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Poly(dimethylsiloxane) (PDMS) [–Si(CH3)2O–] networks were prepared by tetrafunctionally endlinking
hydroxyl-terminated chains with tetraethoxysilane. Composites were prepared byin situ base-catalysed
hydrolysis of an organosilicate and an organotitanate, resulting in the formation of reinforcing silica, titania or
silica–titania mixed-oxide fillers within the networks. The growth processes and resulting structures of the
reinforcing fillers were studied by small-angle X-ray scattering. Both systems were found to yield dense particles
with fractally rough surfaces. Some of the scattering results were used to interpret previously reported mechanical
properties obtained on such composites using equilibrium stress–strain measurements in elongation. Of particular
interest were mixed silica–titania fillers, since in at least some cases these are known to reinforce PDMS networks
better than either silica or titania alone. The scattering results suggest that the corresponding growth processes
proceed by the formation of relatively uniform titania particles, followed by the formation of significantly larger
silica particles.q 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

The production ofin situ reinforced polymeric composites
by sol–gel processes is developing rapidly, but there is still
a need for a better molecular understanding of their
syntheses, structures and properties1–6. In this application,
the sol–gel process is quite complicated, consisting of the
hydrolysis and condensation of appropriate alkoxy com-
pounds within an organic polymer matrix, to create
reinforcing inorganic ceramic phases. Examples are the
hydrolysis of a silicate to silica, a titanate to titania, and a
zirconate to zirconia.

One polymer that has been much used in such investiga-
tions is poly(dimethylsiloxane) (PDMS) [–Si(CH3)2O–]. It
is a semi-inorganic polymer with high thermal stability, low
glass transition temperature, good weather resistance, low
surface tension, and unusually high permeability7–9. One
major shortcoming is that elastomers prepared from PDMS
are relatively weak materials in the unfilled state. Therefore
they generally require a reinforcing filler in most of their
applications in order to take full advantage of the attractive
properties cited. The usual industrial processing of these
materials involves an energy-intensiveex situblending of a
reinforcing filler, most commonly fumed silica, into the
PDMS prior to its crosslinking. Processing problems with
this technique have encouraged the alternative of incorpor-
ating the silica through sol–gelin situ precipitations. This
newer approach permits good control of particle sizes and
size distributions, while avoiding agglomeration of the
reinforcing particles.

Until recently, a detailed understanding of the interac-
tions of a highly dispersed inorganic filler within an organic
polymer was limited by methods for characterizing the

microstructure of these materials. There has also been a lack
of reasonable models capable of predicting their growth and
structure based solely on chemical and physical parameters.
However, with advances in instrumentation and the
development of concepts to model growth processes in
complex disordered systems, the solutions to some of these
problems can now be achieved10–13.

The primary goal of the present research project was to
develop a better understanding of the structure/property
relationships in some of these high-performance materials.
Silica, titania and silica–titania mixed oxides were chosen
as the inorganic phases, and PDMS as the elastomeric host
matrix. The first part of the project employed the now-
standard synthetic pathways developed for thein situ
reinforcement of PDMS1–6, 14–16. The second part examined
the structure of the titania phase and of the co-silica–titania
phase as a function of the synthetic pathways employed. By
employing small-angle X-ray scattering (SAXS) and the
concepts of fractal geometry, a series of experiments was
developed to derive the structures of the inorganic phase of
the composites. These measurements were carried out in the
solid state, in contrast to the work of Schaefer and Keefer13

who conducted some related scattering experiments in
solutions. The third part employed the scattering results to
interpret some previously reported mechanical proper-
ties6,15 obtained for such composites from equilibrium
stress–strain measurements in elongation.

RELEVANT BACKGROUND INFORMATION

Fractal concepts
Fractals are disordered systems whose disorder can be

described in terms of non-integral or fractional dimen-
sions17. Relevant here is the opportunity to characterize the
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interplay between shape and structure and the processes
which form these structures, or the processes which take
place in the environments created by these structures18.

Fractal structures can be characterized by a single
parameterD, the fractal dimension, which is defined as
the exponent that relates an object’s massM to its sizeR17–19:

M ~ RD (1)

There are a variety of kinetic growth models that give rise to
disordered structures with various fractal dimensions. If the
mass and surface scale alike, the system is called a mass
fractal and the structure can be described by equation (1).
Mass fractals resemble polymeric-like structures. The mass
fractal dimensionD can assume any value in the range 1,
D , 3. At the lower limit asD approaches 1, a linear object
is expected, and atD ¼ 3, the object is uniformly dense.
Intermediate values represent more complex structures. For
example, ifD ¼ 5/3, the disordered system must occupy
intrinsically more space than a linear chain or a planar sur-
face18.

Surface fractals are uniformly dense, colloidal-like
structures with a fractally rough surface. They are
characterized by a surface fractal dimensionDs which
relates the surface areaSof an object to its radiusa:

S¼ aDs (2)

The corresponding fractal dimensions can assume any value
in the range 2, Ds , 3. WhenDs ¼ 2, the surface of an
object is uniformly smooth, such as that of a marble. A
surface fractal dimension of 3 corresponds to a rough sur-
face, such as the land surface of the earth.

Some examples of models representing mass fractals are
the Witten–Sander and Sutherland models, and some
representing surface fractals are the Eden and Vold
models20–22.

Scattering from fractals
Small-angle scattering is one of the most useful

experimental techniques for determining fractal dimensions.
Fractal objects lack the rotational and translational sym-
metry of regular objects, but they do possess a form of
symmetry called dilational. In this type of symmetry, the
general shape of the structure does not change with a
transformation of scale23. That is, it remains self-similar.

