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ABSTRACT: The evolution of cross-linked polymer chain clusters in a solvent from a monomer solution
has been investigated by dynamic light scattering. The characteristic decay time distribution, P(I'"%), of
the gelling system has been examined as a function of the initial monomer concentration, C, where I'*
and T are the characteristic decay time and the decay rate, respectively. When C is lower than the chain
overlap concentration C*, P(I'?) is dominated by a single peak related to clusters having a hydrodynamic
radius of Ry. However, for C ~ C*, P(I'"1) becomes broader, having a tail toward a larger value of "2,
This indicates a formation of an assemble of clusters with a broad size distribution. On the other hand,
for C > C*, P(I'Y) becomes narrow and unimodal, which results from scattering by an infinite network
and corresponds to the so-called gel mode scattering. This behavior is very different from that for the
corresponding polymer solutions with the same concentrations. On the basis of these results, the time
evolution of the dynamics of polymer gels will be discussed.

Introduction

Kinetics of gelation is an attractive research problem
in order to clarify the gel structure and the chemistry
of gelation. For example, in the industry, determination
of the gelation threshold is an important issue to control
the mechanical and rheological properties of a gelling
system. The light scattering technique is one of the
most suitable means to study a gelation process without
disturbing the gelling system.%2 Regarding the func-
tional form of the intensity time correlation function,
g@(r), Tanaka et al.® have shown that g@(z) can be
expressed with a single exponential function with the
decay time, 7, for chemically cross-linked poly(acryla-
mide) gels, even though the chain length between
neighboring cross-links is widely distributed. This is
due to the cooperative nature of polymer networks in
the solvent. That is, any part of polymer chains cannot
move freely by itself because it is connected via cross-
links. However, it has still been an open question
whether such single-exponential behavior in g@(z) is
universal for any kind of gels or when it is attained
during the gelation process. In the literature, there are
a large number of studies that report non-single expo-
nential behavior for g@(z). For example, Munch et al.
obtained double-exponentially decaying correlation func-
tions for a system of styrene with divinylbenzene
undergoing gelation by radical copolymerization.* The
decay rates of the fast and slow modes were very
different, and they interpreted that the fast and slow
modes represented cooperative concentration fluctua-
tions and diffusions of aggregates, respectively. Adam
et al. reported that g@(z) had a stretched exponential
form for a gelling system with concentrations lower than
a particular concentration (the polymer volume fraction
of ¢ ~ 0.07) and it became a power law function above
this concentration.> Martin et al.»-67 observed a similar
behavior, i.e., a stretched exponential decay, for a
reaction bath of silica gels and epoxy networks. They
also reported that g@(r) becomes a power law function
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at the gelation threshold and remains a power law form
even in the gel regime.2 Shibayama reported that a
double exponential function or a stretched exponential
function is a more suitable function for a weakly charged
gel near the volume phase transition temperature.® By
considering these experimental results, it is of particular
importance to examine the validity and the extent of
applicability of a single exponential fit for g@(z) in
studying various types of polymer gels prepared under
various conditions. We employ here a distribution
function, P(I'%), for the characteristic decay time I'?,
as a tool for evaluation of the applicability of the single
exponential fit for gels, and investigate the dynamics
of a gelling system. The gelation mechanism will also
be discussed on the basis of the time evolution of P(I'1)
for gels having different C’s.

Theoretical Background

In the case of polymer gels, it was shown by Tanaka
et al.® that the intensity time correlation function,
g@(), for polymer networks in a solvent can be given
by a single exponential function, as follows,

9@(x) — 1 = 6,* exp[—2T'7] (1)

where )2 is the initial amplitude of the correlation
function and Ty is the characteristic rate for the
cooperative diffusion of the network in the gel. I} is
related to the cooperative diffusion coefficient, D, with
the following equation,

Iy= qu (2

However, near the gelation threshold, it is expected that
the decay rate, I', has a wide distribution. As a result,
g@(r) becomes an nonexponential function. Instead of
introducing a distribution of T', a stretched exponential
or a power law function, having the following forms, is
commonly used to analyze g®@(z):
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99() — 1 = 0)” exp[—(T7)']
(stretched exponential) (3)
9@@) — 1~ (Tpw?) *  (power law) 4)
where (8, T's) and (o, I'pw) are (the exponent, the
characteristic decay rate) defined by egs 3 and 4,
respectively. Although the latter is ascribed to the
dynamic scaling of the critical exponents,® the former
is purely an empirical expression. In both cases,
analyses are carried out by fitting the observed g@(r)
with the theoretical ones given by eq 3 or 4.

