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Abstract
The molecular dynamics and partition of nitroxide spin probes in the tetrakis(2-hydroxyethyl) orthosilicate (THEOS)/
ethylene glycol/water system during its transformation from a liquid solution into a sol and gel structures were studied
depending on the processing time and the pH of the medium. In acidic (pH 3.5) and neutral (pH 6.8) media, an increase in
the effective rotation correlation time (τeff) of positively charged probes (Cat 7 and Cat 14) in the liquid phase of the sol–gel
system and a subsequent decrease in τeff was found, with the growth and a decay times of τeff decreasing with an increase in
pH. The values of τeff are due to the “dynamic exchange” of probes between the solution and the surface of colloidal particles
formed in the sol–gel process. The decrease in τeff is apparently due to a slowdown in the exchange of probes between the
solution and the surface of the particles due to a decrease in the surface during the enlargement of particles, as well as to
the formation of a gel. These changes are accompanied by a decrease in the concentration of probes in the solution and the
appearance of strongly immobilized EPR signals (SIS), apparently from probes that are bound in the bulk of sol and gel
particles and do not exchange with the solution. The sizes of sol particles, determined from the parameters of the SIS shape,
increase with the duration of incubation in the range of several nm.

Graphical abstract
Spin probe EPR spectra in tetrakis(2-hydroxyethyl) orthosilicate/ethylene glycol/water system at different processing times.
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Highlights
● The molecular dynamics and partition of the positively charged nitroxide spin probes in the tetrakis(2-hydroxyethyl)

orthosilicate/ ethylene glycol/water system during its processing from liquid solution into sol/gel were studied depending
on the processing time and pH.

● In the liquid phase, an increase in the effective rotational correlation time (τeff) of the probes and subsequent decrease in
τeff occur. These changes are due to the dynamic exchange of probes between the solution and surface of the colloidal
particles formed.

● The above changes are accompanied by appearance of probes immobilized in the bulk of particles and not exchanging
with the solution. The sizes of sol particles increase in the range of several nm during the processing time.

1 Introduction

Materials based on sol–gel processes using silicates are
widely used as matrixes for the incorporation of functional
molecules of various natures into them (fluorophores,
photochromes, proteins, etc.). A large number of works
have been devoted to the study of sol–gel processes based
on TEOS (Si(OC2H5)4 and TMOS (Si(OCH3)4 silicates
using magnetic resonance and optical spectroscopy meth-
ods [1–13]. TEOS and TMOS molecules are initial (or
intermediate) compounds that react with the formation of
Si-O-Si bonds. The reactions of hydrolysis and poly-
merization lead to an increase in viscosity until the solution
stops flowing. The sol–gel transition is irreversible; instead
of a single-phase sol solution, a two-phase gel–liquid sys-
tem arises that initially consists of amorphous particles of
various sizes (5–12 nm or less) with gaps filled with a
liquid phase. At the stage of gel formation, the gaps are
compressed to form pores and the liquid phase fills these
pores. After the formation of gels, they usually undergo an
aging process, in which gels close, and a small amount of
the liquid phase is lost. The condensation reactions con-
tinue, increasing the number of crosslinks in three-
dimensional network. During the drying process, part of
the liquid phase is removed, and the volume of the solvent
is reduced [2, 5].

The sol–gel process is usually divided into the following
stages: sol formation, gelation, aging, drying, and densifica-
tion. The total reactions involving TEOS and TMOS, leading
to the formation of gels, can be described by Eqs. (1) and (2):

Hydrolysis : Si OC2H5ð Þ4þ4H2O ¼ Si OHð Þ4þ4C2H5OH

ð1Þ
Condensation polymerizationð Þ : nSi OHð Þ4¼ nSiO2 þ 2nH2O

ð2Þ

When functional impurity molecules are used as probes
for studying a sol–gel process or materials for photonics, the
most important problem is to establish the localization of
probes in a heterogeneous sol–gel matrix, since localization
determines the environment and spectral properties of these

molecules. At present, it is generally accepted that there are
four main types of environment for impurity molecules in a
sol–gel matrix: the interior of a pore (often filled with a
solution), the interface between the liquid and the pore wall,
the pore wall itself, and the region in which the distance
between opposite pore walls is approximately the same as
the size of the molecule itself [5].

