ELSEVIER

PII: S0032-3861(97)00596-X

Polymer Vol. 39 No. 13, pp. 2769-2775, 1998
© 1998 Elsevier Science Ltd

Printed in Great Britain. All rights reserved
0032-3861/98/$19.00+0.00

Time-resolved light scattering study on the
gelation process of poly(/N-isopropyl
acrylamide)

Tomohisa Norisuye, Mitsuhiro Shibayama* and Shunji Nomura

Department of Polymer Science and Engineering, Matsugasaki, Sakyo-kuKyoto 606
Japan

(Received 2 May 1997; revised 9 July 1997; accepted 17 July 1997)

The generation process of poly(N-isopropyl acrylamide) (PNIPA) gels has been studied by time-resolved light
scattering. The gelation was initiated by adding a redox initiator and cross-linker (N,N’-methylenebisacrylamide,
BIS). The scattered intensity was observed at a fixed angle of 60° as a function of polymerization/gelation time, ¢.
The scattered intensity had an abrupt rise at 7 = 20 min, then reached a plateau value having relatively large
fluctuations. In the case of the corresponding PNIPA solutions, prepared without BIS, similar behaviour was
observed, although the pulse height and the plateau intensities were significantly lower. In both cases, the abrupt
intensity rise disappeared when the monomer concentration, C, was reduced to 88 mM or lower. In addition, a gel
was not formed for C = 88 mM even in the presence of BIS. It was concluded by viscometry and the monomer
concentration dependence experiment that (i) the abrupt intensity rise corresponds to the gelation threshold and
(ii) and so-called chain overlap concentration can be estimated by the appearance of the abrupt intensity rise (in
this particular case, 88 = C* =< 131 mM). The abrupt rise in the scattered intensity was also observed by small-
angle neutron scattering, suggesting that the gelation threshold can be observed in a wide range of momentum

transfer space. © 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

Gelation, i.e. the sol—gel transition, of polymers, has been
the object of study for more than a half century. In the
1940s, Flory discussed the criterion of infinite cluster
formation of polymer chains by polycondensatlon of two-
and three-functional monomer mixtures' . The classical
picture of gelatlon on the basis of the Bethe lamce is given
by Stockmayer*®. A scahng theory of the gelation was
developed by Stauffer, and the critical phenomenon of
gelation was dlscussed by Stauffer et al. on the basis of
percolation theory’. Experimental studles on gelation have
been conducted by light scattering®®, small- angle X-ray
scattering'®, and small-angle neutron scattering'', where the
growth of polymer chain clusters was terminated just below
the gelation threshold and the cluster solution was diluted in
order to detect the single-cluster scattering. Mechanical and
rheological measurements allow one to perform an in situ
measurement of the gelation process’. These developments
in the study of gelatlon are reviewed concisely in the
textbook by de Gennes'?

Recently, Winter and coworkers proposed a novel
method to determine the gelation point with an oscillatory
shear experiment. According to their theory, the storage,
G (w) and loss moduli, G"(w), becomes equal and scale to

2 at the gelation pomt 1 e. G'(w) = G"(w)~w ", where w
is the angular frequency - 314 Tts validity was exammed by
the cross-linking process of polydlmethylsﬂoxane and
dihydroxypoly(propylene oxide) (model polyurethane)',
etc. In the case of light scattering, on the other hand, an in

*To whom correspondence should be addressed

situ (or real time) determination of the gelation threshold
has been thought to be difficult because scattering signals in
a gelling solution are dommated by interference between
different clusters and are weak'’?. However, some studies
have been carried out in a reaction bath. Kobayasi
introduced a method to detect the gelation point of a gelatin
solution. Polystyrene latex particles were dispersed in a
gelatin solution and the scattered light intensity was
measured as a function of the scattering angle. The gelation
point was detected as the appearance of a speckle pattern
due to immobilization of the latex particles'®. A s1m11ar
method was reported by Allain et al. for acrylamide gels
Fang et al. however, reported that dynamic light scattering 1s
sensitive to the sol— gel transition of polymer solutions by
chemical cross-linking'®. They observed a critical beha-
viour in the dynamics near the sol—gel transition, which is
characterized by a presence of a power-law type spectrum
for the time intensity correlation function. Therefore, an
appearance of non-exponential decay in the correlation
function indicates the sol— gel transition. Similar behaviour
was observed by Ikkai et al?°

