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Abstract
Objectives. To investigate the specific features of tetraethoxysilane (TEOS) hydrolysis in associated media of saturated diols and their 
esters in acidic media. Propylene- and butylene glycols and ethylcarbitol were selected as associated systems.
Methods. Association, hydrolysis, and condensation processes in  the TEOS–diol system were studied by  potentiometry, infrared 
spectroscopy, and dynamic light scattering in  liquid media. The acidic environment was created by  adding HCl in  the amount not 
exceeding 0.3 wt %.
Results. The hydrolysis of TEOS in associated alcohol media is limited by the reaction that yields silanol (RO)3SiOН, which further 
interacts with the associated diol. This results in the incorporation of (RO)3SiO groups into the hydrogen bond network of diols. This 
is confirmed by a decrease in the self-association of diols with a decrease in size in the diol–(RO)3SiO domains of up to 1–7 μm.
Conclusions. The use of diols as a reaction medium for TEOS with a low content of H2O in acidic media limits the depth of hydrolysis 
and condensation, which increases the possibility of esterification reactions of diol with alkoxy derivatives of silanols. The decreased 
number of hydroxyl groups during the transition from diols to their esters has a significant effect on the degree of association.
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Аннотация
Цели. Исследование особенностей процесса гидролиза тетраэтоксисилана (ТЭОС) в ассоциированных средах предельных ди-
олов и их эфиров в кислых условиях. В качестве ассоциированных систем были выбраны пропилен- и бутиленгликоль, а также 
этилкарбитол.
Методы. Исследование процессов ассоциации, гидролиза и конденсации в системе ТЭОС–диолы проводили методами потен-
циометрии, инфракрасной спектроскопии и динамического рассеяния света в жидких средах. Кислотность среды обеспечива-
лась добавлением не более 0.3 мас. % HCl.
Результаты. Гидролиз ТЭОС в ассоциированных спиртовых средах лимитируется протеканием реакции образования силанола 
(RO)3SiOН, который в дальнейшем взаимодействует с ассоциированным диолом, что приводит к встраиванию групп (RO)3SiO 
в сетку водородных связей диолов. Это подтверждается снижением самоассоциации диолов с уменьшением размера в доменах 
диол–(RO)3SiO до 1–7 мкм.
Выводы. Использование в качестве реакционной среды диолов для ТЭОС при малом содержании Н2О в кислых средах огра-
ничивает глубину гидролиза и конденсации, что увеличивает возможность протекания реакций этерификации диола алкокси-
производными силанолов. Большой эффект на  степень ассоциации оказывает уменьшение числа гидроксильных групп при 
переходе от диолов к их эфирам.
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INTRODUCTION

Currently, sol–gel technology is widely used for producing 
transparent, shape-stable hybrid materials  (HMs). The 
as-obtained materials enable the incorporation of organic 
groups into inorganic systems  [1]. When optimizing 
synthesis conditions, HMs with unique, synergetic 
characteristics can be obtained, with their properties 
outperforming those of each individual component [2, 3].

The sol–gel process also enables the production of 
improved materials with high purity and homogeneity 
under relatively mild conditions. The exceptional 
properties of such materials are explained by the extended 
polymer-nanofiller interfacial area and are determined 
by the strength of interfacial interactions. Furthermore, 
polymer hybrids exhibit optical transparency due to the 
small area of heterogeneity domains [4, 5].

The main advantage of sol–gel technology, which 
encompasses hydrolysis and condensation processes, 

lies in its capacity to tailor the synthesis by varying and 
monitoring the reaction parameters (e.g., pH, catalyst 
nature, temperature, and/or reagent ratios)  [3]. The 
formation of gels with controlled nanoscale architecture, 
unique morphology, and properties under mild reaction 
conditions  [6] accounts for their wide range of 
applications, e.g., as hybrid coatings [7], biohybrids [8], 
and materials for medicinal purposes [9].

