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Growth process for fractal polymer

aggregates formed by

perfluorooctyltrimethoxysilane. Time-resolved
small-angle X-ray scattering study

Abstract The acid-catalyzed
condensation reaction of per-
fluorooctyltrimethoxysilane (PFOS)
and n-octyltrimethoxysilane
(OTMS) in ethanol has been fol-
lowed by time-resolved synchrotron
radiation small-angle X-ray scatter-
ing (SAXS) on a short time scale.
SAXS curves for PFOS and OTMS
have been interpreted as arising
from mass fractals with Dy = 2
(PFOS) and Dy = 1.7 (OTMS). The
time dependence of the apparent
radius of gyration, obtained from
the Guinier plots, showed that the
growth of fractal precursors occurs
in a two-step process within 2 h for

PFOS and within 1.5 h for OTMS,
in which small clusters involving
monomers, dimers and trimers are
formed in the initial step and for-
mation of larger clusters occurs in
the second step. Furthermore, it has
been suggested that the hydropho-
bicity and lipophobicity of the bulky
alkyl groups may also contribute

to the formation of these giant
aggregates.

Key words Perfluorooctyl-
trimethoxysilane - Mass fractal -
Small-angle X-ray scattering

Introduction

The condensation reaction of alkoxides, such as
tetramethylorthosilicate (TMOS) or tetraethylorthosili-
cate (TEOS), to yield a variety of silicas has often been
used in sol-gel research. Bechtold [1] provided evidence
that polymeric structures exist in silica solutions, while
Sakka and Kamiya [2] demonstrated that silica fibers
could be pulled from solution. Furthermore, Schaefer
and Keefer [3] used small-angle X-ray scattering (SAXS)
to elucidate the fractal characteristics of branched silica
polymers. These investigations enforced reevaluation of
the applicability of organic polymer concepts to silica
solutions.

The emphasis in sol-gel research has been to find
application in industrial areas such as coatings, aerogels
[4] and others, and has been focussed on silicate
precursors. Solution processing involves various inter-
mediates or precursors which depend upon the reaction

conditions. Elucidation of the nature of these precursors
will lead to the development of various applications.

Fractal geometry [5], kinetic growth models [6-8] and
small-angle-scattering (SAS) techniques [9-14] have
all played a significant role in the elucidation of the
intermediates or precursors which occur in solutions of
TMOS or TEOS.

Brinker et al. [12] have examined the sol-gel transi-
tion in simple silicate systems (TEOS-alcohol-water
systems with acid or base catalyst) using a SAXS
technique. The results of the Guinier plots indicate that
the size of the silicate clusters for the acid-catalyzed
system do not vary over time, while for the base-
catalyzed system the apparent radius of gyration of the
largest molecules grew linearly during the time over
which gelation occurred, ie. from 20 A 1.2 h after
the addition of the base to 44 A after 3.8 h.

Keefer [14] observed the evolution, on long time
scales, of SAXS curves for fractally rough TEOS clusters
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and from observation of the progressive steepening of
the SAXS profiles was able to discuss the smoothing of
the surface of the colloidal particles. However, very little
is known about the time-resolved SAXS data within the
initial time course (1 h) of the condensation reaction of
alkoxide or alkylalkoxide.

Recently, Stellbrink et al. [15] used small-angle
neutron scattering to investigate the self-assembling
behavior of styryl-lithium head groups during the early
stages of living anionic polymerization. The result
showed that the scattering behavior can be analyzed in
terms of a form factor for a mass fractal structure, as
proposed by Beaucage and Schaefer [16].

Furthermore, alkylalkoxides [RSi(OR’);, R = alkyl
and R’ = methyl or ethyl groups] have been used
extensively to reinforce the interface between a fiber
and a resin through chemical interaction with silane
molecules [17-20]. For this particular reinforcement, the
mechanism responsible for the improved adhesion has
not yet been completely clarified, although many
attempts to elucidate it have been carried out [21-26].

Of the many alkylalkoxides, perfluorooctyltrime-
thoxysilane (PFOS) is a representative of the silane
coupling agents which can be used to control the
wettability of the surface of materials. The microstruc-
ture of the PFOS layer, coated onto the surface of
substrates, must play a critical role in the characteristic
appearance of the surface. We may assume that the self-
assembling behavior of the perfluorooctyl chains, in
addition to that of the siloxane-polymer portions, exists
in the polymerization process of the PFOS-substrate
system, since the perfluorooctyl portion has both the
characteristics of hydrophobicity and lipophobicity [27].
Thus, the self-assembling behavior of the PFOS chains
must affect the microstructure of the PFOS layer.