We have found that a 51mp1er experiment, monitoring
light scattered intensity as a function of time, i.e. the time-
resolved light scattered (TRLS) intensity measurement at a
fixed angle, allows one to monitor quite easily the cluster
evolution process with time and to determine the gelation
threshold for poly(acrylamide) and poly(N-isopropylacry-
lamide) aqueous gels. Althou gh this method is similar to the
one employed by Wu et al.'® in a cunng process of epoxy
resins, we emphasize the following in this paper: (1) The
time course of the scattered intensity shows characteristic
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patterns that depend on the architecture of the polymers,
such as linear polymer solutions or cross-linked gels. (2)
The so-called chain overlap concentration is also detectable
by a series of TRLS experiments with different monomer
concentrations. (3) This method is useful to study the
gelation kinetics not only of the gelling system from a
monomer solution but also from a cross-linking of polymer
solutions.

EXPERIMENTAL SECTION

Sample preparation

Poly(N-isopropyl acrylamide) (PNIPA) gels and the
corresponding polymer solutions were prepared by redox
polymerization. NIPA monomers, supplied by Kohjin
Chemical Co., were purified by recrystallization prior to
the use. NIPA monomer concentrations were varied from
48, to 801 mM (8 concentrations), while the N,N'-
methylenebisacrylamide (BIS, cross-linker) concentration
was fixed to be 8.62 mM (for the gels) and 0 mM (for the
corresponding PNIPA solutions). After adding 1.75 mM of
ammonium persulphate (APS; initiator), the monomer
solution was degassed for 15 min with a vacuum pump
and cooled in a refrigerator for another 15 min in order to
decelerate the polymerization reaction. Then, 8 mM of
N,N.N' N'-tetramethylethylenediamine (TMEDA, accelera-
tor) was added to the system, and the monomer solution was
filtered with a 0.2 um filter before polymerization. The
polymerization was performed in a 10 mm-diameter test
tube at 25°C. Reagent grade BIS and APS were purchased
from Wakenyaku Co. Ltd. and were used without further
purification.

Light scattering

Light scattering (LS) experiments were conducted on a
custom-built light-scattering apparatus with a 10 mW He-
Ne laser and a photon correlator (DLS-7, Otsuka Electric.
Co.). For time-resolved LS (TRLS) experiments, the
scattering angle was fixed at 60° unless stated and more
than 12 000 intensity data values were collected as a
function of the polymerization time, ¢, during about 2 hours
of reaction. Dynamic light-scattering experiments were also
carried out for samples after completion of gelation.

Small-angle neutron scattering

Time-resolved small-angle neutron scattering experi-
ments were carried out on the reactor, SANS-U, at Institute
of Solid State Physics, The University of Tokyo, located at
Japan Atomic Energy Laboratories, Tokai, Japan. A flux of
cold neutrons of 7 A was irradiated onto the gelling sample
in deuterated water, and the scattered intensity was collected
every 5 min with an area detector of 128 X 128 pixels. The
sample-to-detector distance was set to be 4 m. The sample
was placed in a brass chamber with quartz windows and the
chamber was thermo-regulated within an error of * 0.5°C
at the sample position with a NESLAB 110 water
circulating bath. The sample thickness was about 1.5 mm.

Viscometry

The viscosity of the PNIPA solutions was measured with
a Ubbelohde capillary viscometer at 25 * 0.1°C. The
measurements were repeated at least three times and the
error was within * 0.01 s. The typical time for the solvent
(distilled water) was 120 s.

2770 POLYMER Volume 39 Number 13 1998

N A O

Intensity / cps x107

(=]

0 20 40 60 80
Polymerization Time, t / min.

-4

R
& 10k
2 o5}
§ .
=] 0.0(‘)*
":S 8 él.l — T T
= 6| f N
(=9
S 4 (© C = 330mM
> =
Fak  F y J
s |- ]
E 0 1l 1 1
0 20 40 60 80
t/ min.
B 1 "m TV
R F
8ol
Zab i
g |
2 L
- Go 20 40 60 80

t/ min.

