiO2 bulk
samples. Here we can extend the use of this procedure to silica nano-
particles considering some multiplying factors to take into account
quantum yield variations, as recently reported [24]. They are due to
the different life times of the various nanostructured materials stud-
ied here with respect to bulk silica [17]. Furthermore, the use of the
procedure suggested by Kajihara et al. [8] presents a further difficul-
ty which is accentuated by studying nanostructured samples: the
Raman band choosen as reference is one of the less intense and con-
sequently the experimental uncertainty associated to the estimation
of its intensity is very large. These facts have leaded us to improve
the method by making some changes. We have taken advantage
from the work done by Agnello et al. [17,24] where interstitial O2

concentrations were estimated in several a-SiO2 nanostructured
samples following the method suggested by Kajihara et al. [8] but
considering the differences, reported above or in the following, be-
tween nanoparticles and bulk silica. In this context it is worth noting
that previous studies have shown that the estimations of O2 absolute
concentration by optical measurements are in agreement within 50%
[8,24]. We have obtained the conversion factor Ki, specific for every
nanostructured material, by using the following equation:

CO2
¼ Ki

APL

A800
ð1Þ
Table 1
List of the materials utilized. The materials named "SIG-" were supplied by Sigma Aldrich
whereas the other materials were obtained from Evonik [27]. ND stays for not declared.

Nickname Producer Spec. Surf. Aver. Diam. Typology
or supplier (m2/g) (nm)

AEOX50 Evonik 50 40 Fumed
AE90 Evonik 90 20 Fumed
AE200 Evonik 200 12 Fumed
AE300 Evonik 300 7 Fumed
AE380 Evonik 380 7 Fumed
SIG200-12 Sigma Aldrich 200 12 ND
SIG395 Sigma Aldrich 395 7 Fumed
where CO2 is the concentration of O2molecules, whereas APL and A800

are the amplitude of the O2 PL band and of the intrinsic Raman band
at 800 cm-1, respectively. We can express the factor Ki as the ratio be-
tween a quantity α (here considered indipendent from the features
of the nanoparticles [17–19,22]) and the O2 PL life time τi:

Ki ¼
α
τi

ð2Þ

Note that in Eq. (1) the amplitude of the intrinsic Raman band at
800 cm-1 is considered instead of that peaked at about 1200 cm-1. We
made this choice because the former is more intense than the latter
and it has always the same shape, indipendently from the material
[25]. Due to this stability, we considered the band at 800 cm-1 suitable
to serve as a reference.

From ref. [17] we know the values of CO2, of the PL amplitude and of
the life time of a sample of AEOX50. Thanks to the Eq. (1) we obtain
KAEOX50 = (1.8 ± 0.4) · 1017 cm-3. Now, we have to determine the con-
version factors for the other materials considered here. This objective
was reached by considering the life times of the materials reported in
ref. [17,24]. We hypothesized the same life time for all the types of
nanoparticles with the same average diameter. In Table 2 we show
the life times and the conversion factors for all the materials here ana-
lyzed.We considered an absolute error of ± 40% on each value of inter-
stitial O2 concentration. This error includes the repeatability error of the
Raman spectrometer, the error introduced in the analysis procedure of
the spectra and the error associated with the estimation of the conver-
sion factors.

The γ-ray induced paramagnetic speciesweremeasured at T=77K
with a X-band Bruker EMX-micro-Bay spectrometer (working frequen-
cy of about 9.8 GHz) with a magnetic field modulation frequency of
100 kHz. Low temperature spectrawere obtained by putting the sample
into a Dewar flask filled with liquid nitrogen. Concentrations of para-
magnetic centers were determined, with a relative accuracy of ±20%,
by comparing the double numerical integral of the EPR spectra with
that of the Eγ′ centers in a reference sample [26].