In this present study, the polymerization process of
PFOS in ethanolic solution was examined by use of
time-resolved SAXS, in order to increase our under-
standing of the polymerization process of PFOS during
the initial time course of the condensation reaction.

Experimental

Materials

1H,1H,2H,2H-PFOS [F(CF,)sCH,CH,Si(OCH3);] was purchased
from  Lancaster  Synthesis, and  n-octyltrimethoxysilane
[CH3(CH,)¢CH,Si(OCH3);, OTMS] was purchased from Fluka
Chemical Company. These were used without further purification.
An ethanol-water system was chosen as solvent and 1M HCI was
used as a catalyst.

Gel permeation chromatography measurements

Values of M,, My, and M, /M, for the polymers obtained after
phase-separation were estimated by gel permeation chromatogra-
phy (GPC) using a TOSOH high-performance liquid chromatog-
raphy system, which consists of a column oven (CO-8020) equipped

with two GMHXL columns (60 cm each) in series, a solvent
delivery pump (CCPS), a refractive index detector (RI1-8020), and a
UV detector (UV-8020). Tetrahydrofuran was used as the eluant at
a flow rate of 1.0 ml/min. The chromatograms were calibrated with
polystyrene standards.

'"H NMR measurements

"H NMR spectra were recorded on a Varian XL-300 spectrometer
operating at 300.112 MHz for protons (spectral width of
4500.5 Hz, 32768 points in the time domain, acquisition time of
3.641 s and delay of 8.359 s). '"H NMR measurements were made
in 5-mm NMR sample tubes at 25.0 °C.

SAXS measurements

Time-resolved SAXS measurements were carried out by use of
a synchrotron radiation X-ray scattering spectrometer (BL-10C)
installed at the 2.5 GeV storage ring in the Photon Factory,
Tsukuba, Japan, with SAS optics.

A one-dimensional position-sensitive proportional counter was
used for detecting the scattering intensity. The wavelength of the
radiation used was 1.488 A, and the sample-to-detector distance
was 65 cm. Slit corrections were not carried out because quasi-
point-type optics were used. The details of the optics and
instruments are given elsewhere [28]. Sample solutions were placed
in a cell, fitted with a pair of mica windows with 1-mm path length,
and held in a thermostatted cell holder maintained at
25.0 £ 0.1 °C by circulating water. Ten-minute SAXS measure-
ments were repeated after appropriate time intervals until phase-
separation occurred.

Analysis of SAXS data

Calibration of the scattering intensity, /(q), coming from the
aggregates in the sample solutions was carried out using the
following equation

1 1.
](6]) _ sol(q) oy (f]) 7 (1)
Csol Tsol Csolv Tsoly

where q = 47 sin 0//1 and Iso](q)a Isolv(q)a Csot> Csotvs Tsols Tsolvs 20
and / denote the scattering intensities of the solution and pure
solvent, the incident X-ray beam intensities for the solution and for
the solvent, the X-ray beam transmissions through the sample, the
scattering angle and the incident wavelength, respectively. The
T values were estimated by using the X-ray mass absorption
coefficients of the elements in the samples.

At low angles, the X-ray scattering data were analyzed using
Guinier’s law,

a2
1<q)=1<0)exp< “’fg) 7 @

where 1(0) is the zero-angle scattering intensity and R, is the radius
of gyration. In order to determine R, values and /(0) intensities,
we used the least-squares method for the Guinier plot, In /(q)
versus ¢°.

The average structures of fractals, which are generated in many
growth processes of polymeric and colloidal systems, are quanti-
tatively described using the following fractal dimension [29]:

M o RPr | (3)

where M is the mass of the fractal object, R is a measure of the
radius and Dy is the fractal dimension. For surface fractals [29], the
fractal structures are defined by the relationship
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where S is the surface area and D is the surface fractal dimension.

Fractal structures can be characterized by SAXS techniques
[29]. The profile of scattering intensity has a power-law depen-
dence, where the exponent is simply the dimension of the mass
fractals:

1(q) < g™,

The scattering curve of mass fractals provides a straight line with a
slope, Dy (on a log—log plot), in the range —1 to —3, while the slopes
of the scattering curve coming from surface fractals are in the range
-3 to —4.