However, it would be more relevant if one can directly
evaluate the distribution of I'. Such an analysis can be
conducted by taking the inverse Laplace transform (ILT)
of g@(zr). Among many algorithms, the CONTIN method
(the constrained regularization method) is justified to
be one of the most faithful methods to represent the
distribution of T, i.e., the characteristic decay rate
distribution function, G(I').10-12 G(I) is defined by the
first-order electric-field time correlation function g (z)
for a polydisperse system:

oy () PO
9O =" or

where f(t) and *(t) are the electric fields of the scattered
light at time t and its complex conjugate, respectively.
Instead of eq 5, the second-order correlation function,
i.e., the intensity time correlation function, g@(z), is
more frequently used in order to obtain G(I') by using
the following equation:

9@@) — 1 =[f; G(I) exp(—T7) dI'T’ (6)

Equation 6 is derived by using the Siegert relation,

"'G(I) exp[~T'7] dI' (5)

99 =1+ 10907 (7)

Therefore, it should be noted that eq 6 is valid only for
ergodic media. In the case of nonergodic media, such
as polymer gels, g@(r) has both homodyne and hetero-
dyne components, as written by®3

g9 — 1= X4gV@}* +2X1 = X)g"(x)  (8)

X is the ratio of the intensites of the fluctuating
component g to the total intensity OF as is given by

o e
0G

where [..F denotes time average. In this case, G(I')
defined by eq 5 is slightly different from that defined
by eq 6. For example, g®(r) and g®@(r) give the
characteristic decay rates of I'y and 2"y, respectively,
provided that g(r) is given by a single exponential
function. This difference, by a factor of 2, does not make
a significant effect in evaluating G(I'). Therefore, we
do not discuss this issue further and simply analyze G(I')
obtained by eq 5 both for linear and cross-linked
polymer chains in a solvent.

The advantage to using the ILT method is that the
distribution of the characteristic decay rate can be
visualized as a function of I. For example, when G(T')
= 020( — Ty), eq 6 is reduced to eq 1, and a single
exponential behavior is recovered, where 6(x) is the

9)
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Figure 1. Double logarithmic plot of the intensity-time
correlation function, g®@(r) — 1, for cross-linked NIPA polymer
chains in a solvent with various C's.

Dirac delta function and T’y is the characteristic decay
rate of the system. It should also be noted that we use
a characteristic decay time distribution function, P(I'*%)
= G(I), instead of G(I'). This is because P(I'"1) is more
commonly used to represent the distribution of the
characteristic decay time, I'1, and it provides informa-
tion of a kind of “spectrum” of g@(z).

Experimental Section

Sample. A series of cross-linked poly(N-isopropylacryla-
mide) (NIPA) were prepared by redox polymerization in
aqueous media. The monomer concentration of NIPA at
preparation, C, was varied from 48 to 60, 75, 88, 100, 200,
400, and 690 mM, while the cross-linker concentration (N,N'-
methylenebis(acrylamide); BIS) and the initiator concentration
(@ammonium persulfate) were fixed to be 8.62 mM and 1.75
mM, respectively. These monomers and reagents were dis-
solved in distilled water, filtered with a 0.2 um filter, and then
degassed. After the mixture solutions were chilled in a
refrigerator for about 30 min, 8 mM of tetramethylethylene-
diamine was added and the reaction was initiated. The
polymerization/cross-linking was conducted in a 5-mm quartz
test tube at 20 °C. A series of corresponding NIPA linear
polymer solutions having the same monomer concentrations
were also prepared with the same manner without adding BIS.