Gels based on silicic acid occupy a significant place 
among gel materials. These are porous, elastic materials 
with a  3D  polymer network, the pores of which are 
primarily filled with solvent molecules or, in the case of 
hydrogels, with water, typically up to 70–99% [10].

The number of biomedical applications for hydrogels 
is rapidly increasing due to their outstanding physical, 
structural, and mechanical properties. The silicic acid polymer 
network, filled with water, imparts unique characteristics 
to hydrogels, rendering them particularly attractive for 
applications in biomedical engineering [10–13].
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The formation of a 3D siloxane network during the 
synthesis of hybrid sol–gel materials and the subsequent 
polymerization of the resulting dispersed silicic acid 
particles lead to the capillary-porous structure of the 
elastic gel [14].

The strategy for synthesizing hybrid sol–gel 
materials is represented mainly by two synthetic 
pathways [3, 14–15]:
•	 one-stage synthesis in an alkaline medium (co-

condensation);
•	 two-stage synthesis, where the first hydrolysis stage 

primarily occurs under acidic conditions, while the 
second stage of alkaline condensation is conducted 
separately (silylation).
The key difference between these two strategies 

consists in the degree of incorporation of organic groups, 
which attach to the internal and external pore walls 
during their formation.

In the two-stage synthesis, after pore formation, the 
organic modifier in the silylation stage attaches only 
to the external pore walls. This increases the limit of 
organic solvent incorporation to 40% or greater [9]. In 
these systems, interfacial properties play an essential 
role in determining the functional properties of the 
material. Depending on the type of interface, the 
sol–gel process enables the formation of two main 
classes of HMs.

In the first class of materials, inorganic and 
organic components are connected by weak (non-
covalent) bonds, including ionic interactions, hydrogen 
bonds (H-bonds), van der Waals forces, and π–π 
interactions [1]. The cases in point include rhodamine 
6G [16] or enzymes [17] formed through encapsulation 
of an organic molecule within the formed cavities of an 
inorganic matrix. In the second class of materials, the 
embedded phase is firmly bound by chemical bonds to 
the silicon matrix of the gel.

The sol–gel process can be managed by a  known 
method involving the use of organic components as 
templates  [18–21] to obtain final products whose 
properties are determined by the organic–inorganic 
interface. Depending on the intended use of the product, 
the template or sacrificial spacer can be chemically 
removed, leaving voids with a specific pore size [20].

Various methods for optimizing synthesis using a wide 
range of solvents, surfactants, and natural products have 
been discussed in the literature [22, 23]. In this regard, 
highly associated alcohols [24] and polyols [25], which 
possess a  strong internal network of hydrogen bonds, 
can be of interest as solvents. Alkoxysilanes, including 
tetraethoxysilane  (TEOS), are predominantly used for 
obtaining inorganic structures. TEOS is one of the most 
common precursors for forming a silica network in situ 
within an organic matrix.

The synthesis of silicic acid gels comprises a  stage 
involving the hydrolysis of silicon alkoxides dissolved in 
various alcohols, ROH, in the presence of mineral acid 
or base catalyst  (Eq.  1), and subsequent condensation 
reactions involving silanol groups, resulting in the 
formation of siloxane bonds and byproducts, which are 
water molecules (Eq. 2) or alcohol (Eq. 3):

Si(OR)4 + H2O → (RO)3SiOH + ROH,� (1)

(RO)3SiOH + HOSi(OR)3 → (RO)3SiOSi(OR)3 + H2O,� (2)

Si(OR)4 + HOSi(OR)3 → (RO)3SiOSi(OR)3 + ROH,� (3)

Si(OR)4 + nR′OH → (R′O)zSi(OR)4−n + nROH,� (4)

(RO)3SiOH + nR′OH → (R′O)zSi(OR)4−n + nH2O.� (5)

The sol–gel process is sensitive to the nature of 
the catalyst. Acidic catalysts primarily promote the 
hydrolysis process, while basic catalysts are capable 
of facilitating the polycondensation process  [3]. The 
choice of a  catalyst determines the growth mechanism 
of silica domains, thus being an important factor for 
filler dispersion. In most cases, the morphology of the 
final product is controlled by the type of the catalyst 
used. Acid-catalyzed reactions lead to the formation 
of a 3D gel or network structure  [26,  27], while base-
catalyzed reactions result in the formation of condensed 
spherical particles [28, 29].