1<Di<3. (5)

Results

The time dependence of the phase behavior for the
PFOS—ethanol-1M HCI - H,O (1:1:0.4 weight ratio)
and OTMS-ethanol-1M HCI - H,O (1:1:0.3 weight
ratio) systems was examined visually. For the PFOS-
ethanol-1M HCI - H,O system, a transparent one-phase
solution was obtained 35 s after mixing the sample. Two
hours later, this transparent solution changed into a
two-phase solution. The "H NMR spectra (not shown)
provided evidence that the upper transparent layer and
the bottom viscous, turbid layer are solvent-rich and
polymer-rich, respectively. For the OTMS—ethanol-1M
HCI - H,O system, it was confirmed that phase-separa-
tion occurred after 1.5 h. Time-resolved SAXS mea-
surements for these two sample systems were carried out
until phase-separation occurred. The solvents remaining
in the polymer-rich layer were removed by evaporation
and the size distribution of the polymerized products
was examined by GPC.

Time-resolved SAXS curves of the PFOS
and OTMS systems

The time-resolved SAXS curves obtained from the
transparent solution of the PFOS—ethanol-1M HCI -
H,O0 system are shown in Fig. 1A. The SAXS profiles
depend strongly upon reaction time, showing that the
extent of the formation of the PFOS polymeric precur-
sors which result from the condensation reaction
changes over time. In the initial stage of the reaction,
the SAXS profile is characteristic of fractal polymer
aggregates; however, the intensity of each profile in the
lower g range increases with time, until finally the SAXS
profile of the transparent layer becomes characteristic of
that of a gel [30-32], indicating that this reaction process
brings about the so-called sol-gel transition.

For analysis of the scattering curve in the interme-
diate region, the boundary limits gR, > 1 > ga, where a
is a typical chemical bond distance, are imposed on the
region, and power-law behavior, which is independent of
both R, and « is predicted [33]. For a two-phase system
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Fig. 1 A Time-resolved small-angle X-ray scattering curves and
B separated spectra showing slopes of the linear region [(a) 500 s,
(b) 1300 s, (¢) 2100 s, (d) 2900 s, (e) 3700 s, (f) 4600 s, (g) 5400 s,
(h) 6300s, and (i) 7100 s] for the acid-catalyzed perfluoro-
octyltrimethoxysilane (PFOS)-ethanol system

with distinct boundaries, for example, Porod [34] has
shown that the scattering curve varies as ¢~*. For a
random-walk polymer, in contrast, it should vary as g2
[35]. In this present study, after taking into account both
the size of the polymeric precursor (Ry) and the typical
chemical bond distance (a ~ 3 A), we have assumed that
the Porod regime is in the 0.166-0.333 A™' region. It
should be noted that the slopes of the linear portion
drawn for each profile in the intermediate region are
independent of the time and are almost constant
(Fig. 1B). Evidently, these scattering curves arise from
polymeric precursors of PFOS (i.e. mass fractals with
fractal dimension D¢ = 2) formed by the condensation
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reaction, since mass fractals will yield scattering curves
with slopes between —1 and -3 [29].

The kinetics of the growth process for the PFOS
polymeric precursors was examined by analyzing the
time-resolved scattering curves with Guinier’s law.
Guinier plots, In I(g) versus g2, of the reaction system
are shown in Fig. 2. In the initial stage of the reaction,
Guinier plots provide excellent linearity, but in the
second stage they tend to become concave, in a manner
similar to that seen in the Guinier plot for the scattering
curves obtained during the base-catalyzed gelation of
TEOS [12]. The time-dependence of the apparent radius
of gyration (R,) of the largest precursors in the reaction
mixture is shown in Fig. 3, and the R, values are listed in
Table 1.

Between 500 and 3700 s after addition of 1M
HCl - H,O, the apparent R, value for the largest
precursors grew from 11.1 to 34.3 A; however, a rapid
increase in Ry occurred in the reaction process after
4000 s, until finally the R, value reached 81.7 A at
6300 s and over 80 A immediately before the phase-
separation. These values indicate that in the initial stages
of the reaction formation of small PFOS clusters occurs,
while in the later stages formation of larger polymeric
precursors takes place.

