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Abstract—The influence of the concentration of components in a tetraethyl orthosilicate (TEOS)–water–
ethanol mixture on the growth of silicate aggregates in a basic environment is studied with small-angle neu-
tron scattering. There is a general increase in the size of aggregates with an increase in the amount of both
water and TEOS. At the same time, when the H2O : TEOS molar ratio is 2 : 1, the structure of the aggregates
repeats, regardless of the TEOS concentration in the system. The scattering length density of the aggregates
is found via hydrogen/deuterium isotopic substitution and contrast variation to analyze the possible inclusion
of residual ethyl and hydroxyl groups into their structure.
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INTRODUCTION

Tetraethyl orthosilicate Si(C2H5O)4 (TEOS) is
widely used in the synthesis of various organic materi-
als, including catalysts, f lavors, dyes, agrochemicals,
and medicines [1–3]. Due to its ability to form
branched silicon-containing polymers [4, 5], TEOS is
an integral part of promising technologies in the ther-
mocatalytic decomposition of methane for hydrogen
production [6, 7] and in the manufacture of acid-base
sensors [8, 9] and various membrane filters [10],
including to protect the environment [11].

Varying the conditions of hydrolysis synthesis
(acidity, temperature, and concentration of compo-
nents) allows various structures to be obtained, from
polymers with weak intermolecular bonds to dense
colloidal particles [1, 12, 13]. Such structures are
actively studied with a small-angle X-ray and neutron
scattering (SAXS and SANS) [14], which make it pos-
sible to obtain their structural characteristics (size,
polydispersity, surface type, etc.) at the nanoscale (1–
100 nm). Indeed, previous small-angle scattering
curves for silicate aggregates grown in TEOS water–
alcohol (ethanol) solutions under basic conditions
indicated that fractal structures consisting of silicate
aggregates with a diffuse surface were formed [12, 13,

15, 16]. When the influence of the water–TEOS molar
ratio (w) on the structure of aggregates was studied
with SANS, the critical behavior of their structural
parameters (w = 2) was found [15]. The surface prop-
erties are independent of w for w > 2, which indicates
a situation close to the complete saturation of Si–OH
bonds in TEOS at w = 2. The internal structure of
aggregates was studied with external and internal vari-
ation of the SANS neutron contrast via isotopic
hydrogen/deuterium substitution [16]. The authors
showed that most hydrolyzed Si–OH bonds are not
closed and participate in the condensation reaction to
form Si–O–Si bonds.

The aim of this work is to study the structure of
such clusters with SANS (including contrast variation)
depending on the total concentration of components
in the system. Considering that the proportion of
TEOS with those of other components is in certain
ratios, the concentration of TEOS in the solution is
chosen as the parameter determining the structure,
which varies in our experiments. Experiments are also
performed at earlier cluster growth stages in compari-
son with previous studies [15, 16] to test the hypothesis
about the influence of the amount of TEOS on a sol–
gel polymerization processes during the active forma-
tion of aggregates.
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Table 1. Power-law exponent (PS) of the SANS intensity in
Eq. (1) depending on the molar ratio between water and
TEOS (w)

w
Concentration of TEOS, wt %

5 10 20

1 4.85(3) 4.4(1) 4.13(8)
2 – 4.16(6) 4.22(8)

10 – 4.6(2) 4.24(8)

Table 2. Gyration radius of silicate aggregates Rg (in nm)
in Eq. (2) depending on the molar ratio between water and
TEOS (w)

w
Concentration of TEOS, wt %

5 10 20

1 5.3(1) 7.0(1) 11.9(2)
2 – 16.3(3) 16.8(4)

10 – 21.5(5) 24.8(5)
EXPERIMENTAL

The samples were prepared according to the proce-
dure described in [15, 16]. Aggregates were formed via
the sol-gel polymerization of TEOS in aqueous-alco-
holic solutions (pH ~7.5) initiated via the addition of
ammonium hydroxide to obtain a basic environment
(pH ~10.5). Samples containing 5, 10, and 20 wt %
TEOS were prepared and measurements were per-
formed at 18°C. The amount of water was determined
by the H2O : Si(C2H5O)4 molar ratio (designated as w).
Three series of samples corresponded to w = 1, 2, and 10.
Aggregation in each sample proceeded for 5 days prior
to measurements. Systems were prepared via the addi-
tion of heavy water instead of light water to vary the
neutron scattering length density of the aggregates.

