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Small angle X-ray scattering (SAXS) studies of 
sol to gel transition in K20-AI203-SiO2 system 

K. J. LEE*, H. A. HRISTOV*,  T. Y. T IEN* ,  E. GULARI ** 
* Department of Materials Science and Engineering and ** Department of Chemical 
Engineering, University of Michigan, Ann Arbor-, MI 480109-2136, USA 

The structural evolution during a sol to gel transition reaction in the K20-AI203-SiO2 system 
was investigated by using in situ small angle X-ray scattering (SAXS) technique. The results 
are interpreted as evidence of the presence of at least two different gel phases. The analysis 
shows that the primary phase is composed of small particles with characteristic size of 
,-,3.0 nm, and considerable size and shape variation. The primary phase is identified as 

a random phase in the Debye sense. The primary particles aggregate into larger formations 
with spherical symmetry. The size of larger aggregates (second phase) increases 
continuously in the course of gelation and levels off after reaching ~ 15.0 nm. The volume 
fraction of the second phase keeps increasing until the end of the measurement which is far 
after the gelation (3-fold of the gelation time)~ 

1. Introduction 
It is well known that a sol to ge! reaction undergoes 
a series of chemical reactions namely, hydrolysis and 
polycondensation in the alkoxides system [1-3]. The 
gels resulting from these reactions may differ in struc- 
ture and therefore in properties, depending on the 
experimental conditions [4-7]. The experimental 
variables such as the solvent, catalyst, water, reaction 
temperature, etc. should be optimized in order to 
producegels with desired final properties. If one needs 
to control the final structure it is important to investi- 
gate the effect of the variables on the formation of gels. 
In order to properly assess these effects, it is crucial to 
obtain detailed information on the structural evolu- 
tion during a sol to gel transition reaction. 

Various scattering techniques have been used [8-11] 
to characterize the evolution of the sol-gel reaction in 
terms of the size of the growing gel particles. It has been 
established that light scattering [8, 9] including Raman 
scattering [10], and small angle X-ray scattering 
(SAXS) [11] are the most useful techniques in this 
respect. Transmission electron microscopy (TEM) 
measurements of gels, frozen at various stages of the 
sol-gel transformation, have been reported on a few 
occasions [12, 13]. Light scattering is employed mainly 
to investigate macromolecules in solution. The size 
resolution of the light scattering methods is several 
hundreds of angstroms, thus the method cannot be 
used to characterize the early stages of the sol-gel 
transformation (where the particle size is less than 
10.0rim at this stage [11]). Raman scattering tech- 
nique s have been successfully employed to follow the 
kinetics of the reaction at later stages. 

The X-ray scattering at small angles results from 
fluctuations of the electronic density within the mater- 
ial with dimensions in the range 2.0-200.0 nm [14]. 
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Recently, the SAXS technique has gained in popular- 
ity in conjunction with fractal concepts [11, 15, 16]. It 
was established that some systems exhibit a scaled self 
similarity of the main building units. In order to ob- 
tain the necessary information, the gelation process is 
usually interrupted at specific time intervals for dilu- 
tion of the material, and postmortem investigation. 
While such studies provide valuable information with 
regard to the fractal character of the main building 
units, it is not evident that. the results depict the real 
gel structure (a discussion of some problems can be 
found in [17]). Another problem associated with the 
dilution technique is the lack of information with 
regard to the kinetics of the process. A brief analysis of 
the sol-gel transition in undiluted systems is presented 
in [-18] but this analysis appears to be incomplete since 
it does not account for the interference of the scattered 
intensity from neighbouring particles when the concen- 
tration/time increases; also the possible development of 
more than one gel phases is not taken into account. The 
same is valid for the analysis of the results presented in 
[11], however this work indicates the possibility of 
agglomeration of smaller building units. 