Previous research showed the hydrolysis stage (Eq. 1) 
to be the limiting step for particle formation not only 
in alkaline media  [30–32] but also in acid-catalyzed 
systems [33, 34].

In comparison with other components in sol–gel 
systems, the alcohol solvent plays a rather complex role. 
The nature and content of the alcohol are significant 
from the standpoint of the solubility of intermediates 
containing polar and charged groups  [34]. Alongside 
regulating the system miscibility, the alcohol used 
in the synthesis process can act as a  reagent in 
transesterification reactions  (Eq.  4). According to the 
study [34], for low-molecular-weight alcohols, such as 
methanol and ethanol, transesterification of TEOS is 
negligible and largely determined by the water/alcohol 
ratio.

During the synthesis of silicic acid gels in an 
alcohol solvent medium, stages of silylation of ROH by 
alkoxysilanols (Eq. 5) can also occur.

Previously, the use of 29Si and 13C nuclear 
magnetic resonance and small-angle X-ray scattering 
methods  [35,  36] established that the rates of 
condensation stages decrease in an alkaline medium 
when transitioning from the initial TEOS monomer 
to a  dimer with a  siloxane bond. When the reaction 
proceeds in methanol or ethanol, transesterification 
between methanol and TEOS was found to occur (Eq. 4), 
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although being negligible compared to the formation of 
hydrolyzed intermediates  (Eq.  1). The authors believe 
that the differences in the sizes of silicon-containing 
particles in the reactions conducted in methanol or 
ethanol are due to thermodynamic interactions between 
the solvent and the hydrolyzed intermediates of a silanol 
nature.

In the study [37], the influence of the solvent on the 
kinetics of the initial hydrolysis stage was investigated 
from the perspective of solvent polarity and hydrogen 
bond formation. It was shown that the initial hydrolysis 
rate and the average particle size increase with an 
increase in the molecular weight of primary alcohols. 
For secondary alcohols, the hydrolysis rate decreases 
while particle size increases.

The study [38] investigated the influence of various 
alcohols on the reaction rates and particle sizes of silica 
synthesized via TEOS hydrolysis and condensation. 
Silica particles ranging in size from 100  nm to 2  μm 
were obtained by varying the ROH composition, 
where R  =  СnH2n+1  with n  values from  1  to  15. The 
reactions proceed fastest in an ethanol/decanol mixture 
at a ratio of about 1 : 1 and slowest in pure ethanol. The 
authors established that both the hydrolysis rate and the 
condensation rate increase with a  decrease in solvent 
polarity. At the same time, no correlation between 
polarity and rate constants was observed.

A number of studies have shown that alkoxy exchange 
is activated in an acidic medium, while it cannot be 
detected in basic media  [33,  39]. However, in a  work 
by Lima et al. [40], the possibility of rapid exchange of 
alkoxy groups at an early stage of TEOS hydrolysis in 
a basic medium was established. Under these conditions, 
both the reaction rate and the size of the resulting silica 
particles undergo a significant change.

Knowledge of the phase interface structure in 
organic–inorganic hybrid materials obtained via 
sol–gel processes makes it possible to tailor the 
structure and properties of silicic acid gels, which 
is extremely important for the synthesis of new, 
promising materials.

Associated media are characterized by strong 
intermolecular binding through hydrogen bonds or dipole 
and ion–dipole interactions, e.g., in polyvinylpyrrolidone. 
Systems with strong hydrogen bonds include saturated 
1,2- and 1,3-diols, triols, polyols, and their ethers.