3. Results

In Fig. 1 the Raman/PL spectra of some pristine sample produced by
Evonik are reported: AEOX50, AE200 e AE380. We chose to show these
spectra because they cover the whole range of possible average diame-
ter and specific surface.We can see the bands associatedwith the vibra-
tional modes of silica with a Raman shift lower than about 1200 cm-1

and the O2 PL-band at 1538 cm-1 [8,28–33]. The presence of this latter
band tells us that in our samples there is an amount of intrinsic intersti-
tial molecular oxygen decreasing on increasing the specific surface of
nanoparticles [22]. The samples SIG200-12 and SIG395 have Raman/PL
spectra almost concident to that of Evonik materials, so their spectra
are not reported here.
Average diameters and life times taken from ref. [24] and conversion factors used to obtain
the interstitial O2 concentration in each material studied here. Life times not experimen-
tally obtained are marked with an asterisk and pertain to the materials SIG200-12 and
SIG395. The nanoparticles of these materials, however, have average diameters equal to
those of other nanoparticles. Then, for thesematerials we have considered life times iden-
tical to those obtained experimentally.

Name Aver. Diam. (nm) τi (s) Ki (cm-3)

AEOX50 40 0.46 ± 0.02 (1.8 ± 0.4) · 1017

AE90 20 0.43 ± 0.02 (1.9 ± 0.4) · 1017

AE200 12 0.40 ± 0.03 (2.1 ± 0.4) · 1017

SIG200-12 12 0.40 ± 0.03 ⁎ (2.1 ± 0.4) · 1017

AE300 7 0.40 ± 0.03 (2.1 ± 0.4) · 1017

AE380 7 0.34 ± 0.04 (2.4 ± 0.5) · 1017

SIG395 7 0.34 ± 0.04 ⁎ (2.4 ± 0.5) · 1017



Fig. 1. Raman/PL spectra of three different types of materials: AEOX50 (black line), AE200
(gray line) e AE380 (dark gray line). The arrows show the main bands of the spectra
pointing out their names and Raman shifts. Spectra are normalized to the amplitude of
the 800 cm-1 band.
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In Fig. 2 the Raman/PL spectra of a sample of AEOX50 before and
after the O2 loading are shown. The comparison between the two spec-
tra indicates that the loading process significantly increases the concen-
tration of O2 molecules trapped into the material, as indicated by the
larger PL band. In the inset we report a zoom of the spectra in the
range from300 to 1200 cm-1. This comparison points out that the differ-
ences between the two spectra are negligible, indicating that the load-
ing process does not affect the matrix of the materials.

Beyond the Ramanmesurements, we have also performed EPR stud-
ies on as grown and O2 loaded materials to detect the presence of O2

related species [9]. Before irradiation, no EPR signal is detected in any
of the materials considered here. At variance, after irradiation the char-
acteristic EPR signal of the HO2

• radical is clearly observed in all the O2

loaded samples [7–9,13]. Each HO2
• molecule involves an unpaired elec-

tron primarily located on anoxygen atomof themolecule. Since thema-
terials we have investigated are amorphous, the HO2

• radicals induced
by irradiation are randomly orientedwith respect to the staticmagnetic
field involved in the EPR measurements. This property confers to the
EPR line of the HO2

• the characteristic powder lineshape. Furthermore,
Fig. 2. Normalized Raman/PL spectra of AEOX50 pristine (black line) and O2 loaded (grey
line). Themain difference we can see is in the PL intensity at 1538 cm-1 and it is due to the
difference between the O2 concentration in the two samples. In the insert the magnifica-
tion of the spectral region between 300 and 1200 cm-1 is shown. In the insert, the main
bands of the spectra are indicated.
since the unpaired electron of the HO2
• radical is weakly coupled via

the hyperfine interaction with the magnetic nucleus of the H atom in-
volved in the molecule, its EPR spectrum actually comprises a couple
of powder lines, instead of a single one, with a separation of about 1.3
mT.

In Fig. 3 we compare the EPR spectra of two samples at T = 77 K
irradiated at the dose of 150 kGy: AEOX50 (black line) and AE380
(gray line). The chosen samples are representative ones because
AEOX50 and AE380 have specific surfaces and average diameters on
the opposite extremes. We can see that the line shape of the EPR reso-
nance is found to be virtually indistinguishable for the AEOX50 and
AE380 materials. This is true also for all the other analized materials.
This result shows how the differences in the structural properties of
the various materials don’t influence the line shape of the EPR reso-
nance in the spectral region here analized.