In this work, we investigated the partition and dynamics
of impurity molecules—spin probes, introduced into a
silicate solution and the change in these parameters during
the transition of the solution into a heterogeneous sol–gel
system depending on the processing time after its prepara-
tion at different pH of the medium. Tetrakis(2-hydro-
xyethyl) orthosilicate (THEOS) [9] was used as the starting
silicate, in which, unlike methoxy and ethoxy groups, 2-
hydroxyethyl, Si(OC2H5OH)4, is used. The advantage of
this precursor over TEOS and TMOS is good water solu-
bility and full compatibility with biopolymers. THEOS is
hydrolyzed in an aqueous solution with the release of
ethylene glycol (EG), the formation of silanol groups Si-OH
and silicic acid Si(OH)4 [9, 10].

Earlier, a number of studies of TEOS-based sol–gel
systems were carried out by EPR spectroscopy using
nitroxyl radicals [4, 6, 8] and transition metal ions [12, 13]
as spin probes; however, the kinetics of transformations of
the sol–gel system at its initial stages and its dependence on
the pH of the medium in these works were not studied in
detail. In refs. [14–16], the adsorption and molecular
dynamics of spin probes on silica gel microspheres, as well
as the formation of guest-host complexes of spin probes
with cyclodextrins bound to silica gel particles from the gas
phase, were studied.

In this work, we studied the initial stages of the THEOS-
based sol–gel process, up to the formation of a gel using
nitroxide spin probes as impurity functional molecules, and
the dependence of the kinetics of this process on the pH of
the medium. We used nitroxide probes of various structures:
Cat 7 and Cat 14 radicals with a positive charge on the
quaternary nitrogen atom and different lengths of the alkyl
group (heptyl and myristoyl, respectively) linked to the
quaternary nitrogen atom, as well as a neutral K6 probe
containing an aromatic indole nucleus.
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2 Experimental

2.1 Materials

A spin-labeled analog of indole with a piperidine moiety
(radical K6, Fig. 1) was synthesized by PhD A.B. Shapiro
et al. Radicals Cat 7 and Cat 14 (Fig. 2) were kindly pro-
vided by Dr Sc. G.B. Khomutov (Moscow State Uni-
versity); EG is from Aldrich. THEOS (Fig. 3) was
synthesized by us according to the method described in ref.
[11].

2.2 Preparation of samples for EPR spectroscopy

A 10–2 M spin probe solution in EG was mixed with
THEOS, and bidistilled water was added to the mixture.
After vigorous stirring, the sample was transferred to a glass
capillary (Brand, FRG, inner diameter 1.2 mm) and EPR
spectra were recorded. The concentration of the spin probe

in the sample was 3 × 10–4 M, the content of THEOS:
0.73M, water: 80% v/v, EG: 3% v/v.

2.3 Measurement and analysis of EPR spectra

EPR spectra were recorded on a Brucker-ER-200 instru-
ment with a standard E102 rectangular cavity under ther-
mostating conditions at a microwave frequency of 9.5 GHz
in a magnetic field of 3356 gauss and a magnetic modula-
tion frequency of 100 kHz. The values of the incident
microwave power and modulation amplitude excluded the
distortion of the EPR spectra. The correlation times of the
probe rotation in the region of fast rotations in the isotropic
rotation approximation were determined from the EPR
spectra using the relation [17, 18]:

τeff ¼ 6:65 � 10�10 � ΔHþ1 � Iþ1=I�1ð Þ1=2�1
� �

; ð3Þ

where I±1 are the amplitudes of the hyperfine structure
(HFS) components m= ±1; ΔH±1 is the peak-to-peak width
of the low-field HFS component.

The correlation times of slow rotations of spin probes
associated with colloidal sol particles were determined from
the value of the residual anisotropy of the hyperfine inter-
action tensor by measuring the z-component of the tensor
(Azz), partially averaged due to molecular rotation, and the
limiting value Azz

L in the absence of molecular rotation at
77 K. Using the theory that treats the effects of slow
Brownian rotation on the EPR spectra of nitroxyl radicals
(see [17], chapter 3) and the obtained values of Azz and Azz

L,
we determined the rotation correlation times for all points of
the processing time dependence from the experimental
dependences of Azz on the processing time.

