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Abstract: The paramagnetic defects and radiation-induced paramagnetic centers (PCs) in silica
opals can play a crucial role in determining the magnetic and electronic behavior of materials
and serve as local probes of their electronic structure. Systematic investigations of paramagnetic
defects are essential for advancing both theoretical and practical aspects of material science. A
series of silica opal samples with different geometrical parameters were synthesized and radiation-
induced PCs were investigated by means of the conventional and pulsed X- and W-band electron
paramagnetic resonance, and 'H/?H Mims electron-nuclear double resonance. Two groups of
PCs were distinguished based on their spectroscopic parameters, electron relaxation characteristics,
temperature and time stability, localization relative to the surface of silica spheres, and their origin.
The obtained data demonstrate that stable radiation-induced E” PCs can be used as sensitive probes
for the hydrogen-containing fillers of the opal pores, for the development of compact radiation
monitoring equipment, and for quantum technologies.
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1. Introduction

Synthetic silica opals, with their unique photonic properties and structural characteris-
tics, have garnered significant attention in the fields of materials science and condensed
matter physics. These photonic crystals, characterized by their ordered arrangement of
silica spheres, exhibit a range of optical phenomena, including iridescence and photonic
bandgap effects, which make them promising candidates for various applications such as
(photo)catalysis, optics, sensing, energy storage, and telecommunications [1-6]. Paramag-
netic centers (PCs), typically arising from defects, impurities, or dopants within the crystal
lattice, can play a crucial role in determining the catalytic, magnetic, and electronic behavior
of materials. PCs can serve as local probes of the electronic structure, providing insights
into the bandgap and conduction mechanisms within the opal matrices [7-11]. Understand-
ing the nature of these defects can lead to the optimization of the material’s properties
for specific applications, such as enhancing catalytic activity, light-matter interactions, or
improving the efficiency of photonic devices.

Interaction between PCs and the surrounding lattice can lead to novel phenomena,
such as magneto-optical effects, which have potential applications in (photo)catalysis,
spintronics, and quantum computing [1,12,13]. The ability to manipulate and control
these interactions opens new avenues for the development of advanced materials with
tailored functionalities.

When the materials are subjected to radiation (such as gamma rays, X-rays, etc.)
various defects can be created, leading to the formation of stable PCs [14-21]. These centers
can serve as valuable probes for understanding the underlying mechanisms of radiation
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damage and defect formation, which are critical for the development of radiation-resistant
materials. Examining these PCs may result in the creation of novel diagnostic tools for
radiation detection and dosimetry [22]. We have demonstrated in earlier research that stable
PCs produced by X-rays in porous media made of silica can also yield valuable information
about the surface or near-surface state [9], mechanisms of adsorption of polar components
of crude oil on silica surface, and heavy oil oxidation processes [10]. Radiation-induced PCs
might provide insight into the arrangement of substrates in the porous media and could be
used to study catalytic activities [23-25], influence of dimensionality, surface modifications,
and size effects [17].

Electron paramagnetic resonance (EPR) is recognized to be an effective method for
detecting and quantifying various PCs in a wide range of condensed materials. Although
radiation defects in quartz-like materials have been studied by EPR for many decades (see
the literature described above and references therein), data on their spectroscopic and time-
dependent parameters vary widely. This seems to be due to different methods/conditions
of synthesis, storage, treatment, and irradiation of starting materials, as well as to the
great diversity of radiation defects observed in the materials under study. The transition
to low-dimensional and nanoscale samples, which are necessary for the development of
modern technologies, also significantly increases the role of surface effects/defects, which
have not yet been fully investigated. High-resolution EPR (in magnetic fields B above
1.5 Tesla), and pulsed EPR techniques which can provide additional information on the
behavior of the paramagnetic system and its interaction with its surroundings, have rarely
been applied to the study of radiation defects in opals. Data on electronic relaxation times,
long values of which are necessary for spin/quantum manipulations, are missing for a
number of paramagnetic defects, which does not allow us to compare different systems
among themselves to select the most efficient ones. Many experiments in the past were
performed only at room and liquid nitrogen temperatures (T = 77 K). The objective of
this work was to fill some gaps in the characterization of a number of radiation defects in
original synthetic opal samples with EPR.

