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Conventional small-angle neutron scattering (SANS) and ultrasmall-angle neutron scattering 

(USANS) are applied in the combined analysis of aggregated silica particles formed in basic 

tetraethoxysilane/ethanol/water solutions. The scattering is followed for different water/TEOS 

molar ratios to make a self-consistent description of fractal and size characteristics of the 

developed aggregates.  

 

Introduction 

A popular gel production technology is based on the so-called sol-gel technique, which consists 

of two principally different stages. First, sol formation is induced in a solution, then it is 

converted into a gel, a colloidal system consisting of a liquid dispersion medium enclosed in a 

flexible but sufficiently stable spatial network formed by the connected structural units of the 

solid phase [1,2]. This technique is used in the production of a wide range of industrial goods, 

from foods to adsorbents [3–5]. The well-proven sol-gel process employs the processes of 

controlled hydrolysis of alkoxides in aqueous or organic (often alcoholic) media followed by 

gelation as a result of an increase in the volume concentration of the solid phase or other changes 

in solutions (e.g., pH variation, solvent replacement, etc.) [6]. 

The most common inorganic gel is silica gel obtained by polymerization of orthosilicic acid 

(Si(OH)4) in aqueous solutions. Tetraethyl orthosilicate (Si(OC2H5)4, TEOS) is often used as a 

precursor to initiate the growth of branched silicon-based structures [7–9]. The final gel 

organization, which greatly depends on the water content in the system as well as on the catalyst 

nature, is the result of the competitive effects of the hydrolysis and polycondensation reaction, 

which can be regulated by varying pH. Generally, silica gels grown in acidic solutions have a 

network consisting of linear polymeric-like agglomerates with a low density of cross bonds, 

while basic solutions give a network of highly branched clusters.  

In the second case, the developed structures consisting of discrete colloidal particles (the size of 

which does not exceed several tens of nm) at certain concentrations are extensive networks 

formed throughout the liquid carrier via branched bonds. They have been studied by small-angle 

X-ray (SAXS) and neutron (SANS) scattering [10] for the last decades as objects with a fractal 



scaling. The corresponding behavior of scattering curves is of a power-law type with the 

exponent directly related to the fractal dimension of the developed structures. The appearance of 

the primary fractal aggregation can be followed by SAXS/SANS starting from sols [11–13]. The 

recent application of the SANS contrast variation based on hydrogen/deuterium substitution in 

different components have clarified the inner structure of the basic structural units of the 

aggregates formed in basic conditions [14,15]. The scaling can vary in these systems in different 

correlation length ranges, which is mostly determined by the concentration of the initial 

components in the starting solutions and the water/TEOS molar ratio, w. Thus, when changing w 

in a wide interval of 1 – 10 at a fixed TEOS concentration one observes a monotonous decrease 

in the fractal dimension of the aggregates from 2 to 1 [11]. At the same time, the w-dependences 

for the structural parameters of the basic structural units including particle size and surface 

roughness are characterized by a critical behavior in the vicinity of w = 2 showing ‘breaks’ in 

corresponding functions. The fact that the growth processes at two structural levels are 

independent raises a question about the crossover between the mass and surface structural 

organizations. 

For this purpose, in this work together with conventional small-angle neutron scattering (SANS) 

we have applied ultra-small-angle neutron scattering (USANS). The combination allows one to 

characterize materials in a significantly wider scale interval from nano- to micro-size levels. The 

small-angle scattering technique provides statistical information averaged over macroscopic 

volume, which can be related to the features of hydrolysis and aggregation mechanisms in the 

whole volume of final sols. If conventional SANS covers the level of nanoparticles and is 

partially sensitive to large (size above 100 nm) aggregates, the USANS technique specifically 

‘sees’ aggregates in sols. This scale has not been studied before [11] because of resolution 

limitations in conventional SANS. Besides the reliable determination of the aggregate size, 

analysis is required to investigate in more detail the fractal structure of the aggregates in addition 

to their fractal dimensions estimated earlier [16–21]. Fractality is primarily associated with 

porosity and specific surface area [22], which determine the effectiveness of technological 

applications of silicate gels. For self-similar fractals, the aggregation number, Na, and the fractal 

dimension, D, as well as the radius of gyration of the aggregates, Ra, and constituent particles, 

Rp, respectively, are related as: 

 
D

a a pN k R R . (1) 

The prefactor, k, is a dimensionless constant of the order of unity. It is a local characteristic 

depending on the chosen center of the fractal associate. Its value is less if there are large empty 

areas within the aggregate, and vice versa. Fluctuations of k, depending on the position of the 

center in the system, are characterized by the parameter called lacunarity. Mandelbrot suggested 

[22] that the magnitude of the prefactor k is approximately inversely proportional to lacunarity, 

but this definition does not cover all cases. There are a number of methods proposed for 

calculating lacunarity, however, there is no general agreement regarding a strictly correct 

procedure [23,24]. Roughly, k can be associated with the porosity of the system, i.e. with the 

presence of large (compared to the size of the subunits of the fractal aggregate) pores [25]. The 

goal of this paper is determine all structural parameters provided by Eq. 1 for a complete 

description of fractal silica aggregates grown by basic hydrolysis in TEOS/ethanol/water ternary 

mixtures.  