The hydrophobicity of the spin probe environment was
characterized by the isotropic HFS constant on the nucleus
N14 (aiso) and the dimensionless parameter h [14]:

hðTHEOSÞ ¼ aðwÞ � a

aðwÞ � aðTHEOSÞ ; ð4Þ

where a, a(w), a(THEOS) are the aiso values, respectively, in
sol–gel, in water, in pure THEOS. In a polar environment
(in water), the value of h is 0, in pure THEOS h (THEOS) is
equal to 1. a(w)= 16.75 G, a(THEOS)= 15.76 G.

For the fast rotating regime that is realized for our narrow
triplet EPR spectra, the aiso (or h) values are well known to
be correctly determined from the hyperfine splitting in the
triplet EPR spectrum. The possible source of error in
determining aiso values in our case is the partial super-
position of this triplet with the strongly immobilized EPR
spectrum corresponding to species bound to sol or gel
particles (see Fig. 4). However, as can be seen from Fig. 4,
this superposition is noticeable for the central HFS com-
ponents (I0) and practically absent for the I+1 and I–1

Fig. 1 Structure of spin-labeled indole (К6)

Fig. 2 Structures of Cat 7 (n= 6) and Cat 14 (n= 13)

Fig. 3 Structure of THEOS
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components. Therefore, in order to eliminate the possible
error we determined the aiso values by measuring these as a
half distance between the I+1 and I–1 components. We
performed also the spectral simulations for the model EPR
spectra and found that the shift of the I+1 component due to
the superposition for our experimental spectra does not
exceed 0.03 G what corresponds to error in determining the
h values less than 0.01.

The ratio of the number of probes in the liquid phase and
probes adsorbed on the particle surface or pore walls was
determined from the double integrals of the corresponding
signals in the total EPR spectrum. The component m=+1
of the narrow signal is quite well resolved, although its
intensity on the wings can be slightly distorted by the
contribution from the spin probes giving strongly immobi-
lized EPR spectrum (see Fig. 4). The double integral of this
component multiplied by 3 (three HFS components of a
narrow triplet signal) and divided by the double integral of
the entire spectrum gives the relative fraction of probes
in the liquid phase (Pf). The value Pimm= (1 – Pf) deter-
mines the relative fraction of the strongly immobilized
probes.

3 Results and discussion

The EPR spectra of Cat 7 in aqueous solution with THEOS
and EG recorded in different processing times are shown in
Fig. 4.

It can be seen that in the processing time interval of
15–10,000 min (log t 1–4) from the moment of preparation
of the initial solution, two types of spin-labeled particles are
formed, the EPR spectra of which indicate a change in the
rotational mobility and concentration of these particles.
Narrow symmetric triplet EPR spectra, characteristic of the

region of fast rotations, with rotation correlation times of
~10–10 s correspond to spin probes in solution; the con-
centration of these particles decreases over time. At pro-
cessing times t > 300 min (log t > 2.5) from the moment of
preparation, new spectral components (the outer noisy parts
of them are marked by arrows) clearly appear and grow,
corresponding to slow rotational diffusion of spin-labeled
particles with rotation correlation times >10–7 s.

3.1 Narrow triplet EPR signals in the region of fast
rotations

Figure 5 shows the kinetic dependences of the parameters of
narrow triplet EPR signals of the Cat 7 probe: the correla-
tion time of rotation, τeff, and the intensity of the component
m=+1, I+1. It can be seen that after a period of time log
t ~2 (~100 min), the value of τeff begins to increase; after
processing time of log t ~3.25 (1800 min), it passes through
a maximum and falls in a time of ~3800 min.

Table 1 shows the isotropic splitting aiso in the EPR
spectra of Cat 7 probes in the liquid phase of the sol–gel
system, as well as the polarity parameters h(THEOS) cal-
culated from them (see the Experimental section).

From these data, it can be concluded that, despite the
release of EG into the solution and a decrease in the water
content during the hydrolysis of THEOS, the polarity of the
probe environment in solution practically does not change
and is close to the polarity of water.