This paper is devoted to the investigations of radiation-induced PCs in the series of the
synthesized opals with different sized silica spheres with conventional and pulsed electron
paramagnetic resonance (EPR) and electron-nuclear double resonance (ENDOR) techniques
with the aim to attain comprehensive knowledge about the nature of the obtained defects.

2. Materials and Methods

The opal synthesis route was described in detail in Reference [9]. Briefly, ethanol,
tetraethylorthosilicate (TEOS, >99.9%), and ammonium hydroxide solution (25% of NHj3)
were purchased from Aldrich Inc. (Boston, MA, USA) and utilized without further purifi-
cation (96%). The two-step-controlled growth method based on the regeneration of silica
seeds was used to create silica spheres. The first stage was making the seed dispersion
by combining 3.0 mL (40 mmol) of ammonium hydroxide solution, 34 mL (1.9 mole) of
deionized water, and 4.5 mL (20 mmol) of TEOS in 80 mL of 100% ethanol. The reaction
mixture was kept at 60 °C with stirring for twenty-four hours. Silica nanoparticles of
about 20 nm were present in the obtained dispersion. In the second step, 100 mL of the
obtained seed dispersion was mixed with 3.75 mL (46 mmol) of ammonium hydroxide
solution. Two solutions were then dosed over the course of five hours using a Cole Parmer
MasterFlex (Chicago, IL, USA)peristaltic pump: 270 mL of a 1.5 M TEOS solution in ethanol
and 270 mL of a 1.2 M NH3 solution in ethanol. The reaction mixture was kept at 60 °C
with stirring for twenty-four hours. The separation of silica particles was achieved using
centrifugation at 10,000 rpm, followed by regular washings with ethanol, water-ethanol
solutions (1:3, 1:1, and 3:1), and deionized water. After that, the dried silica spheres were
calcined for 12 h at 600 °C in a furnace. The desired temperature was reached at a rate of
60° C-h~ 1.

The isothermal heating evaporation-induced self-assembly (IHEISA) approach was
utilized to manufacture silica colloidal crystals by a modified vertical deposition tech-
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nique [26]. After using sonication to scatter silica particles in ethanol, a handmade setup
was used to maintain 79.8 °C in a glass beaker containing the dispersion. Colloidal crystal
fragments were extracted with caution from the beaker walls and then calcined for 12 h at
temperatures of 850, 950, and 1000 °C (corresponding to particles with sizes of 93, 274, and
565 nm; these particles are referred to as S, M, and L in this paper).

Scanning electron microscopy (SEM) was used to quantify the particle size in colloidal
crystals. SEM observations were performed using a field emission high resolution micro-
scope Merlin (Carl Zeiss, Jena, Germany). Surface morphology observation photos were
collected at a 15 kV accelerating voltage for incident electrons and a current of 300 pA.

The ASAP 2020 MP instrument (Micromeritics, Norcross, GA, USA) was used to
quantify the surface area of the samples by performing nitrogen adsorption and desorption
experiments at 77 K. The Brunauer-Emmett-Teller (BET) equation was utilized to ascertain
the specific surface areas of the silica colloid crystal samples. The diameters of the octahe-
dral and tetrahedral pores (d,, d¢) of the samples were determined to be 0.631 D and 0.368
D, where D is the diameter of the silica sphere [27].

Silica opals are thought to be EPR silent. To create stable radicals in opal, X-ray
irradiation of the URS-55 source (U = 55kV, I = 16mA, Wanticathode) at room temperature
(RT) for 2 h with the estimated dose of 15 kGy was exploited. To test the influence of the type
of irradiation on the observed spectra, the samples were subjected to gamma-irradiation at
RT for 90 min (“Microtron-cT”, Russia, bremsstrahlung radiation, beam energy 21 MeV,
current strength up to 5 uA, pulse repetition time 200 Hz, pulse duration 3 us, gamma-
ray flux 5 x 108 (cm?-s)~!, estimated absorbed dose 15-20 kGy). The irradiation was
conducted in the A.A. Baikov Institute of Metallurgy and Materials Science (IMET RAS,
Moscow). It was found that spectral and relaxation characteristics of the observed PCs do
not practically differ from the parameters of the PCs obtained after X-ray irradiation.