Time-resolved SAXS measurements for the OTMS—
ethanol-1M HCI - H,O system were also carried out.
Time-resolved SAXS profiles, similar to those obtained
for the PFOS system, were observed (profiles not shown)
and a scattering profile which was characteristic of a gel
with a fractal dimension of 1.7 was eventually obtained.
The fractal dimension of 1.7 indicates that the reaction
process for the OTMS system also involves mass fractal
precursors; however, power-law analysis of the time-
resolved SAXS curves (with exclusion of the datum after
4000 s) was not possible in this OTMS system, since the
weak intensities of their scattering curves in the high ¢

Rg [A]

[x10%]

Time [s]

Fig. 3 Radius of gyration (Rg) versus time for the acid-catalyzed
PFOS—ethanol system (O: phase-separation occurred at this point)

Table 1 Time-dependence of R, for the perfluorooctyltrimethoxy-
silane (PFOS) and n-octyltrimethyoxysilane (OTMS) systems

Time (s) Ry (A)
PFOS
500 11.1
1300 16.8
2100 21.8
2900 28.2
3700 34.4
4600 439
5400 62.4
6300 81.7
7100% 86.6
OTMS
640 11.8
1500 18.6
2300 27.7
3100 47.7
4100 83.3

# Phase-separation started at 7100 s

0.0 — .
©
(h)%
-1.0 F@¢8
3
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qa [A7]
Fig. 2 Guinier plots for the acid-catalyzed PFOS—ethanol system:

(@) 500s, (b) 1300's, (c) 2100 s, (d) 2900 s, () 3700 s, (f) 4600 s,
(g) 5400 s, (h) 6300 s, and (i) 7100 s

range make it difficult to cancel out the background
intensities of the solvent.

Guinier plots of the OTMS system are shown in
Fig. 4. The R, values obtained are also listed in Table 1.
It is found that the time-dependent features of the
Guinier plots are very similar to those seen in the PFOS
system and, as in the PFOS system, growth of the
OTMS precursors occurs in two stages on a short time
scale after addition of 1M HCI as catalyst (Fig. 5).

Size distribution of PFOS and OTMS precursors

In order to confirm the size distribution of the polymeric
precursors, we used GPC to measure the molecular size
distribution of samples which were obtained after phase-
separation. The number-average molecular weight (M)
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Fig. 4 Guinier plots for the acid-catalyzed n-octyltrimethoxysilane
(OTMS)—ethanol system: (a) 640 s, (b) 1500 s, (¢) 2300 s, (d) 3100 s,
(e) 4100 s
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Fig. 5 Radius of gyration (Rg) versus time for the acid-catalyzed
OTMS-—ethanol system

and the weight-average molecular weight (M,,) for the
gel samples of OTMS were 2068 (average degree of
polymerization = 10.9) and 4654 (average degree of
polymerization = 24.6), respectively. The ratio of
My /M, was 2.25, showing the polydispersity of these
molecules. Figure 6 (line a) shows the distribution
of molecular size for the OTMS polymer-rich sample.
We note that the distribution of the molecular size
extends over a wide range of molecular weight from very
low (373) to very high (36 983). It should be emphasized
that there exists a distribution of polymeric precursors
with small size and that the distribution of precursors of
larger size extends exponentially into the high-molecu-
lar-weight range.

Given the extensive distribution in size of small
OTMS polymeric clusters, we may assume that this
variation depends on time, as described later. In the
initial stages of the reaction, it is likely that polymeric
clusters of small size are predominant; however, as the

0 10000 20000 30000 40000

Molecular weight

Fig. 6 Gel permeation chromatography mass distribution for poly-
meric precursors of PFOS (broken line) and of OTMS (solid line)
obtained after phase-separation

reaction proceeds further, the population of small
precursors decreases while that of larger precursors
increases, until the molecular size distribution in the
system eventually reaches that shown in Fig. 6(line a).

For the sample of PFOS, which was obtained from
the polymer-rich layer after phase-separation, the M,
and M, values were 1949 (average degree of polymer-
ization = 4.6) and 2101 (average degree of polymeriza-
tion = 5.1), respectively, and the M, /M, ratio was 1.08,
indicating that these molecules are almost monodisperse.
The size distribution of the PFOS polymeric sample is
shown in Fig. 6(line b). The size distribution is now seen
to be very narrow, indicating that these molecules are
oligomeric.

These data for the size distribution for OTMS and
PFOS samples are very useful for interpretation of the
time dependence of the apparent radius of gyration.