Mathematically, self-similarity requires a power-law
relationship between the structural parameters such as size
and mass. Because of this, scattering profiles of mass fractal
objects exhibit power-law behaviour as shown by

I (q) ¼ q¹ x (3)

The power-law exponentx is useful in distinguishing
between mass and surface fractals because it can be directly
related to fractal dimensions. It is very important to note,
however, that the power law does not necessarily predict a
certain kinetic growth model, which must be developed
independently.

Particularly relevant here is small-angle X-ray scattering
(SAXS), which is a technique for studying structural
features of colloidal size24–28. Any scattering process is
characterized by a reciprocity law, which gives an inverse
relationship between the particle size and scattering
dimension. The scattered intensity,I(q), is characterized
by the scattered wave vector or momentum transferq, which
for elastic scattering is proportional to sin(v/2), wherev is
the angle of scattered intensity relative to the incident beam.

The entire equation is

I (q) ¼ 4p

∫`

0
r(r)[sin(qr)=qr] dr (4)

Solving the above integral indicates thatI(q) is proportional
to Dr, which is the difference in electron density. Therefore,
for small-angle X-ray scattering to occur, there must be a
difference in electron density within the system.

A major task in the understanding of disordered systems
is recognizing the role of structural features in a small-angle
scattering profile. A connection exists between the length
scales of a material in real space and how this unfolds in
reciprocal space as measured in a scattering experiment.
When deducing size, shape or mass from a scattering curve,
one has to find a model particle which is ‘equivalent in
scattering’ with the particle in question24. Usually, this
requires considerable trial and error and can be difficult. It is
possible, however, to obtain a number of parameters directly
from the scattering curve without the ambiguity of trial and
error if one understands the various regimes in the curve24.

In a typical scattering curve for a two-phase disordered
system, the intensity is independent ofq at low q. This
indicates uniformity on large-length scales. Scattering in
this region can be beyond the scope of small-angle X-ray
scattering experiments and should then be resolved by light
scattering. Increase inq leads to the Guinier regime, where
the scattered intensity is no longer independent ofq. The
dependence onq in this regime is a measure of the size of
the particles or, more specifically, the radius of gyrationRg

(which is taken as the root-mean-square of the distances of
all electrons to their centre of gravity). Guinier’s Law,
which can be written as

I (q) ¼ NVpDr2 exp ¹ q2R2
g=3

ÿ �
(5)

can thus be used to determine theRg of a particle.
Guinier’s Law is exact in the limit asq approaches zero

and is usually quite accurate in the range 0# q # 1/Rg. The
scattered intensity at zero angle [I 0 or I(0)] is obtained by
extrapolation toq ¼ 0, and gives information about the
number of particlesN present in the system:

I0 ~ NV2
pDr2 (6)

If the system is monodisperse and the difference in electron
density is constant, the intensity at zero angle scales as a
function of the number of particles in the system. In the case
where the system is polydisperse, the radius of gyration and
the intensity at zero angle scale as aZ-average of all of the
particles in the system; if a dispersity factor is known, it can
be related back to a weighted average.

In the following Porod regime, the concept of fractal
geometry is very important because structures on these scales
are often fractal20. Scattering in this regime depends on the
geometric structure of the particles in the system. For example,
in a log–log plot of the scattered intensityversus q, the slope
would equal¹ 2 for a random-walk, linear polymer and¹ 3
for a uniformly dense object29,30. This power-law behaviour is
independent of both the size and short-range chemical details
of the scattering particles. However, since there are important
differences between the scattering profiles of surface and mass
fractals, different equations must be used to calculate the
fractal dimensions from the scattering data18. As a result, the
power-law dependence of the intensity in the Porod regime can
be described as20

I (q) ¼ qDs ¹ 2De (7)

The quantityD ¼ Ds ¹ 2De is referred to as the Porod slope.
For a system composed of particles obeying equation (2),
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such as uniformly dense objects,De ¼ 3 (Euclidean dimen-
sions) and equation (7) becomes

I (q) ¼ qDs ¹ 6 (8)

In this case, the object is uniform and scattering from the
bulk is parallel to the incident beam. The case whereDs ¼ 2
(and thusD ¼ ¹ 4) corresponds to Porod’s Law, which is
used in characterizing dense objects with smooth surfaces.
A rough surface corresponds to 2, Ds , 3, resulting in a
power-law exponent in the range¹ 3 , D , ¹ 4. Such
fractal dimensions correspond to compact objects with
rough surfaces.

If a system is composed of scatterers that more closely
follow equation (1), then

I (q) ¼ q¹ D (9)

Thus, if the structure is connected (i.e. not a collection of
separated regions), the mass fractal dimension is measured
directly from the slope of the scattering profile. The case
where the Porod slope is less than¹ 4 corresponds to a
diffuse interface between the particles and the matrix in
which they are embedded.

EXPERIMENTAL

Materials
The PDMS used was obtained from Huls America, and

had a quoted value of number-average molecular weight
(Mn) of 18 000 g mol¹1. Actual values ofMn, weight-
average molecular weight (Mw) and polydispersity index
(Mw/Mn) were obtained with a Waters 746 gel permeation
chromatography instrument. The results were
15 600 g mol¹1, 27 900 g mol¹1 and 1.79, respectively31.
Tetraethoxysilane (TEOS) [Si(OEt)4] used in the cross-
linking reactions was provided by the Aldrich Chemical
Corporation and was at least 99.999% pure. The TEOS used
as the ceramic precursor was obtained through Huls
America, and was at least 99% pure. Titanium n-butoxide
(TBO) [Ti(OBu)4], toluene, methanol, hydrochloric acid
and diethylamine were also supplied by Aldrich, and
stannousn-octoate was supplied by the Pfaltz and Bauer
Company. All of these materials were used as received.