In Fig. 4 we show the normalized Raman/PL spectra obtained for the
O2 loaded a-SiO2 bulk sample before (gray line) and after (black line) ir-
radiation at the dose of ~10 kGy. The irradiation doesn’t modify a-SiO2

structural Raman bands and the little difference in the PL intensity of
the O2 band is commented in the following.

We have also studied by EPR technique the paramagnetic centers
induced by irradiation in the bulk sample. In Fig. 5 the comparison be-
tween the EPR line shapes obtained at T = 77 K from the a-SiO2 bulk
sample and from an AEOX50 sample irradiated at the same dose of
10 kGy is shown. The spectra are similar in shape but in the black spec-
trumyoumay notice a bifurcation of the peak at 340mTand a newpeak
at ~341mT. The bulk sample spectrum (black line) is very similar to that
obtained for the same material after laser F2 irradiation and reported
elsewhere [7,8]. After γ-ray irradiation and laser F2 irradiation one can
obtain the same paramagnetic centers: HO2

• , NBOHC, POR and Eγ′.
NBOHC (Non Bridging Oxygen Hole Center) and POR (Peroxy Radical)
defects both involve an unpaired electron located on the O atom of
the Si-O• and Si-O-O• groups, respectively, whereas the Eγ′ center
involves an unpaired electron located on a sp3 dangling bond of an Si
atom bonded to three O atoms of the matrix of the material. From the
EPR spectrum in Fig. 5 we have estimated a concentration of HO2

• of
~1016 spin/cm3 for the bulk silica sample, which corresponds to about
3% of initial O2 content and is in reasonable agreement with PL changes
detected by Raman spectra.

We studied also the variation of concetration of HO2
• and O2 mole-

cules with the dose of irradiation. To do this, we had to take into ac-
count the natural outgassing of the interstitial O2 molecules in our
sample [34]. With the aim to overcome this problem, we have loaded
simultaneously with O2 many samples of AEOX50 (the reader will ver-
ify in the following that the material is the one with the higher oxygen
Fig. 3. EPR spectra of HO2
• in the samples AEOX50 (black line) and AE380 (gray line).

Spectra are obtained at T = 77 K on irradiated samples at the dose of 150 kGy. Spectra
are normalized to the peak-to-peak amplitude.
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Fig. 4.Normalized Raman/PL spectra obtained from the bulk sample before (gray line) and
after (black line) the irradiation at the dose of 10 kGy. Spectra are normalized to the
amplitude of the 800 cm-1 band.

Fig. 6. Interstitial HO2
• concentration in AEOX50 as a function of the dose of irradiation.
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content) and we have chosen the duration of irradiations so that the
variation of O2 in time caused by outgassingwas negligible. We have ir-
radiated each sample at a different dose from 0.1 kGy to 1000 kGy. We
have found that, at every irradiation dose, the main feature of Raman/
PL and EPR spectra are the same as those showed before. In Fig. 6 we
report the interstitial HO2

• concentration in AEOX50 as a function of
the dose of irradiation for each sample. Each point in the graphic was
obtained from a different sample. Interstitial HO2

• concentration linearly
increases with the dose up to 10 kGy. For higher doses the generation
process of HO2

• starts to be less efficient. For a dose of 1000 kGy the in-
terstitial HO2

• concentration undergoes a drastic decrease. After this last
irradiation the interstitial O2 concentration is about 3% of the concen-
tration detected before. Probably, the reaction which governs the gen-
eration of the HO2

• molecules is gradually less efficient increasing the
irradiation dose due to the lacking of O2 molecules that can react.

We estimate also the interstitial O2 concentration in the irradiated
samples. In Fig. 7we report the variation of O2 concentration on increas-
ing the irradiation dose. We can see that the trend of the curve is very
similar to that of Fig. 6: for doses lower than about 10 kGy the trend is
linear, whereas for higher doses there is a saturation trend.

