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Abstract

The structure and dynamics for the two types of polystyrene gels prepared by conventional and living radical polymerizations have been
investigated by time-resolved dynamic light scattering (TRDLS). The reaction was initiated with the monomer solutions with and without a
reversible addition—fragmentation chain transfer (RAFT) agent and was monitored through the gelation process. In the absence of a cross-
linker, the reaction process was characterized by the appearance of a maximum when the excess scattering intensity divided by concentration
was plotted as a function of reaction time. The intensity maximum was ascribed to an increase in the molecular weight and subsequent
suppression of the concentration fluctuations, which was qualitatively reproduced by the Flory—Huggins free energy formula. As the
concentration became higher, the time—intensity correlation functions (ICFs) exhibited two modes, suggesting the formation of larger
aggregates in addition to the cooperative mode. The intensities were successfully decomposed into the two components by taking account of
the relative amplitude of the fast and slow modes. The difference of the time-course between the two types of polymerizations was clearly
detected by combining TRDLS and gel permeation chromatography, GPC, data. For the cross-linking system, the kinetics was characterized
by the universal gelation mechanism, namely: (1) divergence of the slow mode and (2) appearance of the power law in ICF around the
gelation threshold regardless of the polymerization method. On the other hand, the real time intensity decomposition analysis revealed
striking differences in the gelation mechanism between the two types of polymerization. For example, the slow mode appeared at an early
stage of reaction for the conventional system and sustained its amplitude through the gelation process. For the living (RAFT) system, the
appearance of the slow mode was limited in a narrower range of the reaction time with a much smaller amplitude.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction membranes, molecular sieves and so on [1,2]. In general,

there are two ways to prepare gels. One is (A) copolymer-

Cross-linking is a promising route to construct an
important class of materials such as smart gels, interpene-
trating networks, and polymer hybrids. Owing to the ability
to immobilize polymer chains as well as small molecules
trapped inside the mesh, polymer gels have versatile
applications, such as a catalyst support, fuel cell
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ization of vinyl and divinyl monomers in the presence of a
solvent (monomer cross-linked gels), and the other is (B)
introduction of cross-links into a homogeneous solution of
long polymers (polymer cross-linked gels). In our previous
study [3], we investigated the structural inhomogeneities of
the hydrogels prepared by (A) copolymerization and (B)
y-ray irradiation by means of dynamic light scattering
(DLS) and small-angle neutron scattering (SANS). The
main conclusion drawn in that study is illustrated in Fig. 1
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Fig. 1. Schematic representation of the polymer networks prepared by the polymer cross-linking (top) and monomer cross-linking (bottom) methods.

where the upper (a,b) and lower (c,d) parts indicate systems
(A) and (B), respectively. These techniques allowed us to
observe the hierarchal structure of the gels by detecting the
local concentration fluctuations [4,5]. Since concentration
fluctuations are ‘frozen in’ during the course of gelation, the
obtained gels have inherent inhomogeneities irrespective of
the cross-linking methods. However, the monomer cross-
linked gels were more heterogeneous than the y-ray cross-
linked gels because of the additional inhomogeneities
induced by the formation of intramolecularly cross-linked
clusters [6-8]. Since copolymerization is a convenient way
to prepare gels, and since the homogeneities of the gels on
the length scale of transport pass have important effect on
sieving, permeation and transport properties, it is highly
desirable to somehow eliminate those inhomogeneities from
the gels.

In recent years, living radical polymerization (LRP) has
proved to be a powerful method to synthesize low-
polydispersity polymers [9-22]. The variants of LRP
include nitroxide-mediated polymerization [13-15], atom
transfer radical polymerization [16-19] and reversible
addition—fragmentation chain transfer (RAFT) polymeriz-
ation [20]. The basic mechanism of LRP common to all the
variants is a reversible activation process (Scheme 1(a)).
Namely, the dormant species P-X is activated to the alkyl
radical P by thermal, photochemical, and/or chemical
stimuli with a rate constant k,., which, in the presence of
monomer M propagates until it is deactivated to P-X, where
kgeact and k, are the rate constants for deactivation and
propagation, respectively. A number of activation/deacti-
vation cycles provide the chains with an almost equal
probability to grow, thus producing low-polydispersity
polymers. The activation process of RAFT polymerization

includes: (1) the addition of the propagating radical to the
dormant species to form the intermediate radical and (2) the
subsequent fragmentation of the intermediate radical into
another propagating radical and dormant species, as shown
in Scheme 1(b).