Preparation of the filled PDMS networks
Preparation of the networks.The networks investigated

were prepared from hydroxyl-terminated PDMS by endlink-
ing reactions using TEOS31. In this method of network pre-
paration, the molar mass between crosslinks is known, as is
the distribution of molar masses and the functionality of the
crosslinks. All of the PDMS networks thus prepared were
swollen in toluene for 3 days to remove the sol fractions,
and were then deswollen in a series of methanol/toluene
mixtures, increasing the portion of methanol until the mix-
ture was 100% methanol. The samples were then dried to
constant weight and the amount of soluble material deter-
mined. This was done by using the differences in weight of
the sample before and after extraction with the toluene. The
sol fractions were found to be 4–7%.

General aspects of the sol–gel approach.Although
there are a number of ways to use the sol–gel technique
to prepare hybrid organic composites1–6, 32–35, the method
chosen here was that of ‘sequential’ processing. Using the
preparation of a PDMS/SiO2 composite as an example, the
first step was the already-described formation of an unfilled

PDMS network by TEOS endlinking. The next step involved
swelling the extracted polymer network in a ceramic precur-
sor, in this case TEOS. This was followed by an acid-cata-
lysed or base-catalysed hydrolysis, and condensation of the
precursor to generate the reinforcing fillerin situ, in this case
silica. The overall reaction is shown by the equation

Si(OEt)4 þ 2H2O → SiO2 þ 4EtOH (10)

The analogous reaction for thein situ generation of titania
from TBO is

Ti(OBu)4 þ 2H2O → TiO2 þ 4BuOH (11)

This technique is also referred to as a ‘one-step’ sol–gel
approach27,28 because, in the conversion of the liquid pre-
cursor into a ceramic phase, either an acid or a base catalyst
is used for both the hydrolysis and condensation steps.

Preparation of precursor solutions.Since silicon alk-
oxides are extremely slow to hydrolyse compared with tita-
nium alkoxides, it is not possible to simply hydrolyse a
mixture of these two alkoxides; this leads to the two sepa-
rate oxides. For this reason, starting solutions of ceramic
precursors for the silica–titania mixed-oxide filler were pre-
pared by partially reacting the slower TEOS with some
TBO31,36. TEOS is immiscible with water, necessitating
use of a common solvent for its controlled hydrolysis. For
this reason, an aqueous HCl solution (pH¼ 1) was first
mixed with ethanol and then with TEOS in the following
ratios: TEOS/ethanol/HCl/water¼ 1/2/0.002/1–1.3. This
solution was then allowed to react for 2 h at 658C under
reflux, giving some soluble, partially hydrolysed ethoxysi-
lanol species which can react further by condensation of the
silanol portions with other alkoxy groups31. Of particular
interest was the possible preparation of mixed oxides, i.e.
molecules with Si–O–Ti bonding such as (EtO)3Si–O–
Ti(OBu)3. This was attempted by introducing TBO, with
vigorous stirring, into the refluxed acidic solutions of
TEOS and water in ethanol. This was done using a mole
ratio of silicon to titanium of 3:2.29Si nuclear magnetic
resonance spectroscopy (n.m.r.) showed that most of the
species obtained in the final liquid precursor have no more
than two bridging oxygens, although further polymerization
is, of course, possible. This solution was then ready to be
used in subsequent sample preparations.

In situ precipitation of silica–titania mixed oxides. The
in situ precipitation of the silica–titania oxide within the
PDMS network was carried out as follows. Sheets of
extracted PDMS networks were weighed and then immersed
in the precursor solution for various amounts of time31. The
amount of time the PDMS sheet was allowed to remain in
the precursor solution determined the amount of precursor
solution absorbed, and the weight percent of filler subse-
quently generated. The PDMS networks, swollen with the
ceramic precursor, were then placed into an aqueous solu-
tion of 2 wt% diethylamine basic catalyst (pH¼ 12). The
hydrolysis and condensation of the precursor were allowed
to take place for 24 h at room temperature. The sheets were
then removed and dried under vacuum. The sheets were then
reweighed, and the increases in weight used to calculate the
amounts of filler introduced.

In situ precipitation of titania. The procedure for the
titania-filled samples was identical to the procedure for
the mixed-oxide samples outlined above, except that the
swelling precursor was TBO31.
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In situ precipitation of silica. The procedure for the
silica-filled samples was identical to those already
described, except that the swelling precursor was pure
TEOS31.

SAXS measurements
The small-angle X-ray scattering data were obtained at

the University of Cincinnati and at Oak Ridge National
Laboratory (ORNL)31. The scattering studies at the
University of Cincinnati were performed in the Department
of Materials Science and Engineering laboratories, using an
Anton–Parr Compact Kratky Camera which has a com-
pletely evacuated beam path. CuKa line radiation (l ¼
1.542 Å) was obtained from a Rigaku 12 kW rotating-anode
generator operated at various power settings, with a copper
target and graphite monochromator. Scattering curves were
recorded at slit settings ranging from 20 to 50mm at a
sample-to-detector distance of 241 mm, using a TEC model
205 one-dimensional position-sensitive proportional coun-
ter with a resolution of 47mm. Sample scattering data were
corrected for detector sensitivity, linearity and sample
transmission. The sample transmission and the incident X-
ray flux were measured with a moving-slit device described
by Stabinger and Kratky37. The intensity at zero angle was
normalized by the incident flux to correct for variations in
beam intensity.