 

Experimental 

Sols were prepared according to the procedure described in Refs. [11–15] by 

hydrolysis/polymerization of TEOS (10 wt.%) in aqueous-alcoholic solutions (pH ≈ 7.5) initiated 

by the addition of ammonium hydroxide to obtain the basic medium (pH increased to ≈ 10.5) so 



that the H2O/TEOS molar ratio was changed from 0.5 to 10 to cover the previously reported w-

range. The samples were prepared seven days before the start of the experiment, with the 

exception of the series in which growth kinetics was monitored for 1–7 days (providing samples 

of different ages). To perform the external contrast variation procedure, solutions were prepared 

on the basis of the corresponding isotopic mixtures of H-ethanol and D-ethanol. For internal 

contrast variation, hydrolysis was initiated by light and heavy water, respectively. Sample 

preparation, storage and neutron scattering measurements were performed at 20°C.  

To determine the structure of silicate sols under study, several series of SANS and USANS 

experiments were carried out. Conventional SANS was obtained on the YuMO time-of-flight 

diffractometer (IBR-2 pulsed reactor, FLNP JINR, Dubna, Russia); USANS experiments were 

performed on the KWS-3 high-resolution setup (FRM-II steady-state reactor, MLZ JCNS, 

Garching, Germany) and double-crystal high-resolution diffractometer MAUD (LVR15 steady-

state reactor, CANAM infrastructure of NPI ASCR, Řež, Czech Republic).  

At YuMO, SANS differential cross section per unit sample volume, I(q), was obtained in a q-

range of (0.08–4) nm-1; neutron wavelength range (0.05–0.5) nm [26]. The scattering was 

recorded by two large-area ring-type 3He detectors of isotropic scattering located at the sample-

detector distances of 4.5 and 13 m, respectively. The absolute calibration of the scattered 

intensity was made using vanadium standards. 

KWS-3 is a high-resolution small-angle diffractometer using a toroidal focusing mirror, which 

allows one to achieve a minimum momentum transfer at the level of 1×10–3 nm–1 [27]. The 

measurements at this instrument were made at a neutron wavelength of λ = 1.28 nm (Δλ/λ = 0.2). 

Sample-detector distances of 1 and 10 m covered the momentum transfer range of q = (5×10–3 –

 1.5×10–1) nm–1. The scattered neutrons were detected with a 2D position-sensitive 6Li-based 

detector (active area diameter of 8.7 cm with a spatial resolution of 0.36×0.39 mm). The 

obtained 2D patterns were azimuthally averaged and converted to the absolute scale by 

normalization to the incoherent scattering cross section of Plexiglas with taking into account the 

detector sensitivity. 

USANS measurements using MAUD [28] were made at a neutron wavelength of 0.209 nm. 

Unlike conventional double-crystal diffractometers, the MAUD diffractometer is equipped with 

an elastically bent Si crystal analyzer, which allows the entire scattering pattern to be obtained 

on a 1D position-sensitive detector without rotation. The momentum transfer range was 

q = (5×10–3 – 1.2×10–1) nm–1. 

In all experiments, sols were placed in flat 1-mm-thick quartz cells (Helma). The scattering by 

similar freshly prepared systems without the addition of ammonium hydroxide was subtracted as 

a background signal. To check the results of different calibration procedures, we obtained the 

scattering patterns for several samples on two instruments and the curves showed complete 

reproducibility in the overlapping q-ranges. 

 

Results and discussion 

The final structure of aggregated silica particles strongly depends on the water/TEOS molar 

ratio, but for the case under consideration (10% TEOS in alcohol-water solutions) the formation 

of colloidal particles always lasts about five days in ambient conditions, after which a period of 

relative structural stability is observed [11–13]. We confirmed this fact by comparatively short 

measurements of SANS curves for the samples of identical composition (w = 2), but of different 

ages. In Fig. 1 it is clearly seen that on the sixth day, the exponential growth of sol nanoparticles 

significantly slows down and some saturation occurs. This makes it possible to carry out a series 

of SANS experiments that are more extended in time (up to several days). 