The aim of this study is to explore the possibility to
construct a more homogeneous network by the monomer
cross-linking method in conjunction with RAFT process.
Owing to the living nature of the RAFT mediated
polymerization, the reaction process is characterized by a
slow and simultaneous growth of chains with a constant
number of primary chains throughout the course of
polymerization and gelation. This would lead to fairly
random distribution of cross-links for the RAFT system
compared to the conventional radical polymerization
system, as suggested in previous work [8,23]. In this
study, we deal with a well-known system consisting of
styrene (St) and divinylbenzene (DVB) for studying

(a) General scheme of reversible activation
K,

Kact . P
P-X -— P
kaeact (+M)
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(b) RAFT process
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Scheme 1. Reversible activation processes.
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vitrification as well as gelation in bulk, which will simplify
the interpretation of the results.

2. Experimental section
2.1. Samples

Reagent grade styrene (St) and azobis-isobutyronitrile
(AIBN) were obtained from Nakalai Tesque, Japan. St was
purified by a standard method including reduced-pressure
distillation, while AIBN was recrystallized from methanol.
The RAFT agent cumyl dithiobenzoate (CDB) and p-
divinylbenzene (p-DVB) were prepared according to the
methods reported by Moad et al. [24] and Storey [25],
respectively. Tetrabromomethane, CBr,, was obtained from
Wako Pure Chemical, Japan, and used as received.

For linear polymerization systems, prescribed amounts
of AIBN and the RAFT agent were mixed in St and charged
in an optically purified glass cell. After degassing and
filtration through a 0.2 um pore size filter, the solution was
heated for various periods of time at 60 °C. The sample
characteristics are summarized in Table 1, where [St], [A]
and M, ., denote the molar concentrations of St and the
chain transfer agent (CBr, or CDB) and the expected
number-average molecular weight of the primary chain at
full conversion, respectively. Here we studied three systems
of different RAFT concentrations, which are coded R200;,
R400; and R800. with M, q.=2X10%, 4X10* and 8X
10%, respectively. In the absence of any chain transfer agent
(Control), the number-average molecular weight of the
primary chain at full conversion reaches 15X 10%. The
conventional polymerization system coded C200; includes
the chain transfer agent CBr4 to lower the M, . to the level

Table 1
Polymerization conditions

of R200_ so that the two systems can be compared without
significant effects of chain length difference.

For cross-linking polymerization systems, AIBN, RAFT
and DVB were mixed in St followed by the similar
preparation procedure to the linear polymerization. Sample
codes with subscript C are abbreviated names for cross-
linking system.

2.2. Measurements

Time-resolved dynamic light scattering (TRDLS)
measurements were conducted on a DLS/SLS-5000 com-
pact goniometer (ALV, Langen, Germany) coupled with a
22 mW helium-neon laser source (Uniphase, USA). A high
counting rate of scattered intensity and a high coherence
(more than 0.98) in intensity correlation function (ICF) were
achieved by use of a set of static and dynamic enhancers and
a high-quantum efficient avalanche-photo diode detection
system. The TRDLS measurements were carried out at
60 °C as a function of polymerization time, t. ICF was
calculated in a wide range of logarithmic lag time, log 7, at a
fixed angle of 90°.