The X-ray data from ORNL were obtained with the 10 m
small-angle X-ray facility. CuKa line radiation that had
been graphite-monochromatized was used as the incident
wavelength (in an evacuated beam path), with a fixed beam
size at the specimen chamber of 0.1 cm3 0.1 cm. Data
were collected at sample-to-detector distances of 5.126 and
3.126 m. The scattering patterns were detected by a two-
dimensional position-sensitive proportional counter with a
20 cm3 20 cm active area and the potential for 2003 200
resolution elements.

Stress–strain measurements
Equilibrium stress–strain isotherms on samples relevant

to this study have been reported elsewhere15,16. They were
obtained on unswollen strips at room temperature, in the
usual manner31,38–40. Specifically, the sample strip was
mounted between two clamps, with the lower clamp being
fixed, with both lined with thin sheets of rubber to prevent
slippage of the sample. The upper clamp was fastened to a
moveable stress transducer (Statham model # G 1-16-350).
The transducer was calibrated with a standard set of
weights, and the output was monitored by a Leeds and
Northrup Speedomax recorder.

The edge of a razor blade, coated with carbon black, was
used to mark two lines on each sample15,16. The length of
the sample was measured precisely, using the marked lines,
by means of a Gaertner Scientific Corporation model M940-
303P cathetometer with a precision of6 1 mm. The average
undeformed cross-sectional area,A*, was determined by
measuring the thickness and width of each sample with a
micrometer.

When the transducer output, or stress, no longer changed
discernibly with time, the force was recorded and the strain
was increased for the next data point. The stress–strain
measurements were taken in the direction of increasing
elongation and carried out to the rupture points15,16.

The reduced stress was calculated from the equation38–40

[f p] ; f p= a ¹ a¹ 2ÿ �
(12)

where f* ; f/A* is the nominal stress,f the equilibrium

force, anda ; L/L i the elongation (length of the sample,
L, relative to its initial length,L i).

Kinetics experiments
Silica–titania mixed-oxide/PDMS composites.A series

of SAXS experiments was designed to follow the formation
and growth of the silica–titania filler particles within the
PDMS network over time31. This was done to help develop
a model for the growth mechanism of the reinforcing
particles. In this part of the research, 20 samples in total
were prepared by the procedures outlined above, with the
following exceptions. The thickness of the PDMS sheets
was approximately 0.25 mm, and all sheets were swollen
for 20 min in the precursor solution. The times the samples
were in the 2 wt% diethylamine solution were varied over
24 h, in order to follow thein situ reaction. After the pre-
scribed time in the hydrolysis solution, the samples were
sealed in bags of polyethylene, a relatively low-intensity
scatterer, and the scattering profiles were recorded. Addi-
tionally, samples were tested to see if the hydrolysis and
condensation reactions continued after removal from the
catalyst solution. The samples showed no further reaction.
Therefore, upon removal of a sample from the solution, the
reaction was essentially quenched and such samples
removed at regular intervals could be reliably tested later.
This considerably simplified things, since wet samples
could have caused damage to the SAXS instrument, which
operates under high vacuum.

Titania/PDMS composites.A series of titania-filled
PDMS samples was prepared following the previously out-
lined procedures, with the following exceptions31. The
thickness of the PDMS sheets was approximately
0.25 mm, and all sheets were swollen for 15 min in the
precursor solution. The amount of time the samples were
in the 2 wt% diethylamine solution was varied over 24 h, as
already described.

Silica/PDMS composites.The exceptions in this case
were that the thickness of the PDMS sheets was approxi-
mately 0.25 mm, and all sheets were swollen for 30 min in
the precursor solution31. The amount of time the samples
were in the 2 wt% diethylamine solution was again varied
over 24 h, as already described.

RESULTS AND DISCUSSION

Synthesis and structure
Silica–titania/PDMS composites.The incorporation of

the co-silica–titania phases into the PDMS networks was
originally believed to follow the four-part reaction scheme
shown below31.

(a) Partial hydrolysis of TEOS in acid:

Si(OEt)4 þ H2O → Si(OH)(OEt)3 þ EtOH (13)

Calculations performed using a binomial distribution
showed that only 42% of the product will actually be that
shown, however, since there is a distribution of silanol spe-
cies. Twenty-one per cent of the product will be of the form
Si(OH)2(OEt)2, 5% will be Si(OH)3(OEt), less than 1%
Si(OH)4, and 32% will be unreacted TEOS. Use of the
binomial distribution requires the assumption that water is
equally likely to react at any ethoxy site (i.e. either the
event—a site reacts—occurs or the event does not occur).
This is not completely accurate as the rate for each subse-
quent site to hydrolyse is not the same, but the
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approximation is reasonable enough. Therefore, the calcula-
tions do serve the purpose in emphasizing that a distribution
of products should be expected.

(b) Reaction of the silicate products from (a) with TBO:

(OEt)3Si–OHþ BuO–Ti(OBu)3 → (OEt)3Si–O–Ti(OBu)3

þ BuOH ð14Þ
29Si-n.m.r. shows that this ceramic precursor is made up
mostly of Q0 andQ1 species with someQ2 and very little
Q3 species (whereQ corresponds to species with a function-
ality of four and the superscript represents the number of
bridging oxygen atoms). However, diffuse reflectance Four-
ier transfrom infra-red (FTi.r.) spectra41 confirm the pre-
sence of Si–O–Ti bridges, at least temporarily, as
monitored by a characteristic 945–960 cm¹1 vibration.