Figure1l Time evolution of the scattered intensity for PNIPA gels; (a) 88,
(b) 138, (c) 330, and (d) 690 mM. (I) the induction stage, (II) the gelation
threshold stage, (III) the strong fluctuation stage, and (IV) the plateau stage
are denoted in (d)

RESULTS AND DISCUSSION

Time-resolved light scattering

Figure 1 shows the time evolution of the scattered
intensity at 60° during the polymerization process of gels
with NIPA initial concentrations, C, of (a) 88, (b) 138, (¢)
330, and (d) 690 mM. The intensity is quite low at r <
20 min, and then increases stepwise at the threshold
polymerization time, ty = 20 min. For C =< 88 mM, the
intensity reaches a plateau value and remains rather
constant. In this case, no gelation took place, indicating
that the concentration was too low to form an infinite
cluster. However, for C = 330 mM, the intensity increase is
abrupt, followed by a gradual decrease with strong
fluctuations. Then, finally the intensity levels off with
fewer fluctuations. Therefore, we classify the intensity
variation with time to four stages characterized by: (I) the
induction stage (+ = 20 min), (II) gelation threshold stage (¢
=~ 20 min), (III) the strong fluctuation stage (20 = r <
80 min), and (IV) the plateau stage (80 min = ¢) as depicted
in Figure 1d. The physical meaning of these stages will be
discussed later. A similar phenomenon is also observed in
the polymerization process of PNIPA solutions as shown in
Figure 2, although stage II corresponds to the polymeriza-
tion period and stage III is absent. A stepwise increase in
intensity takes place at ¢, = 20 min, followed by a gradual
decrease in intensity. However, there are at least two
characteristic features in the time evolution of the scattered
intensity for the NIPA polymer solutions. One is that the
peak and plateau intensities are significantly lower than
those of the gels. The other is that the fluctuations in the
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plateau region are rather small compared to those of the
gels. The pulses in the plateau region in Figure 2c are due to
accidental scattering by large clusters or dust and are
nothing to do with the gelation process. The intensity
fluctuations observed in gels are now known to be the result
of the non-ergodicity of gels?’~>* or, more rigourlously
speaking, *‘restricted ergodicity’*?%%"_ It is rather surprising
that ¢, is insensitive to the architecture of the polymer, i.e.
linear (without BIS) or branched (with BIS), or to the
monomer concentration C.

Figure 3 shows the intensity variations of the scattered
light, i.e. speckle patterns, for (a) PNIPA gels and (b)
PNIPA solutions. Although the polymer concentration was
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Figure 2 Time evolution of the scattered intensity for PNIPA polymer
solutions; (a) 88, (b) 138, (¢) 330, and (d) 690 mM
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the same, C = 690 mM, in both cases, the speckle pattern is
much stronger in the gel than in the solution. This is due to
the presence of the frozen-in inhomogeneity in the gel.
Note that the intensity level of the speckle in the gel is
much lower than the peak intensity in the polymerization/
cross-linking process shown in Figure /. Therefore, it is
obvious that the strong peak in the gelation process has a
different origin from the commonly observed speckle in a
gel.

In order to analyse the structure of growing PNIPA chains
and/or PNIPA clusters, it is necessary to obtain the g-
dependence of the scattered intensity, where g is the
magnitude of the scattering vector. Instead, we measured the
scattered intensity evolution with time at various angles,
namely 45°, 75°, 60° and 90°, and found that the profile of
the scattered intensity variation is insensitive to the
scattering angle, indicating that chain growth takes place
in a very limited time range around 7 = fy,.

Figure 4 shows the initiator (APS) concentration
dependence of the time evolution of the scattered intensity
for PNIPA solutions with C = 690 mM. The APS
concentrations, Cps, were (a) 1.75 mM and (b) 3.50 mM.
By doubling the APS concentration, the z,, became smaller.
This indicates that this intensity rise is related to the
concentration of the redox radicals. Though more quanti-
tative investigations were tried to determine 7, as a function
of APS concentration, it was found that 7,4, was too sensitive
to the oxygen in the system to reproduce quantitative results.
Note that 7, seems to depend on C 4ps but not strongly on C
(see Figure I and Figure 2). This suggests that the length of
the induction period, i.e. the stage for t = r,, depends on the
concentration of APS radicals.