It is well known that the formation of the silica
polymers, which occurs during acid-catalyzed hydrolysis
at low water and acid concentrations, is governed by the
mechanism of the hydrolysis reaction and not by that of
the condensation reaction [12]. In particular, the acid-
catalyzed hydrolysis of TEOS or TMOS, which proceeds
by a mechanism involving electrophilic attack on an
alkoxide oxygen, is not sensitive to the electronic effects
of the other groups bonded to silicon, but is affected by
steric effects (i.e. steric restriction) [11, 12].

Thus, we may expect that the bulky perfluorooctyl
or n-octyl hydrocarbon chain provides a marked steric
effect for the acid-catalyzed hydrolysis of PFOS or
OTMS. In particular, the marked difference in the size
distribution between PFOS and OTMS polymeric
clusters is probably a consequence of the great rigidity
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of the perfluorooctyl chain compared with that of the
octyl hydrocarbon chain, since the helical conformation
of the perfluoro carbon chain should be largely
stabilized by the steric effect of the bulky fluorine
atom which will make the chains more rigid. This steric
restriction would hinder large-size polymerizations of
PFOS.

Discussion

Power-law analysis in the intermediate region, as carried
out for the time-resolved SAXS curves of the acid-
catalyzed PFOS—ethanol system, shows approximately
1(q) < q¢—2. Each time-resolved scattering curve furnish-
es a slope in the range —1.93 to —2.02 (Fig. 1B), showing
that each scattering curve arises from a polymeric
structure and not from individual particles [29].

Schaefer and Keefer [3] generated fractal clusters
of silica and measured the fractal dimension (Df = 2)
of branched silica polymers by use of SAXS. They
confirmed that the dimension is independent of the
branching ratio and does not change during the course
of polymerization to a gel.

The present observation that the fractal dimensions
of the PFOS polymeric percursors formed during the
reaction process are almost constant (Df =2) is very
similar to Schaefer and Keefer’s observation for silica
polymers. Schaefer and Keefer [3] suggested that the
fractal dimension (Df = 2) observed for silica polymers
is due to structures called lattice animals [36], which are
randomly branched analogs of self-avoiding linear
chains of Dy = 2. This situation may also exist for the
present PFOS polymeric precursors. Thus, we may
assume that the condensation reaction of PFOS in
ethanol brings about formation of the mass fractal
structure.

Kinetic growth models [6, 7, 29, 36], which describe
the processes of polymerization and aggregation that
occur far from equilibrium, have already been presented
for the growth process of silica polymers. Monomer—
cluster (MC) growth and cluster—cluster (CC) growth
[29], which are distinguished by assumptions concerning
accretion, may be modified to conform to the growth
process of the PFOS polymeric precursors.

The following explanation may account for the
mechanism of the growth process of the polymeric
precursors in the PFOS—ethanol-1M HCI - H,O system.
In the initial step (Eq. 6), the acid-catalyzed hydrolysis
of the three methoxy portions (i.e., formation of reactive
monomers) commences, and subsequent formation of
dimers occurs. Furthermore, reaction between mono-
mers and dimers brings about trimers, i.e., the growth of
monomers to form small clusters (i.e., MC growth) is
predominant in the initial stage. In this step, reactive
monomers play an important role, since the population

of monomers may be high compared with that in the
second step.

F(CF,),CH,CH,Si(OCHj3),

— F(CF,),CH,CH,Si(OH), (6)

2F(CF,),CH,CH,Si(OH3); —
F(CF,),CH,CH,(OH),Si—0—Si(OH),CH,CH,(CF,)(F
(7)

In the second step, it is probable that a condensation
reaction between small clusters (between dimers or
between dimer and trimer or between larger oligomers)
is predominant, leading to further growth of small
clusters, i.e., CC growth is predominant in the second
step.