Dynamic Light Scattering. Dynamic light scattering
(DLS) measurements were carried out on a DLS/SLS-5000
compact goniometer, ALV, Langen, coupled with an ALV
photon correlator. A 35-mW helium—neon laser (the wave-
length in vacuum; 4 = 632.8 nm) was used as the incident
beam. In order to obtain ensemble average, the intensity time
correlation function, g®(r), was obtained at 100 different
sample positions. All the measurements were carried out at
20 °C. The acquisition time for each run was 5 min. The
characteristic decay time distribution function P(I''1), was
obtained from g@(r) with an inverse Laplace transform
program (a constrained regularization program, CONTIN
provided by ALV).%4

Results and Discussion

1. Cross-Linked Polymer Chains in a Solvent.
Figure 1 shows double logarithmic plots of the intensity
time correlation function, log[g@(z) — 1], for cross-linked
NIPA polymer chains in a solvent having various C's.
For C < 75 mM, g@(z) has a characteristic decay at 7 ~
10 ms. For C = 88 and 100 mM, g@(z) has a long tail
at the larger value of r. This corresponds to the gelation
threshold at which the connectivity correlation diverges,
as will be discussed later. However, even at these
concentrations, g@(r) cannot be described by a power
law type function, which is different from the results
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Figure 2. (a) Intensity time correlation function, g@(r), and
(b) the characteristic decay time distribution function, P(I'"1),
for NIPA gels with C = 690 mM.

reported in the literature.22% For C = 200 mM, g®@(z)
recovers a behavior similar to the case of C < 75 mM.
However, there are two characteristic features in g(z)
for C = 200 mM,; (i) the characteristic decay time being
much smaller, i.e., r ~ 107! ms, and (ii) the value of
g@(r—0) being much lower than unity. The latter
indicates that the system becomes nonergodic and
g@(r—0) (=04?) depends on the sample position.1> The
behavior of g@(r) for C > 200 mM is also very different
from that obtained by Martin et al., who obtained a
power law functional form even for a well-developed
gel.2 Therefore, it is clear that such a power law
function analysis is not relevant for gels studied in this
work, e.g., a chemically cross-linked gel in a reactor
batch prepared by radical polymerization from a vinyl
monomer solution. In order to investigate the change
in g@(r) with C more quantitatively, we examine the
characteristic decay time distribution function, P(I'"1),
as a function of C.

Figure 2 shows (a) the intensity time correlation
function, g®@(z), and (b) the characteristic decay time
distribution function, P(I'"1), for NIPA gels with C =
690 mM. The solid line indicates the fitted curve with
a single exponential function (eq 1) with an apparent
diffusion coefficient, Da (=I'0/g?). As shown in Figure
2a, g@(z) for the NIPA gel is successfully represented
by a single exponential function. Figure 2b shows that
P('"1) is sharp and unimodal, supporting the validity
of a single-exponential-function analysis. Therefore,
Figure 2a,b clearly indicates that g@(z) for gels, like
NIPA gels, is described by a single exponential function,
as predicted by Tanaka et al.® It should be noted,
however, that there are many types of gels, like tet-
ramethoxysilane gels, of which g@(z) cannot be de-
scribed by eq 1.2

If the monomer concentration, C, is lowered below the
critical concentration, C*, at which chain overlap takes
place, infinite networks cannot be formed at all but
finite clusters of cross-linked polymer chains may be
floated in the solvent. The C* for linear poly-NIPA
aqueous solutions, prepared in the same manner and
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Figure 3. (a) Intensity time correlation function, g@(r) and
(b) the characteristic decay time distribution function, P(I' %)
for a cross-linked NIPA finite cluster solution with C = 88 mM.
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observed at 25 °C, was estimated to be ca. 110 mM by
light scattering and viscometry.1® Therefore, the broad
distribution of P(I'"1) is expected for polymer solutions
prepared around this concentration. Figure 3 shows (a)
g@(r) (b) P(I'"1) for a poly-NIPA finite cluster solution
with C = 88 mM. A noticeable deviation from a single
exponential function (solid line) is clearly seen in Figure
3a. Accordingly, as shown in Figure 3b, P(I'"1) now has
a broad tail at larger value of I''%, indicating the
presence of a broad distribution of clusters. These
figures show that P(I'"1) for solutions having cross-
linked polymer clusters of finite sizes cannot be de-
scribed with a single exponential function.