In the present work we report an in situ small angle 
X-ray scattering investigation of the sol to gel 
transition in the K 2 0 - A l z O 3 - S i O  2 system. The com- 
position was chosen to form a monolithic form of 
feldspar glass as reported in a previous paper [19]. 
The main goal of the investigation is to obtain quan- 
titative information regarding the structural develop- 
ments during the sol to gel reaction. 

2. Experimental procedure 
The starting materials used to prepare the alkoxide 
solution were potassium methoxide (K(OCHs)), 

1341 



aluminum sec-butoxide (AI(OC4H9)3), and tetra- 
methoxysilane (TMOS, Si(OCH3)4). Their molar 
ratios were adjusted to have a potash feldspar glass 
composition of KzO : A1203 : 6SiOz. TMOS was dis- 
solved in methanol and formamide was used as a dry- 
ing control additive to prevent crack development 
during drying [20]. The mixture was vigourously stir- 
red and K(OCH3) was then added to the solution. 
During the continuous stirring an appropriate 
amount of Al(OC4H9)3 was added. The mixing of the 
alkoxides was processed under a nitrogen atmosphere 
at 80 ~ which produces a clear solution. After cool- 
ing to room temperature, the solution was hydrolysed 
by the addition of distilled water. The sample solution 
was immediately injected in a specially designed stain- 
less steel cell with a mylar | window (window thickness 
less than 0.1 ram, sample thickness ~2  ram) which 
can be mounted on the SAXS instrument. 

SAXS measurements were performed by using a dif- 
fractometer with a Kratky type collimation (Anton 
Paar, Austria). To obtain a sufficient size resolution Fe 
K~ radiation was used, collimated with an entrance slit 
of 30 gin. The diffracted radiation was registered by 
a position-sensitive proportional counter (M-Broun, 
Germany, Model OED 50) in 20 interval from 0.06 ~ 
up to 6.6 ~ simultaneously in time intervals of 5 min- 
utes. The angular interval'corresponds to a reciprocal 
space interval from km~, = 0.03 nm - t  to kma x 

3.7rim -1, where ]k] = 4rcsin0/X is the usual diffrac- 
tion vector, O is the diffraction angle and X is the 
wavelength of the Fe K~ radiation, (0.194nm). The 
maximum size resolution of the instrument is in the 
range 200-300 rim, depending on the scattering power 
of the material. The scattering measurements were 
performed at room temperature in situ throughout the 
sol to gel reaction. The intensities collected at different 
times were corrected for background and air scatter- 
ing, and then desmeared (infinitely long slit approxi- 
mation) [21]. 
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Figure 1 Log intensity vs. log k at reduced time, t/tg = 0.2. 
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Figure 2 Debye plot of the intensities at different reduced reaction 
times; (O) t/tg = 0.2, ([~) t/tg = 0.4, (A) t/t~ = 0.8, (0) t/tg = 2.0 
and (+)  t/tg = 3.0. 

3. Results 
Fig. 1 shows a typical scattering curve of log (intensity) 
vs. log (k) obtained at the beginning of the sol to gel 
reaction when the system is still diluted ( t / tg  = 0.2). 

The result demonstrated that the tail is not linear, i.e. 
there is no simple power law applicable to our system. 
It has been found that in a dilute system of scatterers 
with identical (or narrow distribution) sizes and 
shapes, the decrease of the scattered intensity with 
increasing k (or angle) follows a power law i. e. I(k) 
x k" = const. In the case of particles with "proper" 
shape (e.g. spheres, discs, rods) n is an integer [21], 
while in the case of objects with irregular shape the 
n value is often a fractal number [16]. Scattering 
results which exhibit significant curvature in a log-log 
plot have been reported for some silicate polymers [5], 
but the possible source of the nonlinearity has not 
been discussed. Deviation from the power law usually 
indicates scattering from dissimilar particles [14], thus 
the curve in Fig. 1 can be consistently explained if we 
assume that the scattering entities have significant 
variations of sizes and/or shapes. In such cases it may 
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be fruitful to attempt to analyse the diffraction curves 
as a scattering from a completely random system (zero 
order Poisson distribution [22] of particle sizes). Ac- 
cording to Debye et al. [23] the correlation function, 
y(r), of such system is given by: 

y(r) = exp(--  r/a) (1) 

where r is an arbitrary distance within the scattering 
medium and a is the Debye correlation length. 