EPR investigations were carried out using X-band Bruker ESP 300 (microwave frequency
v = 9.5 GHz) and Bruker Elexsys X- and W-band (microwave frequency v = 93.5 GHz)
E580/680 spectrometers (all EPR spectrometers were produced in Karlsruhe, Germany)
equipped with helium flow cryostats. We used conventional continuous wave (CW) and
two-pulse field swept electron spin echo (FS ESE) measurements for the detection of EPR
signal and the primary Hahn-echo (7t/2-1-7-echo), where 7 is the interpulse delay time of
240 ns, with the 71/2 and 7 pulse lengths of 40 and 80 ns for the X-band, and 32 and 64 ns
for the W-band, respectively. For measurements of the spin-lattice relaxation times (T¢),
the inversion-recovery sequence with an additional inverting m-pulse (7-71/2-t-1-echo) was
used. For the W-band ENDOR experiments special cavities and Mims pulse sequence (7t/2-
1-71/2-T-1t/2) with an additional radiofrequency (RF) pulse mrp = 18us inserted between
the second and third microwave 7t/2 pulses were exploited. The RF in our setup could be
swept into the range of 1-200 MHz. Details of the EPR, ENDOR pulsed measurements,
and determination of the electron relaxation parameters are given in paper [28]. The EPR
and ENDOR spectra were fitted by exploiting the Easyspin program (version 5.1.0) for
Matlab [29].

Protonated (DMSO-H6) and deuterated (DMSO-D6) dimethyl sulfoxide (DMSO) to
fill the opal pores for the investigation of electron—nuclear interactions was purchased
from Aldrich.

3. Results and Discussion

Figure 1 and Table 1 present the data of the geometric characterization of the synthe-
sized materials. As it was already mentioned in Section 2, three series of opal samples (S, M,
and L) with the average sizes of the silica spheres of 93, 274, and 565 nm were distinguished
and investigated by EPR techniques.
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Figure 1. SEM images of synthesized opal samples (from left to right: S, M, L).

Table 1. Average size of silica spheres, BET surface area (as(BET)), pore volume, porosity (P),
and calculated octahedral (dy) and tetrahedral (d¢) pores diameters (spherical pore model) for
synthesized samples.

Sample Average Size, nm as(BET), m? g1 Pore Volume, cm® g1 o do, nm d¢, nm
S 93+6 33.8+0.2 0.23 +0.01 0.33 £ 0.01 59 34
M 274 + 15 94+ 0.1 0.19 £ 0.01 0.28 4+ 0.01 173 101
L 565 + 20 514+0.1 0.22 +0.01 0.32 +£0.01 357 208

The data are presented in Table 1.

No EPR signal was registered for the initial, non-irradiated samples within the sen-
sitivity limits of our equipment, evidencing the absence of paramagnetic impurities and
secondary paramagnetic phases. After the irradiation of the samples, the EPR spectra were
observed (see Figures 2-5). Their spectra are close to each other for samples S, M, and L
and represent a superposition of absorption lines in the region of spectroscopic g-factor 2.
Examples of the X-band spectra for the S sample at two microwave power levels are shown
in Figure 2a. For a better signal-to-noise ratio, the temperature was lowered; however,
conventional EPR can also be observed at ambient conditions and at RT. The arrows point
out the features of the observed EPR spectra with the corresponding spectroscopic g-factors.

Four main types of EPR lines in silica are considered in the literature.

Type 1. One main type is the EPR line with g = 2.006. It is characteristic of the EPR
lines of broken silicon bonds in crystalline and amorphous Si and in amorphous SiO; layers,
in which the g-factor varies from 2.006 to 2.0006. The determined value of g is closer to the
value of 2.006 and indicates that these defects are due to defects in the SiO; phase and can
be depicted as SiOO-or SiO,=S5i- [15].

Type 2. Other lines of spectra are usually attributed to peroxy radicals (POR) [30].
The POR is a molecular ion O, bonded to one Si atom in the SiO; matrix, i.e., it has
the configuration O3=5i-O-O-. For POR in SiO,, the literature provides the following
values of the g-tensor components defined by the orthorhombic symmetry of the complex:
g1 =2.0019 £ 0.0002; g, = 2.0072 £ 0.0002; g3 = 2.067 % 0.003 [31].