Figure 4 shows a series of P(I''1)'s for NIPA gels
having various initial monomer concentrations. In
order to demonstrate the nonergodic nature of polymer
gels (C = 200 mM), 10 P(I'"1)’s obtained at 10 different
sample positions are shown for each sample with
different C's. Roughly speaking, P(I'"1)’s can be super-
imposed with each other for C < 200 mM. By a careful
observation of P(I'"1)'s for C = 200 mM, one finds that
the peak position has a distribution within a limited
range of I'"1. This is due to the nonergodic nature of
the gels.’® In addition, as demonstrated in Figure 2,
g®@(z) for gels with C = 200 mM can be represented by
a single exponential function. However, for C < 88 mM,
a single exponential fit does not work, as shown in
Figure 3 for the case of C =88 mM. In these cases, the
dynamics is governed by a motion of “finite” clusters of
poly-NIPA with the hydrodynamic radius, Ry, of

_ kT kTq’
Ry 6ayD, 6yl (10)
where 7 is the solvent viscosity. For C =60 mM, P(I'"1)
is unimodal and a representative value of Ry can be
estimated to be 80 nm by letting I' =Ty, i.e., the value
of T which gives the maximum in P(I'"1). This corre-
sponds to a typical size of polymer chain clusters
dispersed in the solvent. On the other hand, for C >
200 mM, the single peak in P(I'"1) represents the
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clusters of cross-linked poly-NIPA chains.
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Figure 5. Monomer concentration dependence of representa-
tive P(I'"?) for cross-linked poly-NIPA chains with C = 48, 60,
75, 88, 100, 200, 400, and 690 mM.

cooperative diffusion of the polymer network with the
correlation length, &, as follows:®

_ kT _ KkTq?
S™ 6D, 6myl, (11)
where Dp is the apparent diffusion coefficient. Here,
since polymer chains are heavily overlapped, only
cooperative-concentration fluctuations in the medium
of polymer matrix are allowed. For instance, £'s are
estimated to be 10 and 14 nm for the 690 mM NIPA gel
and the corresponding polymer solution, respectively,
which are much smaller than Ry for the 60 mM poly-
NIPA cluster solution. It should be noted here that Da
depends on the position of the sample due to nonergod-
icity (more rigorously speaking, restricted ergodicity) of
the network.1317.18 However, it is known that Dp has
both a lower and upper limit, i.e., D/2 < Da < D, where
D is the cooperative diffusion coefficient of the system.13
Thus, the dynamics of the gels is uniquely characterized
by D.

In the intermediate concentration regime (i.e., 88 <
C =< 100 mM in this particular case), g®@(r) cannot be
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Figure 6. Double logarithmic plot of P(I'"%) vs I'"* for NIPA
cross-linked polymer chains in a solvent at C = 88 and 100
mM.

10° 10*

fitted with a single exponential function, as shown in
Figure 3a, and a distribution analysis is required. This
is the regime where some finite clusters become an
infinite cluster by slightly increasing C at preparation.
In other words, this is the regime of the gelation
threshold. The chain overlap concentration, C*, can be
obtained from the intrinsic viscosity, [#], via,

3 x 6%

C*=
47N [7]

12)

where Na is the Avogadro’s number and @ is the
universal constant. The value of @ is known to be 2.1
x 1028 for polydisperse dilute polymer solutions.’® In
our previous paper, the intrinsic viscosity, [»], for a poly-
NIPA aqueous solution with C = 88 mM was estimated
to be 96.6 cm3 g1 at 25 °C, which readily leads to C* ~
110 mM.16 Therefore, the lowest concentration of NIPA
monomers to form an infinite cluster is estimated to be
around 110 mM for poly-NIPA aqueous solutions pre-
pared by redox polymerization at 20 °C. By comparing
both results obtained by viscometry and DLS, one can
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Figure 7. Series of distribution functions of the characteristics decay time, P(I'"1), for NIPA linear polymer chain solutions

having the same concentrations as the NIPA gels.

conclude that the gelation threshold can be determined
by the analysis of P(I'"?) for cross-linked polymer chains
in a solvent prepared with various C's.