With the aim to deepen the understanding of the production mech-
anism that leads to the generation of the HO2

• radical we have irradiated
some samples of AEOX50 immersed in H2O or D2O. To further detail the
Fig. 5. Normalized EPR spectra obtained at T = 77 K in the a-SiO2 bulk sample after the
irradiation with a dose of 10 kGy (black line) and in an O2 loaded AEOX50 sample after
the irradiation at the same dose (gray line). Spectra are normalized to the peak-to-peak
amplitude.
experiment: three samples of AEOX50 were O2 loaded simultaneously;
one of them was irradiated in air, whereas the other two samples were
irradiated while they were immersed in water (AEOX50 in H2O) and in
heavy water (AEOX50 in D2O). The irradiation dose was of about
60 kGy. At the end of the irradiation we let the samples dry themselves
off in the air for some hours. Before and after the irradiation we have
done Raman and EPR measurements. In Fig. 8 we show the Raman/PL
spectra obtained after the irradiation. They are almost identical for
Raman shift less than ~1300 cm-1. For larger Raman shift we can see a
difference in the intensities of the PL bands and, only in the spectrum
of the sample immersed in D2O, a large band at ~2500 cm-1. This band
is due to the vibration of the D2Omolecules that cover the nanoparticles
[35].

In Fig. 9 we show the EPR spectra at T = 77 K of the samples of
AEOX50 irradiated in H2O and in air. We can see that the immersion
of the sample in water doesn’t modify the EPR line shape of the signal
obtained.

In Fig. 10 we show the EPR spectrum at T = 77 K obtained from the
sample of AEOX50 irradiated immersed in D2O. At once, we can notice
that the EPR line shape is very different with respect to that showed
in Fig. 9. Furthermore, we note that Kajihara et al. obtained the same
line shape by irradiating with F2 laser an a-SiO2 bulk sample in which
the SiOH groupswere substitutedwith SiOD groups [7]. Since this signal
was attributed to the DO2

• radical, we can reasonably conclude that γ-
irradiating a sample of AEOX50 immersed in D2O we obtain the DO2

•

radical instead of the HO2
• radical [7].
Fig. 7. Variation of interstitial O2 concentration in AEOX50 as a function of the irradiation
dose.
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Fig. 8.Raman/PL spectra obtained on the samples of AEOX50after the irradiation at 60kGy
in air (black line), in water (gray line) and in heavy water (dark gray line). Spectra are
normalized to the amplitude of the 800 cm-1 band.

Fig. 10. EPR spectrum at T = 77 K obtained from the sample of AEOX50 irradiated
immersed in D2O. Spectra are normalized to the peak-to-peak amplitude.
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4. Discussion

In Table 3we show specific surface, average diameter and interstitial
O2 concentration before and after the loading process for the materials
studied here. We can analyze the efficiency of the loading process and
the relationship between obtained values and the features of the mate-
rials. It can be noted that interstitial O2 concentration increases by a fac-
tor almost 20 compared to the pristine values. This demonstrates the
effectiveness of the loading process [17]. Furthermore, we can see that
the interstitial O2 concentration decreases with increasing specific sur-
face area [22].

We then consider the concentration of interstitial HO2
• molecules in

the studied materials for two doses of irradiation (50 kGy and 150 kGy)
with the aim to analyze the relationship between HO2

• concentration
and the features of nanoparticles. In Table 4 we show specific surface,
average diameters and HO2

• concentration for both the irradiations.
Also in this case, the larger the diameter (and the smaller the specific
surface), the more HO2

• are observed in the samples.
One of our goals of the present work is to compare the effect of an

irradiation process on bulk and nanostructured silica samples and to
clarify the irradiation conversion of O2 species. Our reference for the
study of bulk samples is the work of Kajihara et al. [7,8] who studied
the HO2

• radical in O2-loaded bulk a-SiO2 irradiated by F2-laser at T =
77 K. In their samples, through EPR mesurements, Kajihara et al.
Fig. 9. EPR spectra obtained at T = 77 K for two samples of AEOX50 irradiated in water
(black line) and in air (gray line). Spectra are normalized to the peak-to-peak amplitude.
observed, together with the hydroperoxy radicals, a comparable
amount of NBOHC plus POR. As said, we have analyzed O2-loaded nano-
structurated γ-ray irradiated a-SiO2 samples. Comparing our results
with those of Kajihara et al. [7,8] we can note a significant difference
in the paramagnetic centers produced. In principle, these differences
can be due to the different irradiation methods considered. To clarify
this point we γ irradiated an O2-loaded bulk sample. Our results
(Fig. 5) are consistent with those obtained from Kajihara et al. in ref.
[7]. From this analysis it is possible to conclude that the nature of the
irradiation considered does not influence the type of paramagnetic cen-
ters induced in the bulk material. By extension, we can assume that the
different results obtained by irradiating silica nanostructured or bulk
materials are exclusively due to the type of materials and to their prop-
erties and not to the type of radiation experienced. This result strongly
strengthens the supposition that the mechanism of generation of the
HO2

• centers in a-SiO2 nanoparticles is significantly different with
respect to that acting in bulk a-SiO2.