(c) Further hydrolysis of the product from (b) in base:

(OEt)3Si–O–Ti(OBu)3þexcess H2O → (OH)3Si–O–Ti(OH)3

þ 3BuOHþ 3EtOH ð15Þ

(d) Subsequent condensation:

n(OH)3Si–O–Ti(OH)3 → n(–O–Si–O–Ti–) þ 3n=2H2O

(16)

It is well known that the resulting structures of sol–gel
reaction products involving hydrolysis and condensation of
metal alkoxides are very dependent upon the reaction
conditions. Several factors are known to affect the
structures, including alkyl group substitution42, catalyst43,
pH43, temperature44, water concentration45 and reaction
time. All of the reaction conditions tend to lead the
structural development along a particular mechanistic
pathway46. For example, small-angle scattering experiments
conducted by Schaefer and Keefer47 on the polymerization
of silicon alkoxides show that acid catalysis leads to
polymeric-type structures, as the reaction product is only
weakly crosslinked. This type of structure results when sub-
stoichiometric amounts of water are used. Conversely, base-
catalysed systems generally yield denser, colloidal struc-
tures, as do reaction conditions with a large excess of water.

With these ideas in mind, SAXS measurements were
performed on two of the samples reinforced with silica–
titania, and on one reinforced with titania. The mixed-oxide
samples contained 15.8 and 21.4 wt% of filler and the titania

sample had 19.3 wt% filler. The samples were scanned for
1000 s with instrument power settings at 40 kV and 40 mA.
The scattering curves from the ORNL are shown inFigures
1 and 2. Analysis of the plots showed a decade of power-law
behaviour corresponding to a Porod slope of¹ 3.5 to ¹ 3.6
for all samples. Slit-smeared data from the University of
Cincinnati gave scattering exponents of¹ 2.6 for the mixed
system and¹ 2.5 for the titania system. In a slit-smeared
experiment, the scattering exponents scale differently than
in pin-hole collimated beam experiments24, there being a
difference of 1. That is,

Dslit¹smeared¼ D þ 1 (17)

In other words, a slit-smeared exponent of¹ 2.5 corre-
sponds to an exponent of¹ 3.5 for X-ray scattering done
with pin-hole collimation. Therefore, the two systems exhi-
bit good agreement. This power-law behaviour implies that
the filler structure in the two samples is similar. The Porod
slope suggests the presence of compact, particulate fillers.
They are therefore maximally rough colloids and/or maxi-
mally dense polymers. This agrees with previous work on
the hydrolysis of metal alkoxides (specifically of silicon and
titanium) in a basic medium14.

Analysis of the Guinier region of the samples shows a
difference in average particle size. The 15.8 wt% mixed-
oxide sample has a radius of gyration of approximately
155 Å, whereas the 21.4 wt% mixed-oxide sample has a
value of 170 Å. The titania sample exhibits anRg of 110 Å.
Additionally, there is some evidence of secondary maxima
in the scattering curve in the crossover region between the
Guinier and Porod regimes. This could indicate that the
particles are at least approximately spherical and very
nearly monodisperse; however, as Rodrigueset al.48 have
previously pointed out, without treatment of the data for
thermal density flucuations, these results are more indicative
of the trends reported here (which are believed to be sound).
The reader is cautioned that the quantative accuracy may be
less due to the neglection of treating possible thermal
density fluctuations.

At the end of the Porod regime, at very high angles, there
is a low-intensity plateau which seems to exhibit a peak.
According to Kallalaet al.49, if the ratio of Hþ to Ti is very
low (as in a base-catalysed reaction), this peak indicates that
the coordination number of titanium becomes substantially
larger than 2. Accordingly, the local structure of polymers
made at low Hþ-to-Ti ratios also appears to be dense.
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Titania/PDMS composites.The scattering curve for the
titania sample is very similar to those for the mixed-oxide
system, except that the high-angle plateau does not have a
peak but instead crosses over into another Gaussian
regime31. Attempts to characterize this regime yielded no
meaningful information.

Kinetic experiments
Silica–titania/PDMS composites.The first series of

samples consisted of silica–titania-reinforced PDMS, in
which the samples had been swollen in the alkoxide solution
and then put into the basic hydrolysis solution for varying
periods of time (from minutes to tens of hours). SAXS data
collected on this series show the formation of particles after
as little as 2 min exposure in the catalyst solution, and the
radius of gyration quickly approaches 90 A˚ . It continues to
increase, but not by much more than 10% during the first
hour. Thereafter, it remains unchanged, within experimental
error, for the next 8 to 9 h. After 9 h, the radius of gyration
starts to increase by an amount larger than the experimental
uncertainty. Over the course of the final 6 to 8 h of the
experiment, the radius of gyration of the samples appeared
to level off at approximately 135 A˚ . The dependence of the
Rg in this system on time is shown inFigure 3. Within an
hour, the Porod region of the scattering curve consistently
shows a slit-smeared exponent of¹ 2.5, corresponding to a
power-law slope of ¹ 3.5. At longer times the exponent
may approach¹ 3.6, but this difference is within experi-
mental error. These exponents agree with the exponent from
the 15.8 and 21.4 wt% mixed-oxide samples. Therefore, it is
concluded that this system quickly develops compact parti-
culate fillers with fractally rough surfaces.

One of the most interesting observations is that the
intensity at zero angle increases throughout the entire
experiments. SinceI(0) is proportional to the number of
particles in a system and to their size, this increase means
that during the first 6 to 8 h of the experiment (where the
radius of gyration remains essentially constant) the number
of nucleation sites, and thus the number of particles, is
increasing.Figure 4 shows the time dependence ofI(0), in
which I(0) is normalized by the incident flux to correct for
variations in the incident beam intensity.

The fact that the number of particles increases with time
is consistent with the time involved for diffusion of water
into the polymer network. Since water is required for
hydrolysis of the precursor solution, this corresponds to the
time it takes water to diffuse into the interior of the sample
for these reactions to occur. Over the final 10 h, the intensity
at zero angle increases only slightly. This is most likely due
to an increase in the sizes, and thus the volumes, of the
particles.