Figure 5 summarizes the monomer concentration
dependence of representative P(I'"1)'s for cross-linked
NIPA polymer clusters with C = 48, 60, 75, 88, 100, 200,
400, and 690 mM. This figure clearly shows the
variation of the shape of P(I''1) as well as the peak
position in P('Y). P(I''Y) is unimodal for C < 60 mM
but becomes broader for C > 75 mM. Note that the peak
position moves toward a larger value of I'"? with C. A
very broad distribution is observed at the concentration
regime between 88 and 100 mM where the gelation
threshold is located. For C = 200 mM, a unimodal
distribution is recovered, which corresponds to the so-
called gel mode scattering, i.e., a single exponential
behavior in g@(z).

If g@(7) is described by a power law function, P(I'"1)
is also expected to be a power law function because of
the nature of Laplace transform. Figure 6 shows double
logarithmic plots of P(I'"1) for C = 88 and 100 mM. This
figure clearly shows that P(I'"1) cannot be approximated
by a power law function, at least for polymer gels
studied in this work.

2. Linear Chain Clusters in a Solvent. Figure 7
shows a series of distribution functions of the charac-
teristic decay time, P(I''Y), for NIPA linear polymer
solutions having various monomer concentrations. In
contrast to Figure 3, it is clear that no significant peak
broadening in P(I'"1) is observed for the NIPA polymer
solutions at 88 < C =< 100 mM. Though a slight
broadening is observed for C = 88 mM, it is much
narrower than the case of the gels. This indicates that
the perimeters of NIPA polymer chains gradually merge
to each other with increasing C. The wide distribution
in P(I'Y) for cross-liked chains at C = 88 and 100 mM
seems to be a result of the cascade nature of cross-
linking. That is, the mass increases by a factor of 2 by
each coupling. It is easily expected that the mass of
well-grown-finite clusters can be increased in a cascade
fashion by coupling them with a small number of cross-
links. This may be why P(I'1) for the gels has a long

a) Polymer Solutions (without crosslinker

Figure 8. Schematic illustration showing the monomer
concentration depedence of P(I'"?) for (a) linear polymer chain
solutions and (b) cross-linked polymers in a solvent.

tail at I'". Thermal fluctuations in the linear polymer
chain system may promote interchain mixing. It is
important to estimate the molecular weight of NIPA
polymer chains. We estimated the viscosity-average
molecular weight, M,, for the poly-NIPA solution at C
= 88 mM to be about 6.0 x 10° from the data of [5], via
the so-called Mark—Houwink—Sakurada equation,

[7] = KM? (13)

where the values of K and a were chosen to be the
reported values by Kubota et al., i.e., K=0.11and a =
0.51.20

3. Model of Polymer Chain Clusters. The origin
of the clear difference in the concentration dependence
of P(I'"1)'s between the two systems with and without
cross-linkers may be explained with Figure 8. In the
case of polymer solutions (in the absence of cross-
linkers), the envelope of individual polymer chains
(illustrated with dotted circle) becomes larger by in-
creasing C, as shown in Figure 8a. At C ~ C*, the
envelopes start to overlap each other. However, since



Macromolecules, Vol. 31, No. 16, 1998

5 T T T T T
4}
g
= 3
:EI)
g o
< |
(=)
1+
0
0
T T T 10
50+
-— -0~ <I>g Solutions| | 8
40+ —o— <I>g Gels
N {6 &
23] ~
920k & TN 14 &
L - 2
10 (b)
0 1 L i O
0 200 400 600
C/mM

Figure 9. Monomer concentration dependence of the apparent
diffusion coefficient, Da, and ensemble average scattered
intensity, 0g.

the monomers on a chain cannot recognize whether they
belong to the same chain or not, interchain overlapping
takes place without significant potential barrier. There-
fore, polymer chains intermix progressively with each
other with increasing C. This is why no noticeable
broadening is observed in P(I'"1). In the case of gels,
on the other hand, segregation between monomers
belonging to different clusters may be stronger than in
the case of polymer solutions due to the presence of
cross-links, as shown in Figure 8b. The cross-links
prevent mixing of different clusters against thermal
fluctuations. Hence, the size of polymer clusters is
preserved up to a higher value of C. As a result, a wide
distribution of polymer chain clusters is observed, as
shown in Figure 5. For C = 200 mM, a unimodal
distribution of P(I'"1) is recovered, indicating formation
of an infinite network. This argument immediately
leads to a conclusion that the gelation threshold can be
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determined by the characteristic decay time distribution
analysis.