This paper presents the results of TEOS hydrolysis 
in diols: 1,3-propylene glycol  (PG), 1,3-butylene 
glycol (BG), and the monoethyl ether of diethylene glycol, 
i.e., ethyl carbitol (EC), using infrared (IR) spectroscopy 

1	 GOST R 58144-2018. National Standard of the Russian Federation. Distilled water. Specifications. Moscow: Standartinform; 2018. URL: 
https://cdn.termexlab.ru/files/4385340a/f801/428e/9766/de94c9e1741c.pdf. Accessed July 01, 2019 (in Russ.).

and dynamic light scattering (DLS) methods in an acidic 
medium. The acidic medium was ensured by the addition 
of HCl. The H2O concentration was determined solely 
by the water content in the initial diols and/or the water 
introduced with HCl, non exceeding 0.3 wt %.

EXPERIMENTAL

In this work, the following chemical compounds were 
used:
•	 1,3-Butylene glycol (KhimFarm, Russia) 

(CAS No. 107-88-0), main substance content not less 
than 99.5%;

•	 1,3-Propylene glycol (NOVATORKHIM, Russia) 
(CAS No. 504-63-2), 99.95%;

•	 Ethyl carbitol (2-(2-ethoxyethoxy)ethanol) 
(BIOAMIN-RUS, Russia) (CAS  No.  111-90-0), 
Technical Specification TU 2422-125-05766801-2003, 
premium grade, main substance content not less than 
99%, ethylene glycol content is 0.8%;

•	 Tetraethoxysilane (tetraethyl silicate) (EKOS-1, 
Russia) (CAS No. 78-10-4), Technical Specification 
TU 2435-419-05763441-2003, main substance 
content not less than 99.5%, ethyl alcohol content is 
no more than 0.10%;

•	 HCl (KHIMMED, Russia);
•	 Distilled water H2O (Russia, RTU  MIREA, 

M.V.  Lomonosov Institute of Fine Chemical 
Technology, Ya.K.  Syrkin Department of Physical 
Chemistry), GOST R 58144-20181.
IR spectra of samples in liquid and solid forms were 

recorded on a  Cary  630  FTIR spectrometer (Agilent 
Technologies, USA) using a  single-bounce diamond 
attenuated total reflectance accessory in the range of 
4000–350  cm−1  with a  spectral resolution of <2  cm−1. 
Processing of the IR  spectra was performed using the 
Agilent MicroLab software (Agilent Technologies, 
USA).

DLS spectra were recorded using a  Photocor 
Compact-Z instrument (Photocor, Russia). The power 
of the thermostabilized semiconductor laser (638 nm) 
was 25 mW. Particle size measurements were conducted 
at angles of 90° and 160° at a  constant temperature 
of 25°C. Measurements in concentrated and opaque 
systems were performed using the backscattering 
method at an angle of 160°. Signal analysis was carried 
out by the built-in Photocor FC correlator for auto- and 
cross-correlation measurements. Processing of DLS 
spectra was performed using the DynaLS software 
package by Photocor.

https://cdn.termexlab.ru/files/4385340a/f801/428e/9766/de94c9e1741c.pdf
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Potentiometric pH determination was carried out 
using an Expert-001 ionometer (Ekoniks-Expert, Russia) 
with a measurement range of pH 0–14, using a combined 
glass electrode IT ESK 10601 7. The limit of permissible 
basic absolute measurement error was ΔpH 0.03.

Preparation of reaction mixtures

Reaction mixtures with a volume of 50 mL were prepared 
by direct mixing of glycols or EC  (94–95  wt  %) with 
a  constant amount of TEOS (5  wt  %) under vigorous 
stirring at room temperature (25°C). An HCl solution was 
added as an acid catalyst. The pH value of the reaction 
mixture was maintained constant (pH 2.1–2.5). The total 
water content in the reaction mixture was determined by 
the amount of water in the initial glycols and the amount 
of water introduced with the HCl solution, not exceeding 
1–2 wt %.

The solutions were transparent and similar in 
viscosity to the diols.

For reaction mixtures based on EC in the EC–TEOS 
system, solution opalescence with a  whitish tint was 
observed.