Type 3. The third type focuses on the defects associated with broken bonds of oxy-
gen atoms, the non-bridging oxygen hole center (NBOHC, O3=5i-O-). For NBOHC, the
literature data provide g; = 2.0100 and gy = 2.0010 [31,32]. In our experiments, we did not
observe these lines.

Type 4. A line from the E’-center that easily saturates with microwave power and
this helps to distinguish it from the mentioned above three types of lines (Figure 2c).
We determined for the E’-center spin-lattice (longitudinal) relaxation times T; ~ 1 us at
T =300 K in the X-band and T; =~ 700 ps in the W-band at T = 120 K (Figure 2b) (at RT in
the W-band the electron relaxation times were too short to measure). It was found that T;
does not depend on the average size of the silica sphere.
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Figure 2. (a) The X-band CW EPR spectrum for S sample acquired at T = 100 K and the different
values of the microwave power (25 mW—red line and 25 pW—black line) immediately after X-ray
irradiation. The arrows indicate the features of the spectrum and the values of g-factors for them.
(b) The inversion-recovery curve multiplied by (—1) for sample S at T = 120 K in the W-band in
the magnetic field corresponding to g, = 2.0009 (black curve), and its approximation with the
monoexponential function with T1 = 711 4 50 ps (red line). (c¢) The W-band pulsed EPR spectrum
for S sample at T = 120 K; the features of the spectrum of axial symmetry with g = 2.0019, and
gL =2.0009 are marked.

T T T T T
W-band
T=30K

sample S

immediately after irradiation
——— 3 days after irradiation

Mn?* (reference)
| \ l
1 L 1 L 1 L 1

3300 3320 3340 3360
B (mT)

Figure 3. The W-band EPR spectrum of S sample at T = 30 K immediately after X-ray irradiation
(black curve), and 3 days after irradiation (red curve). The arrows indicate the changing of the

spectrum due to PCs recombination. The grid of six lines marks the hyperfine structure of Mn?* ion
in the reference sample.
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Figure 4. (a) The X-band CW EPR of the X-ray irradiated samples for L (black line), M (red line), and
S (blue line) detected at T = 100 K in the same experimental conditions. The value of the microwave
power is 25 uW. The intensities (amplitudes) of the spectra are normalized to the masses of the
samples. (b) The dependence of the relative EPR intensity of E’-centers on the characteristic size of
particles in the log-log scale. The red line is the approximation by the function f(x) = A/d, where d is
the diameter of the particles and A is a fitting coefficient.
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Figure 5. The X-band CW EPR spectrum for sample L at T = 100 K acquired in the same experimental
conditions before annealing (black curve 1), and after annealing at T = 423 K for 10 min (red curve 2).

The obtained spectroscopic parameters are typical for E’-centers, which are broken
Si bonds in SiO; with the O3=Si-configuration (E defects are usually subdivided into
E’ and E” to indicate the presence of one and two trapped electrons, respectively). X-
and W-band measurements provide the following spectral parameters for the PC of axial
symmetry: g =2.0019 + 0.0005 and g, = 2.0009 £ 0.0005 [9]. It was found that spectro-
scopic parameters of the E’-centers do not depend on the size of the silica spheres (see
Figures 2c, 4a and 5).

The other three types of EPR signals are not saturated (do not disappear) with high
microwave power. Figure 3 shows the W-band pulsed EPR spectra acquired for the
freshly irradiated sample S, and also for the same sample 3 days after irradiation. To
exclude the signal from the easily microwave-power-saturated E’-center, measurements
were performed at the maximum achievable microwave power (about 100 mW) at T = 30 K.
The noticeable change in spectrum occurs due to the paramagnetic centers recombination
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in the range of g = 2.016-2.006. Therefore, it can be assumed that lines with such a g-factor
range belong to the type of paramagnetic centers that decay slightly faster than the others.
The spectrum of the E’ center is stable and almost completely disappears after anneal-
ing for 10 min at T = 423 K (Figure 5). The time decay of the EPR intensity of the induced
E’-centers at RT after X-ray irradiation measured at the X-band is shown in Figure 6. For
all of the studied samples, the decay curves are the same and can be approximated by
one exponent, which indicates the similar nature and type of investigated EPR centers in
all samples. The half-life period was estimated as t;,, = 648 & 30 h from the following
equation [33]:
t1/2 = tIn(2)/In(No/N), 1)

where t is the elapsed time, N is the initial amount of PCs of the substance, and N is the
amount of PCs after time t.
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1 .- = S1
- e, . L ]
U) \\\
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Y— “.
o) X
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©
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Time after irradiation (hour)

Figure 6. Decay curve of EPR intensity of induced E’-centers in log-log scale. S1 and S2 are S samples
synthesized one week apart.