The analysis of the Figs. 6 and 7 let us to make some observations on
the generation process of the HO2

• radical in nanostructured samples.
We can see that the increase in HO2

• concentration is accompanied by
a similar decrease in O2 concentration. This lets us to infer that the
source of oxygen in the process of formation of the HO2

• radical is the
interstitial oxygen and not the structural oxygen. This also happens in
the a-SiO2 bulk samples studied by Kajihara et al. in ref. [7].

From the analysis of Figs. 6 and 7 we can suggest a strong quantita-
tive correlation between the amount of HO2

• produced by irradiation
and the variation of O2 content. This is true for all the materials studied
in this work. To further support this point we show in Fig. 11 the corre-
lation between the HO2

• concentration produced and the revised PL
intensity, IPLrevised, defined in the following. We know that the PL inten-
sity is proportional to the interstitial O2 concentration. Considering that
in our measurements we have referred the oxygen PL amplitude APL to
Table 3
Interstitial O2 concentrations in all the a-SiO2 nanostructured materials before and after
the loading process.

Name Specif. Surf. Aver. Diam. O2 Conc. pre load. O2 Conc. post load.
(m2/g) (nm) (1018 molec./cm3) (1018 molec./cm3)

AEOX50 50 40 0.42 ± 0.17 9 ± 4
AE90 90 20 ≈0.4 7 ± 3
AE200 200 12 0.19 ± 0.08 4.3 ± 1.7
SIG200-12 200 12 0.21 ± 0.08 4.1 ± 1.6
AE300 300 7 0.08 ± 0.03 1.8 ± 0.7
AE380 380 7 0.06 ± 0.02 1.2 ± 0.5
SIG395 395 7 0.05 ± 0.02 1.0 ± 0.4
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Table 4
Interstitial HO2

• concentrations in the silica nanoparticles here studied after irradiations at
doses of 50 kGy and 150 kGy.

Name Specif. Surf. (m2/g) Aver. Diam. (nm) HO2
• Conc.

(1017 molec./cm3)

50 kGy 150 kGy

AEOX50 50 40 21 ± 4 28 ± 6
AE90 90 20 13 ± 3 20 ± 4
AE200 200 12 7.2 ± 1.4 8.0 ± 1.6
SIG200-12 200 12 7.0 ± 1.4 ≈8
AE300 300 7 1.9 ± 0.4 2.9 ± 0.6
AE380 380 7 1.0 ± 0.2 1.5 ± 0.3
SIG395 395 7 1.0 ± 0.2 1.7 ± 0.3
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the Raman band at 800 cm-1 we can define the PL intensity IPL as:

IPL ¼
APL

A800
ð3Þ

The proportionality factor between the O2 concentration and the PL
intensity IPL just defined is equal to the ratio between α, a quantity
assumed independent of the type of nanoparticle considered [18,19],
and the PL lifetimes. Taking advantage of this consideration it is possible
to define IPLrevised:

IPLrevised i ¼ IPLi �
τAEOX50

τi
ð4Þ

Differently from IPLi, IPLrevised i is independent from the features of the
material thanks to the normalization with τi. Moreover, taking advan-
tage from Eq. (2) we can obtain:

IPLrevised i ¼
CO2 i

KAEOX50
ð5Þ

The quantity IPLrevised i is important because it is proportional to the
O2 concentration and the constant of proportionality is the inverse of
the factor KAEOX50 ~ 1.8 · 1017 cm-3 as determined basing on reference
[17].