The obtained reaction mixtures were analyzed using 
IR spectroscopy and DLS methods over a time interval 
of up to 48 days.

RESULTS AND DISCUSSION

In the IR spectrum of PG diol (Fig. 1), alcohol association 
is manifested by the broadening of the bands of O–H 
bond stretching vibrations ν(OH) = 3320 cm−1, as well 
as C–H  bonds in CH2, CH2–O groups in the region 

ν = 2867–2969 cm−1 and deformation vibrations of these 
groups in the region δ = 1457–1260 cm−1. This agrees 
with data on the formation of a hydrogen bond network 
in diols [41]. C–O bond stretching vibrations appear in 
the region of 1125–1000 cm−1 in the form of two sets: 
a broadened band at 1036 cm−1 for the associated form 
of diols and two narrow bands at 1135 and 1075 cm−1. 
Similar results are observed for BG, although with 
a slight difference.

Diols always contain a  residual amount of water, 
with a  band of O–H bond stretching vibrations 
ν(OH)  =  3430  cm−1  overlapping with the ν(OH) 
band of the diols and water deformation vibrations at 
1645 cm−1.

In the IR spectrum of EC, due to the increased content 
of CH2–O groups compared to PG, the intensity and width 
of the hydroxyl OH− group vibration band at 3320 cm−1 is 
significantly reduced, and the intensity of the C–H bond 
stretching vibration bands at ν = 2867  cm−1  increases. 
This confirms a decrease in the degree of association of 
EC compared to diols. It should also be noted that instead 
of two narrow bands at 1135  and 1075  cm−1, a  single 
combined band at 1105 cm−1 is observed.

The presence of different forms of diol associates and 
silicon-containing products is confirmed by the obtained 
DLS spectra.

In the DLS spectrum of PG (Fig. 2a), two signals are 
observed: a fast mode (F1) and a slow mode (S1), with 
an average hydrodynamic radius for S1 of rg = 11 µm and 
a ratio of F1 : S1 = 1 : 3. Thus, it can be assumed that the 
two forms of CO stretching vibrations correspond to the 
fast (F1, ν = 1135 cm−1) and slow (S1, ν = 1075 cm−1) 
modes of motion.
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Fig. 1. Infrared spectrum of PG
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The substitution of PG with EC affects the appearance 
of the entire spectrum. The decrease in the degree of 
association for EC (Fig. 2b) leads to an increase in the 
contribution of the fast mode F1  and a decrease in the 
contribution of the slow modes S. At the same time, the slow 
mode splits into two components: S1  (ν = 1105 cm−1) 
and S2  (ν  =  1062  cm−1) with diffusion coefficients of 
DS1 = 5.3 ∙ 10−8 cm²/s and DS2 = 8.1 ∙ 10−11 cm²/s.

In this work, the process of TEOS hydrolysis and 
condensation was monitored by changes in viscosity, 
IR spectra, and phase composition, as assessed by DLS 
spectra of the reaction system.

PG + TEOS system

The structures of TEOS and diols are largely similar due 
to the presence of the C–O bond. This is confirmed by 
the appearance of bands corresponding to C–H  bond 
stretching vibrations in the CH2 and CH3 alkoxy groups 
and deformation vibrations of the –CH2–O groups in the 
regions similar to those for diols  (Fig. 1). The absence 
of associations between TEOS molecules results in 
noticeably narrower vibration bands compared to PG. 
A  distinctive feature of the alkoxy groups in TEOS is 
the presence of Si–O  bond stretching and deformation 
vibration bands at 1072, 958, and 785 cm−1 of comparable 
intensity. Furthermore, similar to diols, the presence 
of two sets of silicon alkoxide derivatives is observed: 
a broadened band at 1072 cm−1 and two narrow bands 
at 1167 and 1100 cm−1. It can be seen from Fig. 3 that 
the IR spectrum at the onset of the experiment represents 
the sum of the glycol and TEOS spectra. Thus, the 
difference in the alkoxy groups of diols and TEOS is 
observed in the shift of the wavenumbers of the vibration 
bands: 1135  →  1167  cm−1, 1075  →  1100  cm−1, and 
1038 → 1072 cm−1.