In addition, for the neutral probe K6, the rotation cor-
relation time, in contrast to Cat 7, changes in the sol–gel
process by less than 7% and is close to the value of τeff in
water. Obviously, the neutral probe K6 is practically not
associated with sol particles and its rotational mobility

Fig. 4 ESR spectra of Сat7 in THEOS/EG-water sol–gel at different
processing times after preparation. The initial concentrations of Cat 7,
THEOS, and EG are 0.3, 0.72, and 0.54M, respectively. The noisy
outer spectral components correspond to the spin probes strongly
immobilized on the sol/gel silica particles; pH 3.5

Fig. 5 Parameters of narrow triplet EPR signals of the Cat 7 probe in
the liquid phase of the sol–gel system: the rotation correlation time τeff
(light dots) and the amplitude of the HFS component m=+1 com-
ponent (black dots) as a function of processing time. The initial
composition is: Cat 7 (3 × 10–4 M), THEOS (0.73 M), EG
(0.54M); pH 3.5
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reflects the viscosity of its environment in solution. This
means that a significant increase in the value of τeff of the
Cat 7 probe in solution is due not to a change in viscosity of
the environment but most probably to a dynamic exchange
between two states of the probe: (1) the free state in the
solution, similar to the K6 probe and (2) the bound state on
a sol particle, where the rotational mobility of the probe
decreased sharply. The observed EPR spectrum and,
accordingly, the increase in the observed rotation correla-
tion time arise as a result of dynamic averaging between the
two indicated states. An alternative explanation for the
increase in the τeff due to a possible increase in viscosity
during the formation of dimers, trimers, and sol particles in
solution does not work, as noted above, since the EPR
spectra of the neutral probe K6 do not show a corre-
sponding change in the viscosity of the medium in which
this probe is located. Models of the motion of the impurity
molecules that are rather close to this one were proposed
earlier on the base of NMR and EPR data in [3, 7, 8].

It can be seen that the onset of an increase in the value of
τeff approximately coincides with the moment of appearance
and growth of a strongly immobilized EPR signal, which
apparently belongs to probes bound to the sol particles.
Therefore, one might think that an increase in τeff for probes
in solution is due to chemical exchange between them and
the probes responsible for strongly immobilized EPR
spectra. However, a comparison of the behavior of both
EPR signals at longer processing times shows that the value
of τeff decreases in the time range log t ~3–4, while the
strongly immobilized probes continue to grow (see Figs. 5–7),

i.e., there is no correlation between changes in the para-
meters τeff of free probes in solution and changes in the
concentrations of probes responsible for strongly immobi-
lized EPR spectra. The existence of a correlation at the
initial stage of kinetics and its absence at the stage of
decreasing τeff is most probably due to the fact that there are
two types of probe binding sites on sol particles: (1) weakly
bound sites, apparently on the surface of sol particles, where
the probes rapidly dissociate into solution and bind again to
the sol particles; in this case, due to the short lifetime of
such probes on the particle surface, only the EPR spectrum
dynamically averaged over these two states is observed; and
(2) sites with a strong bond, apparently, in the particles
volume, where the lifetime of the probe is long enough (i.e.,
it should be much longer than the inverse difference
between the resonance frequencies in the free and bound
states).

What is the cause for the drop in τeff (see Fig. 5)? The fall
began when the volume fraction of the sol and the size of
the particles were still increasing. There is not only a
decrease in τeff, but also a decrease in the concentration of
free probes. The latter decrease is apparently due to the
above-mentioned sorption of positively charged Cat 7
probes on sol particles having a negative potential. In terms
of the onset time, these events correlate with the formation
and growth of sol particles (see Figs. 5 and 6). The decrease
in τeff is apparently also due to the aggregation of sol par-
ticles forming a quasi-solid (or gel) phase, which leads to a
decrease in the exchange rate due to obstacles, created by
the gel particles. A more significant reason for the drop in
τeff is a decrease in the surface compared to the total surface
of sol particles due to the formation of bulk aggregates from

Table 1 Isotropic splittings aiso in the EPR spectra of Cat 7 probes in
the liquid phase of the sol-gel system and the polarity parameters h
(THEOS) calculated from them

Time (min) aiso
(H–1 –H+1)/2 (Gauss)

h(THEOS)

15 16.69 0.06

40 16.69 0.06

60 16.69 0.06

120 16.68 0.07

180 16.69 0.06

240 16.68 0.07

300 16.69 0.06

360 16.67 0.08

420 16.66 0.09

1560 16.63 0.12

1740 16.65 0.1

2910 16.67 0.08

4332 16.66 0.09

4632 16.67 0.08

5940 16.67 0.08

Fig. 6 Parameters of the broad EPR signals of the Cat 7 probe in the
sol–gel phase of the system: the 2Azz parameter (black dots) and τimm,

the rotation correlation time of the strongly immobilized probes
determined from the 2Azz values (light dots) as a function of proces-
sing time. The initial composition is: Cat 7 (3 × 10–4 M), THEOS
(0.73M), EG (0.54 M); pH 3.5
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sol particles. Figure 6 shows the kinetics of changes in the
parameters of the EPR spectra of probes bound to sol par-
ticles, which are responsible for the strongly immobilized
EPR spectra.