On the basis of the data reported in Figs. 6 and 7we can suppose that
in each experiment the observed decrease in the interstitial O2 concen-
tration is due essentially to the reaction that gives rise to formation of
the HO2

• radicals. So, in Fig. 11 we report the variation of IPLrevised as a
Fig. 11. Correlation graph between the variation of IPLrevised and the HO2
• concentration in

all the materials here studied. Both axes of the graph are shown in logarithmic scale to
allow easier recognition of the linear dependence. The gray line represents the linear
regression with fixed intercept through the origin. The dark gray line represents the
expected trend with slope of 5.6 · 10-18. This value is the inverse of KAEOX50, obtained
from the work of Kajihara et al. in ref. [8] (see text).
function of the HO2
• concentration. Both axes of the graph are in loga-

rithmic scale to allow easier recognition of the linear dependence
presented. On the basis of the discussion reported above, we expect
that the data follow the straight line with slope 1 / KAEOX50 =
5.6 · 10-18 cm3. In Fig. 11 the dark gray line represents the expected
trend while the gray line represents the linear regression of the experi-
mental data byfixing the intercept on the origin of axes. The linear trend
allows us to supportwith good confidence that, in every case, during the
irradiation process the only significant process that causes the decrease
of the O2 concentration is the generation process of the HO2

• radical. The
slope of the linear regression line is ~6.5 · 10-18 cm3 and its inverse is
equal to 1.5 · 1017 cm-3. This estimate provides a new conversion factor
that allows to obtain the interstitial O2 concentration from the PL inten-
sity in the Raman spectra. This latter value is independent from those
obtained from data previously reported in the literature [8,24,36]
because the methodology used is different. The previous values were
obtained in three separate experimental works [8,24], so it is of consid-
erable importance that the conversion factor obtained by us (about
1.5 · 1017 cm-3) is compatible with the values that can be obtained
basing on previous investigation (KAEOX50 ~ 1.8 · 1017 cm-3 obtained
from the work done by Kajihara et al. [8]; KAEOX50 ~ 3.5 · 1017 cm-3

from the work done by Skuja et al. [36]; KAEOX50 ~ 0.9 · 1017 cm-3 from
the work done by Agnello et al. [24]) using the amplitude ratio of the
SiO2 Raman bands at 1000-1200 cm-1 and the O2 Raman/PL spectra. In
this context it is worth to remember that the error reported for the
optical estimation of the conversion factoris about 50%.

Nowwe can discuss about the generation process of the HO2
• radical

in O2-loaded fumed silica. Our EPR spectra reported in Fig. 3 essentially
represent the proper HO2

• line shape. At variance, with respect to previ-
ous experimental investigations focused on bulk a-SiO2 [7,8,37], in our
spectra no signals ascribable to NBOHC and POR radicals have been
clearly detected. This suggests that these latter defects, if present, are
induced in a significantly lower concentration in fumed silica upon irra-
diation with respect to the other paramagnetic defects. To further sup-
port this point, in ref. [9] some irradiated samples were subjected to
H2 loading because NBOHC radicals are known to be very reactive
with these molecules [7]. Consequently, the treatment of H2 loading is
expected to cancel out the contribution of these centers to the overall
EPR spectrum. Buscarino et al. [9] showed that the treatment does not
affect the resonance line shape at all, strongly supporting the conclusion
that in comparison with the HO2

• no significant concentration of NBOHC
and POR are induced in O2-loaded fumed silica upon γ-ray irradiation.
This finding indicates that the source of the hydrogen which interacts
with O2 molecules to give HO2

• radicals, doesn’t arise from SiOH or
SiOOH groups, as in the case of bulk a-SiO2. Furthermore, the hydrogen
source can not even consist in H2molecules dissolved into the as-grown
material, as they are expected to escape efficiently from the material by
rapid diffusion at room temperature. A plausible alternative hypothesis,
proposed in ref. [9], states that the hydrogen atoms that react with O2 to
form HO2

• may come from the radiation induced breaking of the H2O
molecules inside the material and those covering the nanoparticles
[38–40]. In order to test this hypothesis an experiment has been devel-
oped that has allowed us to clarify the issue. The experiment consisted
in some irradiations with the samples immersed in water or heavy
water, whose results are reported in Figs. 8, 9 and 10. In Fig. 9 the EPR
spectra of the samples of AEOX50 irradiated in H2O and that of the sam-
ple irradiated in air show that the immersion of the sample in water
doesn’t modify the EPR line shape of the signal obtained. At variance,
the spectrum reported in Fig. 10 allows us to conclude that γ-
irradiating a sample of AEOX50 immersed in D2O we obtain the DO2