Gel permeation chromatographic (GPC) analysis was
carried out at 40 °C on a Tosoh GPC-8020 high-speed liquid
chromatography system equipped with a guard column
(Shodex GPC KF-G) and two columns (Shodex GPC KF-
804L). Tetrahydrofuran (THF) was used as an eluent at a
flow rate of 0.8 ml/min. The column system was calibrated
with Tosoh standard PSts. A known amount of sample
solution (of a known concentration) was injected in the
column system, and the elution profile was analyzed with a
Tosoh differential refractometer RI-8020 calibrated with
known concentrations of PSts in THF.

(a) Linear polymerization

Sample code C200, R200. R400, R800.

[St] 8.38 M

Transfer agent CBry CDB (RAFT) CDB (RAFT) CDB (RAFT)
[A] 30.8 mM 41.8 mM 20.9 mM 10.5 mM
[A)/[St] 1/200 1/200 1/400 1/800
Initiator AIBN (53.5 mM)

M, cac 2% 10* 2X10* 4x10* 8 10*

(b) Cross-linking polymerization

Sample code Contc C200¢ R200c R400c

[St] 8.38 M

Transfer agent None CBry CDB (RAFT) CDB (RAFT)
[A] None 30.8 mM 41.8 mM 20.9 mM
[AV/[St] None 1/200 1/200 1/400

[DVB] 400 mM

Initiator AIBN (26.6 mM)

M, cate NA 2x10* 2x10* 4x10*
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3. DLS analysis [26]

3.1. Linear polymerization systems

The time averaged intensity, {/(t))r, and its ICF, g(Tz)(t),
expressed by
IO)I(1)r

(1O

are obtained by DLS, where {---)r denotes time average.
(¢M)r is the scattering field time-correlation function given
by

g1 = [G(r)exp(—t/T)dr )

&= =1+1g" @) (1)

where 7 is the relaxation time, and G(7) is the characteristic
decay time distribution function. For semi-dilute and
concentrated polymer solutions, two relaxation modes
[27-29] corresponding to mutual diffusion and viscoelastic
relaxation [30-32] or large-scale heterogeneities [33] have
been reported in the literature. The fast mode was also often
referred to as cooperative or collective diffusion. This
relaxation behavior strongly depends on solvent quality,
molecular weight, scattering angle and so on. The following
equation may be applicable to fit the experimental data by
taking into account the fact that the slow mode has long
time-tail distribution,

§2(q.0) — 1 = ai[A; exp(—t/ry)

+ A, exp{—(t/7,) 1 3)

Here, 7;is the fast relaxation time, o7 is the initial amplitude
of the intensity correlation function. The arithmetic
relaxation time, (7,), can be calculated by integrating
¢"(r) with Egs. (2) and (3) as,

(7 = [ expt—try)har = Tsr(1> @
B \8
where I'(x) is the gamma function of x. A non-linear least-
squares fit analysis to Eq. (3) gives relaxation time and its
amplitude, which will be presented as a function of the
reaction time or conversion. Several hundreds of the
intensity and ICF data were systematically analyzed by a
homemade software. With a set of Ay, A, and 012 data, the
total intensity will be decomposed into the intensity
components for the fast, slow and solvent contributions by

s = DrArgy o7 5)
Islow = (I>T(1 _Afast)\/‘;2 (6)
[solvent = <[>T - Ifast - Islow = (I>T |:1 - \/:12:| (7)

where I g yen; 18 the intensity component for unreacted (and/
or oligomeric) styrene, which acts as a solvent in the

reaction process. Because of the extremely fast motion of
the solvent, we do not observe the time correlation in the
target time range (10~ °-10* ms) but it has an important
contribution to the intensity [34-36].