The parameter 2Azz in the EPR spectrum (see Fig. 5)
characterizes the rotational mobility of a strongly immobi-
lized spin probe adsorbed on a sol or gel particle. The
quantity 2Azz is the doubled z-component of the HFS tensor,
partially averaged due to rotational motion. The correlation
time of this motion can be estimated if, in addition to the
value 2Azz, its limiting value in the absence of rotation
(2Azz

L) is known and the model of isotropic rotation is used.
To determine the 2Azz

L values, we measured the EPR
spectra of the sol–gel samples at 77 K. Using the EPR
theory for slow Brownian rotation [17], we determined the
rotation correlation times (τimm) using the 2Azz and 2Azz

L

values for all points of the time dependence. These corre-
lation times, as can be seen from Fig. 6, lie in the sub-
microsecond range and increase with the evolution time of
the sol–gel system. Assuming further that the quantities
refer to probes rigidly immobilized on the surface of the sol
or gel particles, it is possible to estimate the sizes of the sol
particles themselves in the approximation of their spherical
shape using the Stokes–Einstein equation:

τimm ¼ ηV=kT; ð5Þ
where η is the microviscosity of the probe environment in
solution, V is the hydrodynamic volume of a sol particle.
The magnitude of microviscosity was taken to correspond
to the aqueous environment, since the values of the
accompanying polarity parameters of the environment, aiso
and h(THEOS), practically did not change during the
reaction (see Table 1) and corresponded to an almost
aqueous environment.

Figure 7 shows that the Stokes radii of particles increase
in the range of several nm during the sol–gel process and do
not reach a plateau. It should be noted that the model of free

Brownian rotation used here is suitable for sol particles in a
liquid solution but provides only qualitative description for
suspensions of gel particles, when there is an interaction
between the particles. (This issue requires further
investigation).

Furthermore, important parameters of a heterogeneous
sol–gel system, which were obtained from the analysis of
EPR spectra, are the relative fractions of probes in the liquid
phase (Pf) and probes bound to the particles (Pimm) were
calculated from the total EPR spectra as described in the
Experimental section. The dependences of these parameters
on the processing time of the sol–gel process for different
pH values are given in Figs. 8, 11, and 14.

Figure 8 shows that up to the time log (t) min ~2.0 after
sample preparation, the proportion of the immobilized
probes, taking into account the experimental scatter, is equal
to zero, and the contribution from the normalized narrow
triplet is, respectively, equal to unity. After a time log (t)
min ~2.1, a spectrum appears from the spin probes immo-
bilized on the sol particles, its contribution increases, while
the contribution from the narrow triplet decreases. After log
(t) min ~3.0, the contributions of both signals become equal,
and then the proportion of free probes tends to 20%, while
the proportion of immobilized probes tends to 80%.

It is of some interest to what extent it can be corrected to
estimate the relative fractions of two phases, a liquid solu-
tion, and sol or gel particles by using the relative propor-
tions of spin probes in both phases. In reality, the EPR of
weakly and strongly immobilized signals determines the
ratio of the fractions of these signals, rather than the frac-
tions of monomers and sol particles. To test the correctness
of this approach, we used another nitroxide radical, Cat 14,
in which instead of the heptyl group there is a longer
myristyl group bound to the quaternary nitrogen atom. Our
experiments have shown that the fraction of the immobi-
lized signal at all times increases as compared to Cat 7,
which is naturally explained by the more hydrophobic

Fig. 7 Hydrodynamic radii Rhd of sol particles in the sol/gel system as
functions of the processing time at pH: 3.5, 6.8, 9.7. The initial
composition is: Cat 7 (3 × 10–4 M), THEOS (0.73M), EG (0.54M);
pH 3.5, 6.8, 9.7

Fig. 8 Integral contributions to the EPR signal from free probes (Pf,
black dots) and from probes immobilized on sol–gel particles (Pimm,
light dots) as a function of processing time, pH 3.5

340 Journal of Sol-Gel Science and Technology (2022) 101:335–344



nature of the Cat 14. However, the fraction of immobilized
EPR signals also increases with an increase in the fraction
of the sol–gel phase due to an increase in the interphase
surface at which the probes can be bound. This means that
with the help of the same probe, it is possible to monitor the
changes in the proportions of both phases during the sol–gel
transformation, changes in the composition of the system,
pH, and temperature.