Using the above correlation function, Equation 1, 
the X-ray intensity diffracted from a random system 
can be expressed as [23]: 

constant 
I (k)  - ( 1 + ~ ) ~ a  ~'~ (2) 

If the electron density fluctuations in our system con- 
form to Equation 1, then a plot of I(k) -1/2 vs. k z 
should yield a straight line from Equation 2. As shown 
in Fig. 2, the intensities obtained at various times can 
be linearized when plotted as I(k)-1/2 vs. Ic a, and the 
obvious conclusion is that the system is random in the 
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Figure 3 The change of the characteristic size ((0)  al)  and volume 
fraction ((O) A1) of the primary phase with reduced time. 
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Figure 4 The change of the size ((O) a2) and volume fraction 
((�9 A2) of the second phase aggregations (see text for details). 

Debye sense. An advantage of using the Debye ap- 
proach is that the analysis is independent of the con- 
centration of the scattering entities, as long as they 
remain random in size and shape. From Fig. 2, it is 
also possible t o  obtain quantitative information by 
deriving the characteristic length via the following 
relationship: 

= ( s l o p e  ~1/2 
a (3) 

Fig. 2 also shows that the scattering curves obtained at 
larger times exhibit a small drop-off from the straight 
line at low angles. In such cases, the scattering curves 
can be adequately corrected by including a second 
term in the correlation function [23] and the total 
intensity is written as: 

I(k) = AI(1 + kZa2) -2 + A2exp( - k2a 2) (4) 

where aa is the Debye characteristic length, 
a2 = (R2/3) 1/2, respectively, with Rg the gyration 
radius of larger scatterers. The corrected experimental 
intensities were fitted with four parameters in accord- 
ance with Equation 4 and the results from this proced- 
ure are shown in Figs 3 and 4. The data points in each 
figure are accurate within 3%. 

4. Discussion 
The interpretation of the second term in Equation 4 is 
the presence of a second phase in the gel, which ap- 
pears to be more homogeneous in Size and shape for 
a fixed time period. The amplitudes A1 and A2 (inten- 
sities at k = 0) are related to the total amount of the 
two respective phases. Fig. 3 shows that the charac- 
teristic size (~3.0nm) of the random phase (al) is 
essentially constant in the course of gelation, while its 
amount (A1) increases in a linear manner and reaches 
a plateau after the gelation point. It should be noted 
that the term "characteristic size" means that 
~3.0 nm is the most probable dimension, but one 

should expect a significant size variation within the 
random phase. The relatively stable characteristic size 
implies that the increase in A ~ is proportional to the 
increase of the volume fraction of the random phase, 
i.e. the volume fraction of the random phase increases 
linearly with time. Linear growth with time is usually 
interpreted [24] as an indication of instantaneous 
formation of random phase (a~). A consistent inter- 
pretation of this result is the assumption that the 
random phase is composed of small (primary) par- 
ticles, which grow very rapidly (with respect to the 
measuring time of 1 min) to their final size. The size of 
the larger scatterers (second phase, a2) increases con- 
tinuously in the shme time interval and after reaching 

15.0 nm levels off as shown in Fig. 4. The volume 
fraction of the second phase (A2) increases until the 
end of the measurements which is 3-fold of the gela- 
tion time. Since the increase of the average radius of 
gyration (a2) of the secondary particles is reasonably 
linear for t < tgel , their growth before the gelation is 
apparently a three dimensional process. 