3.2. Cross-linking polymerization systems

Provided that ICFs can be represented by a model
function, the relaxation time and its amplitude can be
determined by the curve fitting procedure as stated above.
However, none of the model functions could sufficiently
describe the ICF for the cross-linking system. Therefore, we
alternatively performed CONTIN [37,38] analysis and
estimated parameters by evaluating each intensity com-
ponent [39]. The proportional constant of regularizer
(strength of regularization) and the grid points were set to
be 0.5 and 150, respectively. The intensity components for
the fast and slow modes will be calculated by integrating
intensity components of G(7) as

Iy = Y Gi(7) ®)
icfast

Ljow ={Dr > Gilry) ©)
i€slow

Isolvent = <I)T - Ifast - Islow = (I)T |:1 - \/:12:| (10)

while the arithmetic averages of the relaxation times for the
fast and slow modes will be given by

T = Y 7iGi(T;) (11)
i€fast

Taow = D TiGi(T) (12)
i€slow

4. Results and discussion
4.1. Linear polymerization systems

Fig. 2 represents the number-average molecular weight,
M,,, and the number of molecules per unit volume, N, as a
function of conversion, c. The figure clearly indicates the
difference in the polymerization process between the RAFT
(R200., R400;, R800;) and conventional radical polymer-
ization systems (C200p). For example, M, for the RAFT
system linearly increased with ¢ while that for the
conventional system rapidly increased in the beginning of
the reaction followed by a nearly constant value indepen-
dent of ¢. On the other hand, N is almost constant for the
RAFT system, while it linearly increases with ¢ for the
conventional system. The polydispersity indices, M/M,,
for R200;, and C200; are 1.10 and 1.70 for ¢=0.1,
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Fig. 2. (a) Number-average molecular weight, M,, and (b) number of
molecules per unit volume, N, estimated by GPC.

respectively. For the conventional system, an initiated
radical undergoes propagation to be a high polymer and
termination with another propagating radical. This occurs
typically in a second. Subsequently, new chains are born
and terminated, thus resulting in a linear increasing of N
with c.

Fig. 3 shows the ¢ dependence of the reduced excess
scattering intensity, Al/c ={(I) —(Dro}/c, where (D1, is
the initial intensity or the intensity of the system with ¢=0.
For all the samples, the Al/c vs. ¢ curve is characterized by a
peak in a small ¢ region (region I) and a subsequent gradual
increase of Al/c with increasing c (region II). In region I, the

400 T T T T T
300

200

Allc

100}

3 N | | 1
0 0.1 0.2 0.3 0.4 0.5
conversion, ¢

Fig. 3. Al/c as a function of ¢ for R200;, R400;, R800;, and C200y..

increase of Al/c may be attributed to the increase in the
molecular weight. The decrease of Al/c after going through
the maximum at ¢=0.1 may be due to suppression of the
concentration fluctuation.

Let us discuss the origin of the peak found in region (I).
First, we estimated the overlap concentration [40] expressed
by,

= W 13
4N (S (13)

where M, and (Sz);/2 are the weight-averaged molecular
weight and the z-average radius of gyration, respectively.
(S?) can be calculated by,

3
SR

with
L = M/M; = M/390 (15)

according to the model proposed by Kratky and Porod [41].
The persistence length a for PSt in the bulk was set to be a=
1.0 (nm) [42], which gave ¢*=0.10, 0.31, 0.43 and 0.77 for
C200., R800;, R400; and R200;, respectively. The
experimentally observed peak position for C200p is
comparable with the calculated c*, while those for the
RAFT systems, all close to ¢=0.1, are quite different from
the calculated values of c*. Therefore, the concept of
intensity suppression by chain overlap cannot be considered
to be the main reason for the appearance of the peak.

Next, we tried to calculate the intensity based on the
fluctuation theory proposed by Einstein [43] and Smolu-
chowski [44], where we employed the Flory—Huggins
formula [45] of Gibbs free energy to simplify the discussion.
According to the theory, the osmotic pressure, II, is given
by

ke T 1
I = —“j— log(1 —¢1>+¢>1<1 ——) +x¢%} (16)
0 n

where kg7, Vi, ¢1, n and x are the Boltzmann energy, the
molar volume of solvent, the volume fraction of polymer,
the degree of polymerization (DP) and Flory’s interaction
parameter, respectively. Because the reciprocal reduced
intensity is proportional to the osmotic modulus,