3.2 pH dependence of the parameters of spin
probes during the sol–gel process

A significant number of works have been devoted to the
study of the effect of pH on the chemical stages of sol–gel
processes—the reactions of hydrolysis and polymerization
(see reviews in [1, 2]). Iler [1] divides the polymerization
process into approximately three pH ranges: <2; 2–7; >7.
The points of zero charge of the sol particles and the iso-
electric point (where the mobility of the particles is zero) are
in the range of pH 1–3. pH 7 is the limit, since the solubility
of the particles and the dissolution rates are maximum
around or at pH 7. In addition, since the growing particles
are highly ionized above pH 7, their growth occurs without
aggregation and gelation. In view of the widespread use of
sol–gel materials as matrixes for the functional molecules in
photonics and sensor systems, it seemed important to study
the effect of pH on the distribution of spin probes in a
heterogeneous sol–gel system and the molecular dynamics
of probes at various stages of sol–gel processes.

Therefore, along with the data for pH 3.5, we investi-
gated changes in the parameters of spin probes in the
sol–gel process at pH in the neutral and alkaline regions.
The results obtained with the Cat 7 probe are shown for pH

3.5 in Figs. 5–8, for pH 6.8 in Figs. 9–11, and for pH 9.7 in
Figs. 12–14.

As can be seen from the presented figures, the parameters
of molecular dynamics and the partition of positively
charged nitroxyl probes turned out to be very sensitive to
changes in pH. Changes in pH obviously affect the rates of
reactions involved in sol–gel processes (see Eqs. (1) and (2)),
which leads to a change in the composition of the reaction
mixture and, accordingly, to a change in the designated
parameters of Cat 7 probes, which do not depend on pH in
simple solvents. From the data in the figures, the following
main differences in the kinetics of sol–gel processes at dif-
ferent pH can be identified: (1) the drop in the intensity of
narrow triplet signals from probes in solution at pH 6.8 and
9.7 occurs much earlier than for pH 3.5: 80min for pH 3.5;

Fig. 9 Parameters of narrow triplet EPR signals of the Cat 7 probe in
the liquid phase of the sol–gel system: the rotation correlation time τeff
(light dots) and the amplitude of the HFS m=+1 component (black
dots) as a function of processing time. The initial composition: Cat 7
(3 × 10–4 M), THEOS (0.73M), EG (0.54M), pH 6.8

Fig. 10 Parameters of the broad EPR signals of the Cat 7 probe in the
sol–gel phase of the system: the 2Azz parameter (black dots) and τimm,
the rotation correlation time of the strongly immobilized probes
determined from the 2Azz values (light dots) as a function of proces-
sing time. The initial composition is: Cat 7 (3 × 10–4 M), THEOS
(0.73M), EG (0.54 M); pH 6.8

Fig. 11 Integral contributions to the EPR signal from free probes (Pf,
black dots) and from probes immobilized on sol–gel particles (Pimm,
light dots) as a function of processing time, pH 6.8
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~20 min for pH 6.8; and shorter than 10min for pH 9.7. (2)
An increase in the correlation time of rotation of Cat 7 probes
in the THEOS solution due to the dynamic exchange
between the free states of the probes in the solution and the
binding sites on the surface of colloidal sol particles at pH
6.8 begins in 30min after mixing and reaches a maximum in
90min earlier than for pH 3.5, at which these times are equal
to 90min and 30 h, respectively. At pH 9.7, the increase in
time to the process of kinetics (see Table 1) and corre-
sponded to the aqueous environment τeff and reaching the
maximum occur in a time shorter than the spectrum regis-
tration time, as a result of which only the decay curve τeff can
be observed. (3) The appearance of a strongly immobilized

signal from the bound probes at pH > 7. These differences
are obviously due to the pH dependence of the main reac-
tions occurring in the sol–gel process of hydrolysis and
condensation (Eqs. (1) and (2)). Polymerization at pH 3.5
and higher pH also occurs according to equations:

Since condensed particles at pH > 6.8 are mostly ionized
and therefore repel each other, particle growth occurs pre-
dominantly through the addition of monomers to the con-
densed particles rather than through the aggregation of
charged particles. Particles with a diameter of 1–2 nm are
formed within a few minutes at pH 6.8 and 9.7. Due to the
dependence of solubility on particle size, the growth of
primary particles occurs according to the mechanism of
Oswald ripening [1]. Since growth occurs by dissolving
small particles and their deposition on large particles, the
growth rate depends on the particle size distribution, which
can be seen from different time dependences of the average
Stokes radii of sol particles at different pH (Fig. 8). In the
absence of salts, no chain formation or aggregation occurs
because at high pH the particles repel each other.