•

radical instead of the HO2
• radical. This effect can be explained consider-

ing that immersing the sample studied in D2O, it quickly replaces the
water molecules surrounding the nanoparticles. In addition, from liter-
ature data, it is known that water molecules diffuse in a-SiO2 [41] and
then it is reasonable to expect the same also for molecules of heavy
water. This allows us to say with good confidence that, in addition to

image of Fig.�11
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the layer surrounding the nanoparticles, H2O and, in the experiment
with heavy water, D2O molecules are present in the interstices of the
material. The result of the experiment of irradiation in D2O confirms
that the water molecules are the source of hydrogen in the formation
of interstitial HO2

• in silica nanoparticles. This finding highlights that
the different generation process of HO2

• observed in silica nanoparticles
with respect to bulk silica is mainly due to the different structural prop-
erties of the twomaterials. The predominant role is played by the specif-
ic surface, much larger in the nanoparticles than the bulk. This aspect
makes the availability of water significantly higher in the first system
than in the latter and it is very important because, due to the small
size of the nanoparticles, the hydrogen atoms produced by irradiation
can easily and quickly reach the whole volume of the material.

Finally, it is necessary to pay attention to the HO2
• and DO2

• concen-
trations generated during irradiation (Table 5). We can immediately
notice the significant difference between these quantities related to
the two immersed samples compared to those we have observed in
the sample irradiated in air. For the two immersed samples, we can
see larger HO2

• and DO2
• concentrations and a higher O2 concentration

variation compared to what we can see for the sample irradiated in
air. This behaviour can be explained with the considerably greater
amount of H2O and D2O surrounding the nanoparticles in the two
cases. Nevertheless, even in the samples irradiated in immersion the
correlation between the HO2

• and DO2
• concentration generated by radi-

ation and the O2 concentration variation is satisfied.
5. Conclusion

We have reported an investigation on the generation process of HO2
•

radicals by γ-ray irradiation in O2-loaded silica nanoparticles of differ-
ent types. By the combined Raman and EPR investigation of irradiated
samples we confirmed that the generation process of the HO2

• molecule
in nanoparticles is different with respect to that in bulk silica. In fact, in
the former system HO2

• radicals are generated upon room temperature
γ-ray irradiation by the reaction of interstitial O2 molecules with H
atoms, arising from the radiation induced breaking of H2O molecules
surrounding the nanoparticles or in the interstices. This generation pro-
cess is significantly different with respect to that which takes place in
bulk silica, where the H atoms reactingwith O2 to generate HO2

• radicals
arise from radiation induced breaking of OH bonds in SiOH or SiOOH
groups. This strong difference in the generation process of HO2

• radicals
in the two systems is strictly related to the specific surface of the mate-
rial. In fact, a higher specific surface implies overall a larger number of H
atoms available for unit mass of thematerial, and produced by radiation
induced H2O breaking as well as a reduced distance of the trapped O2

molecules from the surface. Both these properties increase significantly
the probability of formation of HO2

• radicals, making this process of
generation actually dominant in materials with high specific surface,
as silica nanoparticles.

We also obtained an estimation of O2 concentration from its correla-
tionwith generated HO2

• radicals and determined a conversion factor in
agreement with previous experimental findings that allows to estimate
the O2 content in silica nanoparticles from Raman/PL spectra.
Table 5
HO2

• concentrations and variation of the O2 concentration in AEOX50 samples irradiater in
air, in H2O and D2O.

Name -Δ O2 Conc. (molec./cm3) HO2
• Conc. (molec./cm3)

AEOX50 in air (1.9 ± 0.8) · 1018 (1.8 ± 0.4) · 1018

AEOX50 in H2O (3.1 ± 1.2) · 1018 (2.9 ± 0.6) · 1018

AEOX50 in D2O (2.4 ± 1.0) · 1018 (2.8 ± 0.6) · 1018
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