Figure 5 shows the temperature variation during the
polymerization (filled circles; left axis) as well as the
scattered intensity (dots; right axis) for (a) gels and (b)
polymer solutions. The temperature was measured by
setting a thermocouple in the reacting bath. This figure
clearly shows that a reaction heat is generated most
intensively at the time of the abrupt intensity rise, ry,. It
should also be noted that this amount of temperature rise
does not result in the step-like or abrupt increase in the
scattered intensity even though the solubility of PNIPA in
water is strongly temperature-dependent™. A similar
intensity rise was also observed in temperature-insensitive
gels, e.g. poly(acrylamide) gels.

Now we characterize the intensity evolution of PNIPA
gels and solutions by considering the peak intensity, /e,
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Figure3 Light-scattered intensity variation with position, i.e. speckle patterns, for (a) PNIPA solution (C = 690 mM) and (b) PNIPA gel (C = 690 mM). The
horizontal line indicates the ensemble average of the scattered intensity, < 7> ¢
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Figure 5 Temperature variation (filled circles) of (a) the PNIPA gels and
(b) the polymer solutions. Scattered intensity variation (dots) is indicated on
the right axis

and the plateau intensity, [y, determined by taking an
average of the scattered intensities in the plateau region.
Figure 6 shows the C dependence of [, and /yjyeq, for
PNIPA solutions. For C = 138 mM, lpea deviates from
Tpiaeas because of the appearance of the abrupt intensity rise.
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Monomer concentration, C / mM

Figure 7 The plateau intensity, /pju.. intensity evolution of PNIPA gels
and solutions

Interestingly, /. increases with C while [}y, decreases
with increasing C. The increase in I with C may be due to
the formation of more concentrated clusters at the chain
overlap threshold for a solution with a higher C, leading to a
larger contrast between the cluster and the solvent. On the
other hand, the decrease in Jpue., is explained by
suppression of concentration fluctuations in the semi-
dilute regime for a higher C. Analysis on I, for PNIPA
gels was not carried out because /., could not be specified
due to the appearance of multi-peaks and because the values
were not reproducible.

Figure 7 shows I jjzee, Of PNIPA gels and solutions as a
function of C. The scattering behaviour of PNIPA gel
(marked with closed squares) can be classified into three
regimes; (Cy) the finite cluster regime (C =< 88 mM), (Cy)
the gel regime (88 < C = 801 mM), and (Cyy) the phase-
separated gel regime (C > 801 mM). For convenience, we
apply the same classification to the PNIPA solutions (closed
circles). In regime Cj, the intensity increases stepwise with
time (See Figure la). This tendency is also observed in
PNIPA solutions (See Figure 2a). Regime Cy; is character-
ized by the appearance of the abrupt increase as shown in
Figure Ic and d and Figure 2¢ and d. In this regime, /pjyeq i8
a strong function of C. As shown in the figure, /;jyca, for gels
is highest around C = 171 mM and decreases with C. This
concentration may correspond to the chain overlap con-
centration, C”, as will be discussed in conjunction with the
results of the viscosity measurement. The decrease in 7y,
with C indicates suppression of the concentration fluctua-
tions. However, /jjueqq is much stronger for the gels than for
the polymer solutions. This is due to the presence of frozen
inhomogeneity in gels introduced by cross-link formation.
This aspect is extensively studied elsewhere®®. In this
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Figure 8 Time evolution of the scattered intensity for (a) poly(vinyl
alcohol) (PVA) sol (Cpva = 207 mM, Cx = 7.7 mM), and (b) PVA gel
(Cpya = 381 mM, Cx = 14.3 mM) cross-linked with glutaraldehyde

regime, the so-called gel mode is observed. That is, a
single-exponential time intensity correlation function is
obtained from which the collective diffusion coefficient is
evaluated®. In regime Cy, however, the monomer
concentration is too high as a gel, resulting in a phase
separation. This was confirmed by the fact that the gel
became opaque. Such a phase separation was not observed
in PNIPA solutions even for C > 801 mM. This clearly
shows that a cross-link formation is the same as an increase
in the attractive mteractlon and leads to segregation, as
pointed out by de Gennes'>