Now we discuss the C dependence of the cooperative
diffusion coefficient as well as the scattered intensity.
Figure 9 shows the variation of (a) Da and (b) (g for
gels and polymer solution with C, where [ is obtained
by taking the ensemble average of 7. As shown in
Figure 9a, D4 is an increasing function of C for both
the polymer solutions and gels. Note that Dy for finite
cluster solutions is lower than that for linear polymer
solutions for C < 200 mM. This indicates that the
cluster size for the cross-linked system is larger than
that of the linear polymer solutions. In the case of the
cross-linked system with C = 200 mM, Da is estimated
by taking account of the nonergodic nature of gels.2® In
this concentration regime, i.e., C > C¥*, the obtained
values of Dp for gels are larger than Da for polymer
solutions. This result is in good agreement with that
of our previous work on the cross-link density depen-
dence of the cooperative diffusion coefficient.?!

Several interesting facts can be obtained from Figure
9b. (1) The scattered intensity from cross-linked poly-
mer chains in a solvent is much stronger than the linear
polymer chain in a solvent at a given concentration,
indicating larger concentration fluctuations in the former.
This is in accordance with the results about the effect
of cross-links on scattered intensity reported in the
literature.2122 (2) ¢ has a maximum around C = 100
mM, which is close to C*. (3) In the case of a cross-
linked system, C* is shifted to a higher concentration
because of the exclusive nature of cross-linked polymer
chains. (4) For C > C*, the scattered intensity de-
creases with C because concentration fluctuations are
suppressed with C. This is again in good agreement
with the one in our previous work.1® Therefore, it is
clear that the similarity and dissimilarity between two
systems can be elucidated by monitoring Da and [[g as
a function of C.

4. q Dependence of P(I''Y). In order to clarify the
nature of the characteristic decay time, I'"%, the q
dependence of P(I'"1) was examined. Figure 10 shows
P('1) vs g?I' 1 plots for NIPA gels, where P(I'"1) was
obtained at the scattering angle 6 of 90° (q = 0.0187
nm™1), 75° (g = 0.0161 nm™1), 60° (g = 0.0132 nm™1),
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Figure 10. P(I''Y) vs g?I'* plots for cross-linked polymer chains and linear polymer chains in a solvent.
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and 45° (q = 0.0101 nm™1). Interestingly, all of the
distribution functions at a given monomer concentration
are roughly superimposed to a single distribution func-
tion, although some deviations are seen. This fact
suggests that not only the “small-cluster mode dynam-
ics” represented by the strong peak around 104 ms
nm~2 (for C < 60 mM) but also the “large-cluster-mode
dynamics” characterized by a broad tail (for C = 75—
100 mM) is diffusive mode. The “gel mode” for C = 200
mM is also diffusive. Therefore, it is concluded that all
of the polymer chain dynamics studied in this work are
classified to be a diffusive mode. It is needless to
mention that a such diffusive mode is also observed for
NIPA polymer solutions.

Conclusion

The dynamics of cross-linked NIPA polymers chains
in a solvent was investigated by dynamic light scatter-
ing. The observed characteristic decay time distribution
function, P(I'"Y), shows three characteristic features,
depending on the monomer concentration, C. For C <
60 mM, P(I'1) has a single peak, corresponding to the
cluster size of individual polymers (the small-cluster
mode). However, P(I'1) is highly broadened to the large
I'"! side when C is close to the chain overlap concentra-
tion for 88 < C < 100 mM (the large-cluster mode). This
broadened P(I'"1) becomes narrow and unimodal by
further increasing C (=200 mM). This corresponds to
the so-called gel mode scattering. All of the three modes
are confirmed to be diffusive. Therefore, it is demon-
strated that P(I'"!) is a sensitive measure for the
detection of the gelation threshold, and the gel mode
scattering is represented by a single exponential func-
tion. On the other hand, such broadening in P(I'"1) was
not observed for NIPA linear polymer solutions. This
is a strong indication that linear polymer chains in a
solvent near C* are easier to interpenetrate to each
other than the cross-linked polymer chains at the same
concentration.
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