The SANS experiments were performed on a
YuMO time-of-flight small-angle diffractometer
located at the IBR-2 pulsed reactor (Joint Institute for
Nuclear Research, Dubna, Russia) [17] within an
international user program. Neutrons with a de Brog-
lie wavelength of λ = (0.05–0.5) nm were used to
obtain the SANS differential cross section per unit volume
of the sample I(q) in the modulus range of the transmitted
wave vectors q = (4π/λ)sin(θ/2) = (0.08–4) nm–1, where
θ is the scattering angle. Scattering was recorded using
two circular isotropic scattering detectors located at a
distance of 4.5 and 13 m from the sample. Absolute
calibration of the scattering intensity was performed
with the use of vanadium standards.

Liquid dispersions for the SANS experiments were
placed in Helma flat quartz cuvettes with an optical
path of 1 mm. The background scattering was mea-
sured (with subsequent subtraction) separately on buf-
fer samples. Freshly prepared systems without ammo-
nium hydroxide were used.

RESULTS AND DISCUSSION

Figure 1 shows how neutron scattering changes
with an increase in the TEOS concentration and a dif-
ferent amount of water in the system. The cases under
consideration (w-values) lie in the vicinity of the criti-
cal value w = 2 found earlier [15]. There is a power-law
scattering behavior for large q-values on the SANS
curves (Fig. 1):

(1)

which is approximated on a double logarithmic scale
by linear dependences (Fig. 1). The PS exponent
obtained in all cases is greater than four (the value cor-
responding to Porod’s law in the case of a smooth sur-
face), which corresponds to a diffuse surface of forma-
tions [15, 16, 18]. Analysis of Table 1 indicates that an
increase in the relative amount of water in the system
leads to an increase in the surface diffusivity, whereas
an increase in the TEOS concentration smooths the
surface (the PS exponent approaches four).

( ) ~ ,SPI q q−
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The initial parts of the curves are well approxi-
mated with a Guinier law [14]:

(2)

where G is the zero-angle scattering intensity found
from the product of the concentration, the average
square of the volume, and the squared contrast (the
scattering length density difference between clusters
and solvent), and Rg is the gyration radius, which is the
mass-weighted mean square distance from the center
of inertia of the aggregate and is an estimation charac-
teristic size of silicate aggregates. Table 2 shows the
approximation results of experimental data with Eq.
(2) within qRg < 1.5.

The size of aggregates was additionally estimated
from the scattering curves in the full q-range and the
Porod integral [14]:

(3)

which provides the Porod volume:

(4)

Table 3 also shows the linear sizes of the aggregates
obtained as the cube root of Vp. The experimental
spectra were extrapolated by one order of magnitude
toward small q-values via the Guinier approximation (2)
to increase the accuracy of numerical integration (3).
There was a general increase in both the characteristic
size parameters of the aggregates with an increase in
both the concentration of TEOS and water in the sys-
tem. The only exception was the case w = 2, when an
increase in the TEOS concentration from 10 to 20 wt %
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Fig. 1. Experimental curves of the small-angle neutron
scattering for three series of samples with different initial
TEOS concentrations ((squares) 5, (circles) 10, and
(rhombuses) 20 wt %) corresponding to different molar
ratios between water and TEOS (w): (a) 1, (b) 2, and (c) 10.
Dashed lines are the Guinier approximations (2) that
determine the sizes of the aggregate and solid lines are
power-law dependences corresponding to scattering at the
surface of the aggregates (1). The fitting parameters are
given in Tables 1 and 2. The dash-dotted line shows the
second Guinier level for systems with the highest amount
of water (c) with an gyration radius of 8.6(3) and 7.9(3) nm
for 10 and 20 wt % respectively; a characteristic kink due to
the second level in the curves is indicated by an arrow.
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did not change the structure of the aggregates. This
observation and the fact that the PS exponents for
these two samples also coincide within the error indi-
cate that there is a special point on the state diagram of
the system in the vicinity of the molar ratio H2O :
TEOS (2 : 1) and, therefore, there are special colloi-
dal-aggregation conditions that allow an increase in
the production yield of silicate aggregates through an
increase in an amount of TEOS while maintaining the
same structural characteristics.