The dependence of the EPR line intensity of the E’-centers on the characteristic sizes of
SiO; particles is presented in Figure 4. Since the intensity of the EPR lines is proportional to
the concentration of PCs, and the irradiation dose in all samples is the same, we can compare
the concentrations of the induced paramagnetic centers in SiO, particles of different sizes.
Figure 4b shows the inverse dependence of the intensity with the particle size: when the
characteristic particle size decreases, the concentration of paramagnetic centers increases.
Such inverse dependence (taking into account the results of the ENDOR experiments
presented below and the fact that the pore volumes are roughly the same for all the samples,
see Table 1) may serve as evidence that the E’-centers are not bulk PCs (are not located in the
volume) and are not distributed on the SiO, surface but in the near surface layer of the SiO,
spheres (in the shell of the core-shell model, see [34]). In Reference [34], the concentration
of the nitrogen and nitrogen-vacancy centers in (nano)diamonds was investigated and the
locations of PCs of different origins were established from the analysis of the EPR intensity
with particle size. Since we examined only three samples in our experiments, the exact
functional relation and estimates of the surface layer thickness in which E’-centers are
distributed are not given here.

The SiO, pores were filled with solutions of protonated and deuterated DMSO in
order to investigate the localization of the induced paramagnetic centers and the extent of
their reactivity. For the experiment, sample M was selected. Two scenarios were examined:
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in the first, DMSO was first used to fill (infiltrate) the pores of the samples, and then X-ray
irradiation was performed; in the second scenario, the sequence of events was switched.
Two types of DMSO molecules were used in the investigation of the nature of the bonds
that were formed between the induced paramagnetic centers and the molecules: protonated
(DMSO-H6) and deuterated (DMSO-D6). As a result, four different types of spectra were
examined for both qualitative and quantitative change assessment (Figure 7).

“‘ﬂ —— DMSO-H6+X-ray
| —— DMSO-D6+X-ray
“‘ [— X-ray+DMSO-H6
w K — X-ray+DMSO-D6

EPR intensity (a.u.)

344.0 344.5 345.0

B (mT)

Figure 7. EPR spectra of induced E’-centers acquired at T = 100 K at different orders of irradiation

343.5

and filling of M sample.

Consequently, it can be observed that while the parameters of the E’-center spectrum
in each of the four cases under investigation do not change, the intensity of the spectra in
the case where the samples were irradiated prior to being filled with DMSO is noticeably
higher than in the case of the opposite order of actions. Presumably, the presence of DMSO
molecules in the adsorbed near-surface layer prevents some of the PCs from forming on
the surface of SiO, particles after X-ray irradiation.

Even though the infiltrated samples” EPR spectra have the same parameters as the
non-infiltrated samples, their spectra cannot be detected at RT because infiltration causes
the EPR signals’ intensity to sharply decrease and the E’-centers’ relaxation times to shorten.
Contrastingly, in the original opals, the T; is about 1 us at T = 300 K in the X-band and
about 700 ps in the W-band at T = 120 K, for the infiltrated samples the value T of 1 us
was reached only at T ~ 15 K for both frequency ranges.

While the spectral and relaxation characteristics of the radiation PCs do not change
upon introduction of H or 2H DMSO (Figure 7), different W-band ENDOR spectra of the
interaction of proton and deuterium nuclei with PCs in opal were recorded. We were not
able to detect either 'H or 2H ENDOR spectra for the first and second types of PCs. This
most likely indicates a “deeper” embedding of these PCs in the SiO, thickness and/or
their well localized electron density function, which does not allow detection of weak
electron—nuclear interactions with solvent nuclei. Thus, PCs of types 1 and 2 can hardly be
used to analyze reaction processes in opal pores.