The results discussed above suggest that the gela- 
tion process starts with the formation of small primary 
particles, which grow very rapidly. It is reasonable to 
expect that rapid growth will produce formations with 
considerable size and shape variations. As the number 
of primary particles increases steadily, they tend to 
aggregate forming larger scatterers in random locali- 
ties throughout the sample volume. The aggregates of 
these primary particles grow in size and number as the 
sol to gel reaction progresses, until they reach a final 
size of ~15.0nm after the gelation point. At the 
gelation point, the gel phase has lost the ability to flow 
freely but the system still has the sol fraction which is 
available for further growth. It was found that the 
alkoxide was not totally consumed until about the 
gelation point when Raman spectroscopy was used to 
follow the disappearance of TMOS as reported in 
a previous study [19]. The hydrolysis of the alkoxides 
and condensation of the hydrolysed species produce 
the primary particles. However, the volume fraction of 
the primary particles stops increasing soon after all 
the alkoxides are consumed. This eventually limits the 
growth of the aggregate size to ~ 15.0 nm. It is clear 
that both hydrolysis and growth proceed at the same 
time, and the condensation develops mainly by the 
growth of hydrolysed species. It is evident also (Fig. 4) 
that the agglomeration process continues well after 
the gelation time, although the rate of formation of 
secondary particles decreases. 
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The two phase structural development proposed in 
our work is consistent with results from TEM inves- 
tigations of frozen silica gels [12, 13], and postmortem 
SAXS study of fired silica gels [25]. Because of the 
nature of these investigations the kinetics of the gela- 
tion process is not known, but the structural results 
indicate the formation of small particles with sizes in 
the range 2.0-4.0 nm, which probably agglomerate in 
a later stage. The size of the secondary particles re- 
ported in [25] (,-~ 100.0 nm), appears to be an order of 
magnitude larger than the sizes measured in our study. 
It should be noted that the random structure model 
proposed by Debye et al. [23], has been used before to 
analyse the structure of silica gels [25], but the present 
study is its first application as a tool to follow the 
kinetics of the sol to gel transformation on a micro- 
scopic scale. 

Finally it is useful to discuss the random structure 
from a fractal point of view. If we rewrite Equation 
2 as I(k) = const/(1 + 2k2a 2 4- k4a 4) it is evident that 
at small k (10w angles) the k-2 term will dominate the 
intensity distribution. At large k, the k-4 term (Porod 
term) will determine the shape of the scattering curve, 
while at intermediate angles, different small portions 
of the curve can be fitted with (ka)-", where n is any 
value between two and four (including fractal values). 
The simple considerations outlined above indicate 
that only measurements in a sufficiently large angular 
interval can determine whether a particular system is 
random or exhibits some scaling property. When at- 
tempting to fit the tails of the scattering curves (i.e. at 
high angles) by a power law, one should also correct 
the "parasitic" contribution from the wide angle scat- 
tering since it may affect the value of the exponent. In 
our opinion these questions have not been adequately 
addressed in the specialized literature. 

5. Conclusions 
It is demonstrated that the structural evolution during 
a sol to gel transition reaction in K20-A1203-SiO2 
system can be characterized by using in situ small 
angle X-ray scattering techniques. The results show 
that the final gel structure is composed of at least two 
different phases. The primary phase is composed of 
small particles (characteristic dimension ~ 3.0 nm) ex- 
hibiting a considerable size and shape variation. This 
phase possess the characteristics of a completely ran- 
dom material. The characteristic dimension of these 
particles is essentially constant before the gelation, 
while its volume fraction increases linearly in the same 
time interval. The nucleation of primary particles 
ceases soon after the gelation point. The primary par- 
ticles aggregate during the course of reaction. The size 
of the aggregates (second phase) increases linearly 
until the gelation time, reaches gyration radius of 

,-~15.0 nm and levels off. The volume of the second 
phase increases until the end of the measurement 
which is far after the gelation (3-fold of the gelation 
time). 
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