In the literature, including our previous results on neutron scattering [14,29], it was concluded 

that sol particles are close in structure to amorphous silicon dioxide. It is important that recent 

experiments on SANS contrast variation excluded any significant presence of hydroxyl groups 

inside colloidal particles [14,15], which was discussed [12,13] at the early stages of structural 

research of the given systems within the framework of the model of poisoned bonds. 

Nevertheless, a certain amount of hydroxyl groups can be present on the particle surface in 

amounts undetectable by SANS. They are involved in the stabilization of the particles, and, when 

the solution is concentrated, participate in the formation of a gel network at the second stage of 

the sol-gel process.  

Contrast variation is a strong advantage of neutron scattering methods. In the course of such type 

of experiments, one can track changes in the scattering curves after isotopic substitution (most 

often hydrogen for deuterium) in the solution only slightly affecting the chemical properties of 

the components. Thus, in our previous works [14,15], the hydrolysis of TEOS was carried out by 

both light and heavy water. The solvent scattering length density (SLD) in this case is practically 

unchanged due to rather small volume fraction of water in the whole system. Any noticeable 

presence of hydroxyl groups in the composition of the dispersed phase would lead to a difference 

in the scattering curves. Yet, conventional SANS setups do not reveal any difference. Hence, it 

was concluded that the vast majority of hydrolyzed Si O Н(D)    bonds participate in the 

polycondensation reaction with the formation of Si O Si    , since the sol structure is 

identical for the TEOS/C2H6O/H2O and TEOS/C2H6O/D2O systems at a scale of L < 90 nm. The 

latter limit was estimated from the relation between direct and reciprocal Fourier space, 

Lmax ≈ 2π/qmin. In the current research, using USANS, the size scale have been extended to 

Lmax ≈ 900 nm. Again, the scattering data (Fig. 2) confirm the previous conclusions, since no 

isotope effect is observed at the submicron scale either. Thus, the internal contrast variation 

(variation in the scattering density of the dispersed phase) indicates that in the case of the basic 

synthesis no hydroxyl groups remain in the composition of the aggregates. 

During the external contrast variation (SLD of the dispersion medium is changed), one can 

determine the average scattering length density of dispersed particles. Another potential 

structural difference in the products of the TEOS hydrolysis is that there are “immured” ethyl 

groups 2 5Si O С Н    that do not have time to hydrolyze, since quite rapid condensation 

reaction limits the access of water molecules from the solvent [14]. To clarify this point, first, the 

Guinier approximation was tested for the intensity at the smallest scattering vectors, 1aqR  : 

 2 2( ) exp 3a aI q G q R  , (2) 

Here, Ga is the forward scattered intensity, which has a quadratic dependence on contrast  the 

difference in the scattering length densities of the two phases: 

 
2

~ D

a S aG R  . (3) 

It should be noted that for the basic structural units of the aggregates in the vicinity of 1pqR  , 

the scattered intensity follows the law similar to equation (2), with the parameters Gp and Rp 

corresponding to the particle level. The average particle gyration radius obtained was 

(13.7 ± 0.3) nm. By extrapolating dependence (3) to minima for both levels (Fig.2b), the so-

called match points, one obtains the average SLD of colloidal particles and aggregates, 

respectively. Experimentally, this is achieved by measuring samples with different volume 

contents of deuterated ethanol, η, that determines solvent SLD as ρsolv = ηρD + (1 – η) ρH, where 

ρD = 6.098×1010 cm-2 and ρH = -0.345×1010 cm-2 are the scattering length density of the 

deuterated and nondeuterated ethanol, respectively. 



Our previous SANS results at the scale of < 90 nm gave a value close (within 5%) to that for 

amorphous silicon dioxide. Here, we repeated this experiment, expanding the q-range towards 

ultra-small values. In this case, we were able to show that the analysis of the Guinier regions 

corresponding to both aggregates and sol particles gives almost the same match point. It is only 

4.3% higher than the tabulated value for SLD of silicon dioxide. It is important to note that the 

presence of “immured” ethyl groups, on the contrary, would lower the average particle SLD, 

since they contain hydrogen with a negative scattering length [10]. Thus, SANS analysis of the 

structure of silicate sols obtained from hydrolyzed TEOS confirms that they consist of pure SiO2. 

The observed aggregation corresponding to the ultra-small q-range exhibits pronounced fractal 

properties. The scattering curve is described by a power law with an exponent close to 2. It lies 

in the interval of (1–3) (see Fig. 3a) and, thus, equals to the mass fractal dimension, D [30]. The 

previous experiments at conventional SANS setups did not resolve the size of these aggregates. 