In the case of gel formatlon from a polymer solution by
photo-cross-linking, by radiation cross-linking, or by adding
a cross-linking agent, this method may not be sensitive
enough to detect the onset of gelation because concentration
fluctuations already exist in the polymer solution. We
examined a case of the chemical cross-linking process of
poly(vinyl alcohol) (PVA) aqueous solutions with glutar-
aldehyde. Figure 8 shows the results of the time evolution of
the scattered intensity for (a) PVA sol (Cpys = 207 mM, Cx
= 7.76 mM), and (b) PVA gel (Cpya = 381 mM, Cx =
14.3 mM), where Cpy, and Cx are the PVA concentration in
the monomer unit and the cross-linking agent concentration,
respectively. Gelation was not observed for the former
while a steady gel was formed in the case of (b). Although
the scattered intensity increases with time in both cases, that
for the PVA gel is much more pronounced. In addition,
strong intensity fluctuations appear for the PVA gel at r >
40 min. The behaviour in the gel is very similar to the case
of PNIPA gel, except for the absence of the abrupt intensity
rise. Thus, it can be deduced that TRLS reveals gel
formation as strong intensity fluctuations and the appear-
ance of a speckle pattern at + > 40 min. Therefore, by
comparing Figure I and Figure 8, it may be concluded that
TRLS is a sensitive technique to detect gelation processes of
both types, i.e. gelation/polymerization and cross-linking of
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Figure 9 The r dependence of the total scattered intensity obtained by
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Figure 10 The scattered intensity profile, /(g), for PNIPA gels, obtained
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a polymer solution, and is particularly useful in studies of
the former.

SANS

Figure 9 shows the t dependence of the total scattered
intensity obtained by small-angle neutron scattermg
(SANS) for the range of 0.005 = g = 0.08 A’!. Because
of a lack of statistical accuracy, the total intensities collected
with an area detector for every 5 min period are plotted as a
function of ¢ after subtraction of the solvent scattering.
Interestingly, an abrupt intensity rise was observed
exclusively in the gel sample (C = 690 mM), followed by
a levelling off to a plateau intensity. Figure 10 shows the
scattered intensity profile, I(g), for PNIPA gels obtained at
different #’s. The lines connecting the data are drawn for the
eye. Unlike the total intensity, /(q) does not seem to be
sensitive to the gelatlon or cluster formation although an
increase in I(g) is detected for ¢ = 0.01 A during the
periodof 15 <t = 20 min. Note that the difference in the q
range; ¢ =~ 0.001 A (TRLS) and 0.005 = g = 0.01 A
(SANS). It is clear from Figure 1 and Figure 10 that TRLS
is a more relevant method than SANS for investigating
gelation kinetics. This is due to the fact that SANS is
sensitive to the concentration fluctuations inside a cluster of
which the length scale is much smaller than the cluster size
near the gelation threshold. On the other hand, TRLS is
sensitive to large clusters of the order of micrometers, with
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the result that TRLS can be a sensitive tool for the detection
of the gelation threshold. It should be stressed here,
however, that the observed SANS intensity was too low,
because of the short counting time (5 min), to analyse the
gelation process quantitatively and that the concentration
fluctuations by cross-linking are also detectable by SANS.

Viscometry and chain overlap concentration

In order to elucidate the physical significance of the
abrupt intensity rise in the TRLS, viscosity measurements
were conducted. Figure 11 shows the reduced viscosity, 7/
C, as a function of the polymer concentration in monomeric
units, C. A PNIPA solution made from a 88 mM monomer
solution was diluted and used for the viscosity measure-
ment. As shown in the figure, the data points roughly fall on
a straight line, from which the intrinsic viscosity, [n], was
estimated to be 8.96 X 102 ¢cm?® g at 25°C. The intrinsic
viscosity is related to the ratio of the mean-square radius of
gyration, < S? >, and the molecular mass, M, as follows

where & is the Flory universal constant’. The chain overlap
concentration, C*, on the other hand, is given by letting the
average concentration in the volume occupied by a single
chain be equal to the average monomer concentration

M
e — 2
e[ < 5] @

where N, is Avogadro’s number. By substituting equation
(1) into equation (2), one obtains

. 3X6"®
~ 4xNaln)