4 Conclusion

It is shown in this work that the use of spin probes allows
one to obtain important information on the behavior and
properties of impurity probe molecules in a sol–gel matrix
during its processing time. In contrast to complexes of
paramagnetic ions of the VO2 + or Gd3+ type, changes in
the spectral characteristics of nitroxide probes can be

Fig. 12 Parameters of narrow triplet EPR signals of the Cat 7 probe in
the liquid phase of the sol–gel system: the rotation correlation time τeff
(light dots) and the amplitude of the HFS m=+1 component (black
dots) as a function of processing time. The initial composition: Cat 7
(3 × 10–4 M), THEOS (0.73M), EG (0.54M), pH 9.7

Fig. 13 Parameters of the broad EPR signals of the Cat 7 probe in the
sol–gel phase of the system: the 2Azz parameter (black dots) and τimm,
the rotation correlation time of the strongly immobilized probes
determined from the 2Azz values (light dots) as a function of proces-
sing time. The initial composition is: Cat 7 (3 × 10–4 M), THEOS
(0.73M), EG (0.54 M); pH 9.7

Fig. 14 Proportions to the EPR signal from free probes (Pf, black dots)
and from probes, immobilized on sol–gel particles (Pimm, light dots) as
a function of processing time. The initial composition is: Cat 7 (3 ×
10–4 M), THEOS (0.73 M), EG (0.54M); pH 9.7

342 Journal of Sol-Gel Science and Technology (2022) 101:335–344



reliably associated with changes in important structural and
dynamic parameters of the probes—their partition in a
heterogeneous sol–gel system and molecular dynamics.

In the course of this processing, the mutual influence and
interdependence of various parameters of a sol–gel system
containing impurity molecules is revealed. Thus, the con-
centration of “free” probes in solution is influenced by the
time-dependent (transient) adsorption of probes on the
growing surfaces of sol particles

Two types of sorption of impurity molecules on colloidal
sol particles were found, due to the binding of probes to the
surface and, apparently, to binding sites in the bulk of
colloidal particles.

The effective rotation correlation time (τeff) characterizes
the fast dynamic exchange with the growing surface of the
sol particles. The value of τeff increases due to the fact that
this surface increases with the addition of monomers to
colloidal sol particles.

The value of τeff further decreases apparently due to the
fact that the free surface of the sol–gel particles decreases as
a result of aggregation. At the same time, according to the
EPR spectra, the concentration of free probes in the solution
decreases symbatically.

The probes, which correspond to the immobilized EPR
spectra, do not exchange or exchange slowly with the
probes in solution. With an increase in the processing time,
the concentration of these probes increases, and their rota-
tional mobility decreases due to an increase in the size of
these particles. Measurement of the rotational correlation
times of the probes associated with the colloidal particles of
the probes made it possible to estimate the sizes of these
particles.

Thus, the use of spin probes made it possible, first, to
obtain information on the behavior and properties of
impurity probe molecules in a sol–gel silica gel matrix
during its processing time. Second, in the course of this
evolution, the mutual influence and interdependence of
various parameters of a sol–gel system containing impurity
functional molecules is revealed. Thus, the concentration of
“free” probes is influenced by the time-dependent adsorp-
tion of the probes on growing sol particles; the effective
correlation time of rotation of “free” probes is determined
by the dynamic exchange of these probes with the surface of
growing particles, which changes with time in the sol–gel
process.

The limitation of this research is the use of relatively
narrow set of spin probes. Although some regularities found
in this study: the existence of the effective rotational cor-
relation time for the spin probes in solution and its variation
with the processing time, composition and pH of the S/G
medium, apparently present a general interest, it would be
interesting to uncover similar or different regularities for
chemically different spin probes. Also, of special interest

can be hybrid spin and fluorescent probes that would give
combined information on dynamical structure and optical
parameters of the S/G systems.

Data availability

Data and material can be obtained from the corresponding
author on demand.
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