In order to confirm the high population of monomers
in the initial stage, the time-resolved "H NMR spectra of
the PFOS—deuterated ethanol-1M HCL - H,O system
were measured. The time dependence of the 'H signals
of the SiCH, protons is shown in Fig. 7 together with

/ k :

0.5 0.4 0.3

Chemical Shift (ppm)

Fig. 7 A 'H signals of the SiCH, protons for unhydrolyzed PFOS
in deuterated ethanol and B the time-dependence of the 'H signals of
the SiCH, protons in the acid-catalyzed PFOS-ethanol system [initial
step: (a) 990 s, (b) 1470 s, (c) 2400 s, (d) 3000 s; second step: (e) 4500 s,
(f) 5100 s, (g) 5700 s, (/1) 6300 s]



299

the 'H signal of the SiCH, protons of unhydrolyzed
PFOS. We may assume that the appearance of the 'H
signal for the SiCH, protons of the hydrolyzed PFOS
monomer is very similar to that of unhydrolyzed PFOS
(Fig. 7A) since spin—spin coupling (through four or five
bonds) between the SiCH, and OCH; protons may be
neglected [37]. Therefore, we can use the 'H signals of
the SiCH, protons of unhydrolyzed PFOS as an
indicator of the reactive monomer.

As seen in Fig. 7B, as the reaction proceeds, the 'H
spectral appearance of the SiCH, protons changes
markedly. We note that the 'H spectral pattern obtained
in the initial stages of the reaction involves relatively
sharp "H resonance peaks (1’-6" peaks) which closely
correspond to those (1-6 peaks) for unhydrolyzed
PFOS, Fig. 7A, indicating that monomers exist in the
initial stage in the reaction mixture and that their
population is relatively high compared with that in the
second stage. It may be emphasized that, in the second
stage, the peak 1 arising from monomers decreases in
intensity and broadening of other peaks occurs, until fi-
nally all the 'H signals of the SiCH, protons become
broad as a consequence of polymerization. Thus, the
time-resolved '"H NMR spectra of the SiCH, protons
support the MC growth model in the initial step.

The mechanism of cluster growth in the second stage
should be noted in connection with the mechanism of
the sol-gel transition. Brinker et al. [12] noted the
existence of polymeric structures weakly cross linked
with each other in the TEOS-alcohol system. We may
apply this idea to the growth process in the second stage
of the PFOS or OTMS precursors, which will initially be
weakly cross linked with each other, until finally, after
extensive cross-linking has occurred, phase-separation
into a solvent-rich upper layer and a polymer-rich
bottom layer will occur.

However, we must emphasize that, in the present
PFOS or OTMS system, a perfluorooctyl or octylhy-
drocarbon group is bonded directly to a Si atom.
Although both perfluorooctyl and octylhydrocarbon
chains are hydrophobic, the perfluorooctyl chain, in
particular, has both hydrophobic and lipophobic prop-
erties. Therefore, for the growth process of polymeric
precursors in the acid-catalyzed PFOS-ethanol or
OTMS—ethanol systems, we should consider the hydro-
phobicity and lipophobicity of these bulky chains, in
addition to the cross-link effect.

Thus, the hydrophobic interactions probably exist
between clusters in the growth process, leading to the
giant precursors which induce phase-separation. In fact,
the very large R, value (about 80 A) of the PFOS
polymeric precursors, which exist immediately prior to
phase-separation, implies the existence of a bulky PFOS
moiety. We may therefore regard these precursors as
giant aggregates with a mass fractal structure, which
involve self-assembling perfluorooctyl chains in their
microstructure.

Unfortunately, the present SAXS data provide only
the apparent radius of gyration of the aggregate and do
not give us information on the detailed structure of the
mass fractal formed by PFOS and OTMS. Further
experiments on the concentration effect of PFOS
or OTMS on the time-resolved SAXS curves and of
the base-catalyzed polymerization processes are highly
desirable for further discussion of the detailed structure
of the mass fractal.

Conclusion

The time-resolved SAXS data for the acid-catalyzed
polymerization process in the PFOS-ethanol or the
OTMS—ethanol system have been analyzed using
Guinier’s law. We have found from the plot of R,
against reaction time that the growth of the polymeric
precursors prior to phase-separation proceeds in two
steps, in which formation of reactive monomers, dimers
and clusters of small size occurs in the initial step,
while in the second step, clusters with a larger size are
formed. The time for commencement of the growth
process for the second step can be regarded as a
transition during which variation of the macroscopic
structure occurs before onset of the macroscopic sol-
gel transition.

The PFOS and OTMS polymeric precursors can
also be regarded as large-scale self-assembled aggre-
gates, whose scattering behavior should be analyzed in
terms of theoretical models. In particular, theoretical
analysis is essential for elucidating the effect of
branching and polydispersity on the scattering behavior
of these aggregates. Such a study is currently in
progress and uses the theoretical model developed by
Benoit [38].
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