In the DLS spectrum of TEOS  (Fig.  4), a  small 
number of oxysilicon particles with rg = 93 nm, dissolved 
in TEOS, is observed, along with a broadened signal of 
the slow mode S. This can be explained by an impurity 

of a  partially hydrolyzed product (due to atmospheric 
moisture) with DS = 5.8 ∙ 10−10 cm²/s.

The addition of 3  to 5  wt  % TEOS to diols at 
pH  2.5  leads to a  noticeable change in the IR and 
DLS spectra. First of all, practically immediately 
after mixing, a narrowing of the C–H bond stretching 
vibration bands in the CH3, CH2–O groups in 
the region ν  =  2867–2969  cm−1 and the bands of 
deformation vibrations of these groups in the region 
δ = 1457–1260 cm−1 is observed in the IR spectrum for 
PG (Fig. 3). This indicates a decrease in the degree of 
association of the initial diol.

Following aging for 48  days, the reaction mixture 
remains close to homogeneous, and the IR spectrum 
shows a  noticeable decrease in the intensity of the 
TEOS vibration bands at 958 and 785 cm−1, indicating 
hydrolysis of the alkoxysilane.

For BG, replacing the H atom with a methyl radical 
in the CH2OH group of PG increases the hydrophobicity 
of the diol and reduces its self-association. This is 
manifested in the narrowing of the bandwidth of the 
O–H stretching vibration at ν(OH)  =  3320  cm−1. At 
the same time, broadening of the C–H bond stretching 
vibration band in the CH3, CH2–O groups in the region 
ν  =  2867–2969  cm−1  is maintained. The persistence 
of the stretching vibration bands for TEOS confirms 
a decreased hydrolysis rate compared to PG.

EC + TEOS 

A different picture is observed for the less associated 
EC. The addition of TEOS to EC at pH  2.5  produces 
a negligible effect on the appearance of the IR spectrum 
(Fig. 5). It is only after aging the EC + TEOS reaction 
mixture for 48 days that a narrowing of the C–H bond 
stretching vibration bands in the CH3, CH2–O groups 
in the region ν  =  2867–2969  cm−1, and the bands of 
deformation vibrations of these groups in the region 
δ = 1457–1260 cm−1 are observed. At the same time, the 
intensity of the bands characteristic of TEOS remains 
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Fig. 2. DLS spectra of (a) PG, (b) EC
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Fig. 3. IR spectra of PG + TEOS mixture: (a) immediately after mixing, (b) after 48 days
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Fig. 4. DLS spectrum of TEOS

almost unchanged, indicating a  decreased rate of 
hydrolysis and condensation for the EC ether compared 
to the saturated diols.

For all studied diols, the reaction mixture generally 
remains homogeneous. However, the onset of its 
phase separation is observed. The H–O–H deformation 
vibration band at 1645  cm−1  splits into two bands at 
1623  and 1649  cm−1. According to the authors  [34], 
bands corresponding to Si–OH group vibrations may 
also appear in this region, which is consistent with the 
slower TEOS hydrolysis process in EC.
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The studies [1, 6] reported that the formation of the 
primary silanol (RO)3SiOH remains the limiting stage 
of hydrolysis even under an excess of water in an acidic 
medium. Given the extremely low water content in the 
system, the obtained results can be explained not only by 
the condensation reaction with the formation of a siloxane 
bond (Eqs. 2 and 3) but also by a significant contribution 
from the esterification reaction of the resulting silanol 
derivatives of diols. This leads to the incorporation of 
alkoxysilanolic groups into the hydrogen bond network 
of the diols:

2(RO)3SiOH + HO(CH2)nOH → 

→ (RO)3SiO–O(CH2)nO–Si(OR)3 + 2H2O�
(6)

The possibility of transesterification of the initial 
TEOS in a  95–97% diol medium cannot be ruled 
out. This should also lead to the incorporation of 
alkoxysilanols into the hydrogen bond network of the 
diols:

2Si(RO)4 + HO(CH2)n(OH) →
→ (RO)3SiO(CH2)nOSi(RO)3 + 2ROH�

(7)

Thus, the reactions according to Eqs.  (6) and  (7) 
proceed for diols, being unlikely for monohydric 
alcohols. The result of silylation of diols should lead 
to a  decrease in their association  (Fig.  6), forming 
smaller domains, which we observe in the DLS 
spectra.
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Fig. 5. IR spectra of EC + TEOS mixture: (a) immediately after mixing, (b) after 48 days
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Immediately after mixing saturated diol PG with 
5 wt % TEOS (Fig. 6a), the fast mode F1 was not observed, 
while the slow mode signal split into two, S1  and S2, 
with diffusion coefficients DS1  =  2.2  ∙  10−8  cm²/s and 
DS2 = 4.4 ∙ 10−11 cm²/s.

After the period of 48 days, the DLS spectrum of the 
system  (Fig.  6b) showed signals for the fast mode  F1 
(19%) and a  narrow monomodal signal of the slow 
mode  S (rg  =  1.17  µm; DS  =  2.3  ∙  10−9  cm²/s). The 
significant reduction in the size of the associates and the 
diffusion coefficients fully confirms the aforementioned 
statement.

A similar result with a  narrow monomodal signal 
of the slow mode S is observed for BG after 48 days, 
confirming the incorporation of alkoxysilanols into 
the hydrogen bond network. At the same time, larger 
domains with a  smaller diffusion coefficient for the 
slow mode S (rg  =  7.18  µm; DS  =  3.7  ∙  10−10  cm²/s) 
are observed compared to S  for PG (rg  =  1.17  µm; 
Ds = 2.3 ∙ 10−9 cm²/s). However, this does not contradict 
the previous conclusion.

In comparison with PG diol, the decrease in the number 
of hydroxyl groups when moving to EC has a negligible 
effect on the appearance of the IR spectrum (Fig. 5).

The rate of hydrolysis/condensation in the EC–TEOS 
system substantially differs from the rate of reactions 
involving diols. After aging the EC–TEOS mixture for 
48 days (Fig. 7), an increase in the viscosity of the reaction 
mixture is observed, producing bands characteristic of 
siloxane bonds in the IR spectra (Fig. 5). The intensity 
of the fast mode  F1  signal is 19.9%. The diffusion 
coefficients of the two slow modes have practically 
remained unchanged: 9.3% S1, DS1 = 3.0 ∙ 10−9 cm²/s 
and 70.3% S2, DS2  =  4.5  ∙  10−11  cm²/s. However, 
the size of the associate involving alkoxysilicon 
components of the slow mode S1 increased almost 
tenfold (to rg  =  840  nm) compared to PG (rg  =  93  nm)  
at the initial moment of contact. Thus, the decrease 
in diol association leads to two processes: less active 

incorporation into the hydrogen bond network and 
the growth of agglomerates of siloxane condensation 
products of TEOS.

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

In
te

ns
ity

, %

	 1e–4	 0.01	 1	 100	 1e+4	 1e+6	
Diameter, nm

Fig. 7. DLS spectrum 48 days after mixing EC + 5% TEOS

CONCLUSIONS
The use of diols as a  reaction medium for TEOS 
hydrolysis, under conditions of low H2O content 
in acidic media, limits the extent of hydrolysis and 
condensation, while increasing the possibility of 
esterification reactions between the diols and alkoxy 
derivatives of silanols. The incorporation of (RO)3SiO 
groups into the hydrogen bond network of the diols 
reduces diol association and decreases domain sizes 
to 1–7  µm. The decrease in the number of hydroxyl 
groups in diol ethers has a  significant effect on the 
degree of association. The results obtained demonstrate 
the possibility of creating a  siloxane network through 
managing the hydrolysis and subsequent condensation 
processes when developing technologies for flexible, 
transparent, and shape-stable gels.
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