It should be noted that two sizes, differing from
each other by approximately three times, appear for
the highest concentrations in the SANS spectra of the
samples. An arrow indicates the corresponding kink in
Fig. 1c. This is probably due to the fact that secondary
agglomeration into fractal structures proceeds
together with aggregation, which is possibly activated
at the last growth stages of these colloids. A rather
large concentration of “building material” (water and
TEOS), however, contributes to these effects at earlier
stages.

An experiment on inner contrast variation (analysis
of changes in scattering curves with variations in the
average scattering density of aggregates) was per-
formed to study the internal structure of the TEOS
aggregates. If there were residual ethyl or hydroxyl
groups in the aggregate structure, the scattering curves
would be very different, in the case that ‒OH is
replaced by –OD. The scattering length density of the
solvent in this experiment almost remained
unchanged due to the low volume fraction of water in
the system and was equal to that of ethanol (‒0.345 ×
1010 cm–2). The aggregate scattering length density was
estimated in [16] and was 4.4 × 1010 cm–2. In the first
approximation (when the molar volume was con-
stant), the scattering intensities were estimated and
compared for different neutron contrasts for closed –OH
and –OD groups in aggregates in the case of one non-
hydrolyzed silicon bond among four possible bonds
(per Si atom). The calculations showed that if there is
at least one hydroxyl group with deuterium in the
composition, the scattering intensity should be
3.18 times higher than that of a hydrogen atom.
Besides a multiple increase in the signal, the introduc-
tion of different isotopes into the structure leads to sig-
nificant differences in the spectrum for large scatter-
ing vectors.

Figure 2 shows the scattering curves in colloidal
solutions prepared from light and heavy water for
comparison. It is clear that the curves corresponding
to the same w-value almost coincide. The slight differ-
ences are probably a result of the preparation proce-
dure. First of all, this error appeared because of esti-
mation of the concentrations, as the volume fraction
of water is quite low. The data obtained indicate that
there are no –OH groups in the cluster structure; in
other words, the vast majority of hydrolyzed bonds
participate in the condensation reaction to form Si–
TRON AND NEUTRON TECHNIQUES  Vol. 13  No. 6  2019
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Table 3. Linear aggregate size (Vp)1/3 (in nm), defined as the
cube root from the Porod volume calculated from Eqs. (3) and
(4), depending on the molar ratio between water and TEOS (w)

w
Concentration of TEOS, wt %

5 10 20

1 10.48(4) 13.65(4) 22.66(9)
2 – 32.5(2) 32.7(2)

10 – 43.5(3) 46.3(3)
O–Si bonds. The theory of “poisoned bonds” [12, 13]
indicates that silicate aggregates should contain resid-
ual ‒C2H5 groups, which did not have time to hydro-
lyze because of the competition of two chemical reac-
tions (hydrolysis and condensation) and lost access to
the dispersion medium because of the fast process of
aggregation. The study of outer contrast variation,
however, when the solvent scattering density was var-
ied from C2H5OH to C2D5OD mixtures, did not confirm
this assumption and showed that the structure of the
aggregates is similar to that of amorphous SiO2 [16].

The most probable reason of the differences in the
structure of aggregates with different amount of water
and TEOS, therefore, is not the chemical heterogene-
ity of hydrolysis, but the conformational diversity of
polymer structures formed from hydrolyzed TEOS in
basic solutions due to the nucleophilic substitution
mechanism.
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO

Fig. 2. Inner contrast variation in small-angle neutron
scattering at silicate aggregates obtained via hydrolysis of
TEOS in H2O/C2H5OH (empty symbols) and
D2O/C2H5OH (filled symbols) basic solutions with differ-
ent molar ratios between water and TEOS (w): (squares) 1
and (circles, the I(q)-values are multiplied by 10 for better
perception) 2, and (rhombuses, the I(q)-values are multi-
plied by 100 for better perception) 10. The concentration of
TEOS was 10 wt % for all systems.
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CONCLUSIONS
The dependence of the structure of silicate aggre-

gates in the tetraethyl orthosilicate–water–ethanol
system on the synthesis parameters was studied via
small-angle neutron scattering. We showed that the
aggregation process is critical depending on the
amount of water and TEOS in the system and that the
most stable structural parameters relative to variations
in concentration of system components can be achieved
by keeping the H2O : TEOS molar ratio of (2 : 1). In addi-
tion, the experimental results on contrast variation refute
the concept of “poisoned” bonds, which states that there
are residual ethyl and hydroxyl groups in the aggregates.
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