With this information in hand, it was possible to propose
two models to possibly explain the two-part growth patterns
observed, i.e. the almost immediate formation of particles
and their continued growth over time. The first model
assumed a titania-rich core with the silica forming later to
further densify the particles and to increase their size. This
model is very unlikely, however, because titanium has a
tendency to be in higher coordinations (i.e. octahedral). As a
result, titanium tends to be segregated such that it is
surrounded solely by other titanium atoms. Silicon, on the
other hand, favours tetrahedral coordination. These char-
acteristics are in agreement with the scattering peaks at large
angles that correspond to higher coordinations.

The second model proposed suggests that two distinct
sets of particles are formed. That is, titania and silica
particles are formed nearly independently. This would be in
contrast to the chemistry of the mixed-oxide precursor
solution, where diffuse reflectanceFTi.r. confirms the
existence of Si–O–Ti bonds, at least temporarily. In fact,
Dire et al.50 showed that, in solution, evolution of the
hydrolysis and condensation process can proceed through
the formation of Si–O–Ti bonds, but structural rearrange-
ments lead to Si–O–Si and Ti–O–Ti bonds. Additionally,
Aizawa et al.51 concluded that at high pH, Si–O–Sibonds
are energetically favoured over Si–O–Ti bonds. During
condensation in a basic medium, Si–O–Ti bonds cleave,
forming domains rich in Ti–O–Ti and Si–O–Si.Finally,
Chmelet al.52 state that in the formation of glasses, a SiO2–
TiO2 glass is unstable if the content of titanium is greater
than 8 mol%. In the present system, based upon the 6:4 mole
ratio of silicon to titanium, titanium accounts for approxi-
mately 28 mol% of the elements present (i.e., titanium,
silicon and oxygen).
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Figure 3 The radius of gyration as a function of time for the SiO2–TiO2/
PDMS composite

Figure 4 The normalized intensity at zero angle as a function of time for
the SiO2–TiO2/PDMS composite



Therefore, a series of hypotheses was made to further
describe the second model. Upon addition of a PDMS
precursor-swollen network into the diethylamine solution,
there is immediate formation of TiO2 particles, and the
particle size rapidly approaches a constant value. SinceI(0)
is proportional to the number of particles, this indicates that
the number of particles continues to increase with time as
water diffuses into the polymer network. The formation of
SiO2 proceeds at a much slower rate. Therefore, the water
that is diffusing into the network will ‘choose’ to react with
any Ti–OH or Ti–OR species (where R is an alkyl group)
before reacting with any silicon species. Essentially, this
means that before any of the silicon species can react, the
titanium species’ reactions could be nearly exhausted. After
6 to 8 h, however, the number of silica particles is
significantly large, their size may exceed that of titania,
and the scattering intensity due to the silicon becomes
comparable to that from the titanium. Scattering intensity is
directly related to the number of electrons of an atom in a
species, and atoms of increasing atomic number are
therefore more intense scatterers. In a mixed system, the
scattered intensity is a result of a weighted average so that,
as the amount of silica in the system increases, the data
should begin to reflect this.

Separate titania/PDMS composites.Two series of
TiO2-reinforced PDMS and SiO2-reinforced PDMS sam-
ples were used to test the latter model. Separate SiO2 and
TiO2 kinetic SAXS experiments should elucidate the
growth mechanisms in the mixed-oxide systems.

The SAXS from the titania samples was measured, and
showed the immediate formation of particles. After just
2 min in the hydrolysis solution, titania particles exhibiting
anRg of approximately 50 A˚ had formed. After 30 min, the
radius of gyration approaches 75 A˚ and finally after 1 h the
radius of gyration reaches a near-constant value. From 1 h
up to 20 h,Rg remains around 1006 10 Å. This dependence
of the radius of gyration on time is shown inFigure 5.

The intensity at zero angle is very important in this set of
experiments, and is illustrated inFigure 6. I(0) increases for
the first 5 to 7 h and then remains constant. Since the radius
of gyration is constant for times greater than 1 h, the
increase inI(0) is consistent with an increase in the number

of particles. The lack of change inI(0) after 5 to 7 h
indicates that essentially all of the TBO in the network has
reacted, forming TiO2. Therefore, in the case of formation
of titania particles, the reaction is complete by this time.

As can be seen fromFigure 7, the Porod slope for the
TiO2/PDMS composite exhibits no further changes after 1 h
of reaction in the basic hydrolysis solution. The first sample,
which was allowed to react for 2 min, has a power-law slope
of ¹ 2.7 (corresponding to a mass fractal dimension of the
same value). The reaction between the TBO and water was
immediate and the initial structure of the titania filler was
similar to a highly branched polymer chain. After 30 min in
the solution, the sample shows a slope approaching¹ 3.2.
The filler particles have had sufficient time to densify their
structure and are now compact particles. While they have
not yet grown as dense as in the final structure, they have
begun to show signs of the ultimate structure they will
achieve. After 1 h, the slope becomes constant, suggesting
that no further changes in structure were taking place.
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Figure 5 The radius of gyration as a function of time for the TiO2/PDMS
composite

Figure 6 The normalized intensity at zero angle as a function of time for
the TiO2/PDMS composite