Well-resolved 'H-ENDOR splittings were obtained for both values of the external
magnetic field corresponding to the g and gL (see Figure 2c). The 'H-ENDOR spectra for
the E’ center detected at T = 100 K in the magnetic fields corresponding to the g, =2.0009
are presented in Figure 8.
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Figure 8. (a) 'H-ENDOR (W-band) for opals filled with DMSO-H6 and DMSO-D6 at T = 100 K in
magnetic fields corresponding to g | of E’-center. Red lines are Easyspin fittings by using Equation (2)
with electron-proton distance r = 0.41 nm; (b) 2H-ENDOR (W-band) for opals filled with DMSO-D6
at T =50 K in magnetic fields corresponding to g (upper panel) and gL (lower panel) components
of E’-center.

The 'H-ENDOR patterns and ratio between the splittings for two orientations (roughly
2:1) allows us to make an assumption that the strong electron—proton hyperfine interaction
originates mainly from the dipolar interaction. In the approximation of electron—proton
point-dipole interaction between electron and nuclear spins, one can observe the RF split-
ting depending on the electron-proton distance r as follows:

|Af|= ssg1Bspi(3eos’ @ ~1)/1, @
where gs, g1, Bs, 1 are the g-factors and Bohr’s magnetons of the electron and nucleus,
respectively, and © is the polar angle between the direction of the applied magnetic field
and the line connecting the S and I spins [9]. The obtained value of Af corresponds to
electron-proton distance of 0.41 nm. It shows that stable E’ centers are localized near the
silica sphere surface.

No splitting was observed in the 2H-ENDOR experiments with the deuterated DMSO
solution (Figure 8b). The ENDOR spectra for 2H by exploiting the deuterated DMSO shows
itself as a line on the Larmor frequency of 2H due to the interaction with the remote nuclei
(r > 10 nm). The obtained data testify in favor of the formation of stable bonds (complexes)
of hydrogen with surface PCs.

The obtained data demonstrate that stable radiation-induced E’paramagnetic centers
could be used as sensitive probes for the hydrogen-containing fillers of the opal pores.

4. Conclusions
The main results of the work can be summarized as follows:

1.  After X-ray and gamma-irradiation at RT in all samples, two groups of paramagnetic
centers (unstable and fast relaxing vs. more stable and slower relaxing E’-centers) are
formed. The first group is ascribed to the presence of two types of PCs, namely to the
broken silicon bonds in SiO, (SiOO- or SiO,=Si-), and peroxy radicals O3=Si-O-O-.

2. By using pulsed high-field W-band EPR, the spectroscopic parameters g; = 2.0020 &
0.0004; g» = 2.0060 £ 0.0002; and g3 = 2.0372 £ 0.002, which are not dependent
on the average size of the silica spheres for the peroxy radicals, were defined with
high precision.

3. For the long relaxing E’-centers (T1 ~ 1 us at T = 300 K in the magnetic field of 340 mT

and T; ~ 700us at T = 120 K in the magnetic field of 3400 mT), the intensity of the EPR
spectra inversely depends on the average size of the silica spheres. It is ascribed to
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the preferable location of the E’-centers in the shell (in the near surface layer) of the
SiO; spheres.

4.  The half-life of the EPR intensity time decay at room temperature was defined
ast]/» = 648 £ 30 h and does not depend on the average size of the silica spheres.
The EPR spectra disappear (within the sensitivity of our equipment) after annealing
for 10 min atT = 423 K. The sensitivity of the EPR spectrum intensity to irradiation, the
size of silica spheres, and the possibility of the rapid annealing of radiation-induced
paramagnetic centers make the considered system suitable for the development of
compact radiation monitoring equipment.

5. From the W-band ENDOR experiments with filling pores with DMSO, it follows that
E’-centers can be used for proton sensing. The ENDOR experiments also confirm
that the E’-centers obtained by EPR are mainly distributed in the near-surface layer
of the silica spheres. Stability, relative narrow EPR spectrum, long relaxation times
even in the high magnetic fields of 3400 mT, and strong electron—nuclear interaction
with protons of DMSO allow us to consider E’-centers in opal as a model of the
two-dimensional system for the development of quantum technologies.
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