The value of & is known to be 2.3~2.8 X 10* for dilute
polymer solutions at the O condition and is independent of
the molecular mass®®. According to Kubota et al., © = 30.5°C
is reported for a PNIPA solution of M = 9.10 X 10%%,
In the case of a good solvent system, ® is a decreasing
function of molecular weight?®. However, as an approxima-
tion, one can assume the invariance of $ with respect to M.
We employed ® = 2.1 X 10> for the value of a polydisperse
system and obtained C* = 109.7 mM at 25°C. This concen-
tration is reasonably close to the one at which the abrupt
intensity rise starts to appear in both the gel and solution
cases, i.e., C =~ 88 mM. Therefore, we believe that the step-
wise increase in the scattered intensity corresponds to the
chain overlapping threshold (for the case of polymer solu-
tions). This finding does not directly mean that the abrupt
intensity rise in gels observed in Figure I indicates the
gelation threshold. However, since ¢y, is not sensitive to
the chemical structure and /., has a peak at C = 171 mM
for the gel (Figure 7), it can be approximated that the abrupt
increase also corresponds to the gelation threshold. Note
that the concentration fluctuations are expected to be largest
at the gelation threshold. Therefore, it can be concluded that
time-resolved light scattering is a sensitive tool for the
detection of the gelation threshold.

3)

Gelation model

Figure 12 is a schemetic representation of the gel
formation process as a function of polymerization time, ¢.
The observed phenomena can be described as follows: For
t < ty (stage I), no intensity rise is observed. This is the
induction period and polymerization of NIPA does not take
place. Therefore the system remains as a monomer solution.
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Figure 12 Schematic model of the gel formation process against the
polymerization time, ¢. In stage I, only monomer solutions are present
where the monomers are represented as dots. In stage 1I, PNIPA clusters
(gel) or chains (solution) of finite sizes indicated by lines and circles are
formed, which eventually fill the volume. This stage is followed by stage II1
where permanent (gel) or entangled networks (solution) are created and the
thermal fluctuations are dominated by local concentration fluctuations
within the blobs

Polymerization occurs suddenly at ¢y, and the size of PNIPA
clusters (or chains) becomes large and detectable by light
scattering at f > fy. Thus, an abrupt intensity rise is
observed by approaching the volume-filling threshold
dominated by infinite clusters (for the gels) or by over-
lapping polymer chains (for the linear polymers) (stage II).
After the volume filling, the scattering is ascribed not to
cluster scattering (or individual polymer scattering) but to
the thermal fluctuations and frozen inhomogeneity of the
network. Since the characteristic size of the network is the
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mesh size and is much smaller than the cluster size (or
individual polymer size), the scattered intensity is gradually
suppressed compared to the peak intensity although the
gelation/polymerization reaction continues and a related
rearrangement of chain conformation takes place (the strong
fluctuation stage, III). This stage is followed by a steady
state after completion of the reaction (the plateau stage, [V).
The fluctuations of the scattered intensity for gels in stage
IV are due to the frozen inhomogeneity and thermal
fluctuations. In this stage, the scattered intensity can be
decomposed into the time-fluctuating (dynamic) part and
the position-dependent (static or frozen) part. We have
verified that the dynamic part is essentially the same as the
fluctuations observed in the corresponding polymer solu-
tions with the same concentration as reported elsewhere®'.
A further investigation of the gelation/polymerization
kinetics is now in progress in terms of electron spin
resonance.

CONCLUSION

Time-resolved light scattering has been employed to study
the gelation/polymerization kinetics of poly(N-isopropyl
acrylamide) (PNIPA) gels and solutions. The scattered
intensity increased suddenly at the threshold time, #,;,=~20 min
after the polymerization was initiated. When the monomer
concentration was higher than the so-called chain overlap
concentration, C°, the intensity rise became abrupt,
followed by a gradual decrease to a plateau value. The
time course of the scattered intensity variation for the
PNIPA gels can be classified into four regimes: (I) the
induction stage, (II) the gelation threshold stage, (III) the
strong fluctuation stage, and (IV) the plateau stage. A clear
difference in the scattering behaviour between the PNIPA
gels and the corresponding polymer solutions was also
observed. Firstly, the peak intensity of the gel is much
higher than that of the solution. Secondly, the strong
fluctuation stage is only present for the gels before entering
the plateau regime, /pjyeq. Thirdly, Ipaee for the gels is
much larger than that for the polymer solution. These
characteristic features of the scattering from gels are due to
the presence of spatial inhomogeneity introduced by cross-
link formation. It is concluded that both the gelation
threshold, ¢, and the chain overlap concentration, C *, can
be determined by time-resolved light scattering experiments
during the polymerization/gelation process on a series of
pre-gel solutions with different monomer concentrations.
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