Figure 7 Porod exponent as a function of time for the TiO2/PDMS
composite



These results can be accounted for as follows. When the
samples are placed into the hydrolysis solution, water reacts
with the TBO near the surface, forming titania particles and
butanol. Because of the butanol, water is able to diffuse into
the swollen PDMS network which otherwise is hydro-
phobic, and the TBO is hydrolysed immediately into
particles. Since diffusion of the alkoxides into the network
is slower than particle growth, the depletion of the precursor
by an existing titania particle inhibits nucleation of a nearby
particle, and the particle size is determined by the amount of
TBO in the immediate vicinity of the particle. The particles
are thus relatively uniform in size, accounting for the
suggestion of secondary maxima in the scattering curves.
They are also uniformly, rather than randomly, dispersed
throughout the network. As the water diffusion front
advances into the elastomer, more titania particles pre-
cipitate, but their size remains essentially constant. This
would account for the increase inI(0), in spite of the
constancy of the radius of gyration. The PDMS network
effectively ‘poisons’ growth sites on the titania particles,
thereby generating a fractally rough surface similar to that in
the poisoned-Eden model developed by Keefer (with a
surface fractal dimension of 3.5)53.

All the pure titania samples showed a crossover into
another Gaussian regime. This could indicate that surface
roughness extends to the smallest possible dimensions. In
this interpretation, the titania particles are probably porous
and surround the PDMS chains owing to the nature of the
growth processes. That is, the growth of the particles is
sufficiently fast so that they will grow around any PDMS
chains they may encounter. Because of the size of the
particles (Rg ¼ 100 Å) relative to the estimated distance
between crosslinks (10–20 A˚ ), this is an extremely likely
possibility.

Separate silica/PDMS composites.The SAXS from
these samples indicated that the formation of silica particles
in the PDMS networks is much slower than the formation of
titania under similar reaction conditions. Samples removed
after anywhere from 30 min up to 3 h in the hydrolysis
solution exhibited little or no particle formation. The first
sample to give reasonable statistics (i.e. counts per second
by the detector) that were consistent with the formation of

particles was the 4 h one. It showed anRg of 110 Å, which
indicates that nucleation of silica particles is most likely the
rate-determining step. There was no significant formation of
particles at 3 h and an hour later there were rather large
particles present, showing that once nucleation of a particle
has begun, its initial growth is rather rapid. The radius of
gyration continued to become larger throughout the entire
experiment although it shows signs of levelling off during
the latter stages. The radius of gyration as a function of time
in the SiO2/PDMS composite is shown isFigure 8.

Values of the Porod slope as a function of time31

indicated that the silica particles at 4 h had a surface fractal
dimension of 3.6. This is a sign that the particles
immediately form a dense structure under these conditions.
At 5 h, the slope had further decreased to¹ 3.8 and the 7 h
sample exhibited a slope of¹ 3.9. After 7 h, the slope
remained fairly constant at 3.96 0.1. This indicated that the
structure of the silica was that of a dense particulate, and
additionally showed signs of a smooth surface, signified by
the fact that the power-law exponent approaches¹ 4 (i.e.
Porod’s law).

The intensity at zero angle as a function of time is shown
in Figure 9. I(0) increases throughout the entire experiment,
which indicates that either the number of nucleation sites or
the sizes of the particle, or both, increase during this time.
Keefer12 conducted studies on the formation of silica by
similar processes in solution. He showed that if a supply of
TEOS is continuously available for the formation of silica,
then the particle size will continue to increase. This process
is known as chemically limited growth. In these processes,
the probability of a monomer attaching itself to a cluster is
small with respect to the number of encounters that
monomer may have with an available reacting site. All
potential growth sites are therefore sampled by the
monomers. The probability for attachment is determined
by local structure, which determines the probability of
attaching to a particular site per encounter. This is in
contrast to the large-scale structure (which governs the
probability that a monomer will encounter a given site)
which represents a diffusion-limited process. The fact that
the radius of gyration in this system grows rapidly upon
nucleation coincides with chemically limited growth theory.
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Figure 8 The radius of gyration as a function of time for the SiO2/PDMS
composite

Figure 9 The normalized intensity at zero angle as a function of time in
the SiO2/PDMS composite



Upon nucleation, the frequency of encounters is very large,
due to the number of monomers available, and thus the
probability of attachment is high. As the monomers react,
the frequency of encounters decreases, thus decreasing the
speed of particle growth.

Chemically limited growth, or reaction-limited growth by
monomer–cluster type addition, yields the type of dense
particulates found in all of the systems studied. Specific to
the silica system, however, is the conclusion that the
increase inI(0) is mostly due to an increase in the particle
size as time increases. This is based on the conclusion that
the growth is chemically limited, along with the fact that the
radius of gyration and the intensity at zero angle increased
similarly during the kinetic experiments. At early times in
the SiO2/PDMS kinetic experiments (, 5–7 h), the number
of particles increases rapidly as water diffuses into the
PDMS network and nucleation of the particles takes place. It
is safe to assume that after a large number of particles have
nucleated, the increase inI(0) must therefore be due to the
observed increase in particle size. Additionally, as the radius
of gyration becomes constant at longer times (approaching
24 h), the intensity at zero angle begins to level off, also
indicating that no further nucleation is taking place. This is
also an indication that all or nearly all of the available
monomer has reacted, preventing additional growth of the
particles.

Mechanical properties
Mechanical properties of the titania/PDMS compo-

sites. In order to determine the relationship between the
structure of titania particles and their effect on the mechanical
properties of a TiO2/PDMS composite, reference is made to
some equilibrium stress–strain measurements that have
been reported for a composite containing 19.5 wt% titania.
These isotherms, in terms of the reduced stress as a function
of reciprocal elongation38–40, are shown inFigure 1015,16.