The dependences of the Guinier parameters on the water/TEOS molar ratio are presented in 

Fig. 3b. Both dependencies, G(w) and R(w) monotonously decrease with increasing w following 

power laws, which is proved by linear approximations in the double logarithmic plots. The ratio 

of the corresponding power-law exponents is about  2.1, which is close to the fractal dimension 

of the aggregates ≈ 2, and the ratio / D

a aG R  is close to a constant (shown in the inset to Fig. 3b) 

in full agreement with the scaling ~ D

a aG R  (Eq. 3) following from the theory of scattering by 

fractals [31]. It also proves full accessibility of the solvent to the surface of basic units; closed 

pores in the structure of the aggregates are excluded, since they would strongly affect the 

relations discussed. 

The self-consistent description of the fractal structure of the aggregates which takes into account 

the cut-off effects with respect to the aggregate size, makes it possible to estimate the k-

parameter in Eq. 1. Assuming a quasi-monodisperse size distribution, the aggregation number 

can be determined from SANS as: 

2

a a pN N N G G   . (4) 

With almost constant Gp and monotonically decreasing Ga, the aggregation number drops by 

about one order (from ≈ 20 to ≈ 2) when w increases from 0.5 to 10 (Fig. 4), which fully 

correlates with a decrease in the aggregate size, Ra. Combining (1), (2) and (4) one obtains for 

the fractal prefactor, k: 

D

pa

p a

RG
k

G R

 
  

 
.  (5) 

Our data indicate that this parameter remains constant for different molar ratios of water to 

TEOS (see the inset in Fig. 4). The exception is the case of maximally achieved w, which is 

explained by a significant error in determining the Guinier parameters of the aggregates at small 

aggregation numbers. The fractal prefactor (determined by the porosity dependent lacunarity) is 

a characteristic of the entire class of objects obtained by the base-catalyzed hydrolysis of TEOS 

and further polycondensation of orthosilicic acid. This can be an important factor for developing 

production processes using the sol-gel method regarding both thin-film coatings and bulk porous 

materials. 

The reproducibility of the results for the ultra-small q-region was additionally verified using 

USANS diffractometers based on different principles (Fig. 5). The corresponding curves 

obtained are in agreement; the general tendency for the SANS curves to decrease in their initial 

parts together with a slight increase at large q-values is undoubtedly traced. In the q-interval 

overlapping with the conventional SANS, the USANS curves repeat those from Ref. 11. 



Conclusions 

To summarize, the joint application of the conventional SANS and USANS methods made it 

possible to describe fractal aggregation in basic tetraethoxysilane/ethanol/water solutions in 

terms of a self-consistent model covering the combined size-range of nano- and submicron-

levels. The extended analysis of the fractal structure allowed us to conclude that the effective 

measure of cluster porosity (fractal prefactor) for silica aggregates is constant for the sols 

obtained by hydrolyzed tetraethoxysilane regardless of the water/TEOS molar ratio. At the same 

time, an increase in this ratio leads to a significant decrease in the size of aggregates down to 

trimers and dimers for the largest value covered in the experiments. The experiments were done 

for the systems with the same pH required to start the initiation of hydrolysis and aggregate 

growth. The pH-effect on the whole process and final fractal structure of aggregates in 

combination with the variation of the TEOS concentration is the subject of further investigations. 
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Research Highlights: 

♦ Fractal structure of the sols obtained by hydrolyzed tetraethoxysilane was investigated 

♦ Increase in the water/TEOS molar ratio leads to a significant decrease in the aggregate size 

♦ Porosity of silica aggregates is constant regardless of this ratio 

 

 

Fig. 1. Increase in SANS intensity corresponding to the growth of aggregates in the solutions 

under study during the first days after the initiation of the sol-gel process. 



 

  (a)         (b) 

  

Fig. 2. SANS curve obtained in the experiments on internal (a) and external (b) contrast 

variation in silica sols with w = 2. In the second case, extrapolating quadratic dependences of 

scattered intensity on the contrast are shown for the levels of aggregates (gray line) and particles 

(black line), respectively; corresponding match-points (shown by arrows) are given in terms of 

D-ethanol volume fraction. 

 

 

   (a)         (b) 

  

Fig. 3. (a) Experimental (points) SANS curves for different w-values with the Guinier 

approximation (lines); (b) Parameters of the Guinier approximation as a function of water/TEOS 

ratio. The lines show the corresponding scaling laws. The inset displays the w-dependence of the 

experimentally found ratio 2

a aG R  approximated with a constant. 



 

 

Fig. 4. Aggregation number of silica particles in the studied sols vs. water/TEOS molar ratio. In 

the inset, the w-dependence of the fractal prefactor is given with the indication of the average 

value. 

 

 

 

Fig. 5. Comparison of the experimental USANS curves for silica sols obtained at different setups 

(KWS-3@MLZ and MAUD@NPI ASCR). All samples are prepared by the same procedure as 

described in the Experimental section. 
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