Compared with the unfilled PDMS network, the TiO2-
reinforced PDMS network shows a considerable increase in
strength. An increase in reduced stress of approximately 18-
fold is apparent at small elongations, while a five- to six-fold
increase is obtained at higher elongations. Additionally, a
significant increase in the elongation at break is obtained
relative to the pure PDMS network. The unfilled network
ruptures at slightly more than 100% elongation, whereas the
TiO2/PDMS composite ruptures at an elongation of nearly
250%.

Compared with an SiO2/PDMS composite with a similar
amount of reinforcing filler (22.4 wt%), the TiO2/PDMS

composite shows better reinforcement at small elonga-
tions (less than 30%)15,16. On the other hand, the TiO2/
PDMS composite does not exhibit the upturn in the
modulus that is apparent in the silica-reinforced system,
but once again shows a significant improvement in the
elongation at break.

These mechanical properties of the TiO2/PDMS compo-
site can possibly be explained by the fractally rough surface
and porous nature of the titania particles, resulting in good
mechanical bonding of the particles to the PDMS network31.

Mechanical properties of the silica–titania/PDMS com-
posites. The relevant isotherms here are those reported for
a silica–titania/PDMS composite containing 21.4 wt%
filler. They are also shown inFigure 1015,16.

Compared with an unfilled PDMS network, the PDMS
network reinforced by the mixed oxide shows a very large
increase in strength. An increase of over 200% is achieved
at small elongations, and a 15-fold increase near the rupture
point. The elongation at break is slightly better than for the
unfilled system, but probably (given the experimental error)
they are equivalent. Compared with the 22.4 wt% SiO2/
PDMS composite, the mixed-oxide one exhibits better
reinforcement effects throughout the entire range of
elongations. There is also a marked increase in the
elongation at break relative to the silica-reinforced PDMS.
The mixed-oxide system also shows better properties than
those exhibited by the TiO2/PDMS composite15,16. It has a
higher modulus at low elongations, and shows an upturn in
modulus at higher elongations not shown by the titania-
reinforced system.

The mechanical properties of the mixed system can be
explained as follows. The titania particles in this system
provide the same type of reinforcement they do in the TiO2/
PDMS composite. They provide excellent reinforcement at
small elongations and allow the network additional elonga-
tion before break relative to unfilled PDMS or silica-
reinforced PDMS networks. The silica particles provide
significant reinforcement at all elongations, but specifically
they account for the higher modulus at moderate elongations
and for the upturns in modulus at high elongations. There is
thus a very useful ‘delegation of responsibilities’ in this
mixed-oxide system. The silica particles are able to provide
good reinforcement at high elongations in part because they
are randomly dispersed, at least with respect to the titania
particles, if not with respect to each other. Also, silica
provides this excellent reinforcement due to the existence of
an extended bound polymer/filler interface54,55. Under
strain it contributes an additional force of recovery over
that supplied by the polymer network, as well as dissipating
the strain energy through internal friction.

According to Edwards56, optimal reinforcement appears
to involve both physical and chemical interactions. Physical
factors prevent escape of the polymer from the filler surface
(vacuole formation), but allow stress delocalization through
interfacial slippage. Occasional stronger bonds may be
introduced advantageously to facilitate dissipation of strain
energy and optimize properties relating to resilience and
durability. However, only a minor amount of strong bonding
is necessary or even desirable, such that polymer–filler
slippage can occur, under stress, over most of the interfacial
area. This provides an increased resistance to premature
failure and, because of the reversible nature of the
adsorption of PDMS on the filler surface57, the network
would reform (though not necessarily to its original
configurations) upon release of the strain.
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Figure 10 Stress–strain isotherms for PDMS networks filled with silica,
titania or mixed silica–titania15,16: A, unfilled; K, 22.4 wt% silica;S,
19.5 wt% titania;W, 21.4 wt% silica–titania mixed oxides



CONCLUSIONS

The growth mechanisms of titania and co-silica–titania
particles formed in situ by base catalysis have been
determined, and some of the effects of the resulting
structures on mechanical properties have been clarified.

The hydrolysis of the titanium butoxide in a PDMS
network proceeds very quickly, forming titania particles,
and probably follows the poisoned-Eden model. The PDMS
network chains act as poisoning sites, resulting in
particulates with fractally rough surfaces as determined by
SAXS. At elongations of less than approximately 30% the
titania particles, due to their rough surface and growth
around the polymer chains, provide good reinforcement. At
higher elongations reinforcement from the titania is
apparent although it is not comparable to that from either
the silica or the mixed oxides. Elongation at break, however,
is significantly improved relative to all of the systems
investigated.

In the mixed-oxide system, the Si–O–Ti bonds are
readily cleaved in basic solution allowing the formation
of separate titania and silica particles. The titania
particles grow in a fashion similar to, if not exactly the
same as, those in the process outlined above. The silica
particles grow at a much slower rate. This is partly due to
the fact that any molecule containing titanium with an
available reactive site will react with water that has
diffused into the network before any reactive site on a
silicon atom can. Therefore, the formation of titania
proceeds to near completion before the formation of silica
particles takes place. The silica particles grow very
quickly upon nucleation, which appears to be the rate-
determining step. The particles are much larger than the
titania particles and provide significant reinforcement
throughout the entire range of strain, up to rupture. At
high elongations, the mixed-oxide system exhibits an
upturn in modulus. Additionally, the elongation at break
is greater than that of the PDMS reinforced by silica
alone.

The PDMS reinforced with mixed-oxide seems to
combine the best properties contributed by titania and
silica, relative to reinforcement by either set of particles
themselves. The titania provides additional reinforcement
at low strains and allows for higher elongations to be
obtained, whereas the silica contributes to the reinforce-
ment over the entire range of allowable strain, and gives
rise to the very desirable upturns in modulus at high
elongations.
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