K¢y OUII/INxkgT)
N

A7)

where K and N, are the optical constant for light scattering
and Avogadro’s number, respectively. By substituting Eq.
(16) into Eq. (17), one gets,

Al U I+ —1)¢
(o) ng (1 —¢y)

When the left-hand-side of Eq. (18) is plotted against ¢, the
curve exhibits a peak depending on n and ¥.
Fig. 4(a) shows the plot of Al/c vs. ¢ calculated with

—2x | (18)
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Fig. 4. Variations of (a) Al/c calculated by Eq. (18) and (b) the weight-
average DP, n,, obtained by GPC as a function of ¢ for R200;, R400;,
R800. (solid lines) and C200y (broken and dotted lines: see text).

Eq. (18), where the weight-averaged degree of polymeri-
zation, n,, obtained by GPC was used for the calculation.
x was set equal to 0.5, for the result is not strongly
dependent on x. As indicated by the solid lines, good
agreement between experimental data and calculated
intensities was found for the RAFT systems (R200;,
R400 and R800.). While n,, linearly increased with ¢ for
the RAFT system, that for the conventional system, C200;,
exhibited a larger constant value throughout the reaction
process, as indicated by the dashed line in Fig. 4(b). The Al/c
vs. ¢ curve calculated with this n,, for C200;, did not exhibit
a peak (the dashed line in Fig. 4(a)). Then we reexamined
the GPC curves for this system to find low-mass species,
which are not usually observed in conventional radical
polymerization without a chain transfer agent. These low-
mass species, ca. M,=780 with a fraction of 2%, may be
tentatively ascribed to the characteristic of CBr, system
known as telomerization [46]. With those low-mass
components taken into account, the peak for C200; was
successfully reproduced as shown by the dotted line. Note
that Eq. (18) predicts the scattering intensity behavior at g =
0, i.e., the thermodynamic limit. However, since the
scattering vector employed for the DLS experiments is
much smaller than the reciprocal of the size of polymer
chains, resulting in an invariance of Al/c with respect to g in

this g range. Hence, the variation of Al/c with respect to
reaction time can be discussed with Eq. (18).

Next, we carried out the intensity decomposition analysis
by combining both static and dynamic light scattering
methods in order to account for the increase in Al/c for the
higher ¢ (region II, Fig. 3). In the beginning of the reaction,
where PSt chains were in dilute regime, ICF exhibited a
rather monotonic decay, as shown in Fig. 5. As the
concentration becomes higher, ICF exhibits two modes,
suggesting the evolution of PSt chains and existence of
larger length scale fluctuations. The origin of these modes
for polymeric systems has been discussed in a large number
of references [27-33]. When we enter the semi-dilute
regime, where chains overlap with each other, the
interpretation of the dynamics becomes complicated by
the complex forms of osmotic pressure, friction coefficient,
¢, and the diffusion equation characterized by the coupling
between diffusion and stress. Einaga and co-workers studied
the effect of viscoelastic relaxation and carried out the
decoupling between the relaxation and the diffusion for
polyisobutylene and polystyrene solutions in various
solvents [32,47]. The fast mode is due to the mutual
diffusion of polymer and solvent molecules, while the slow
mode is mainly ascribed to the viscoelastic relaxation of
entangled polymer chains as discussed by Adam et al. [27]
and Stepanek et al. [29]. The amplitude of the fast mode
strongly depends on solvent quality. For example, a single
decay without the slow mode is observed for PSt in benzene,
a good solvent. On the other hand, the amplitudes of both
modes are comparable in cyclohexane, a theta solvent. This
is due to the fact that the osmotic modulus of solutions is
dominated by the fast mode, which results in strong
dependence on solvent quality. In our case, a single decay
was observed in the early stage of the reaction, whereas the
amplitude of the slow mode increased with the evolution of
the longer polymer chains. This means that the solvent
quality varies from a good to a theta solvent condition, in
good agreement with the classical notion of the similarity of
the bulk polymer environment and the theta condition [45].

Even though these papers mainly focused on the
topological entanglement, the slow modes presented in
Fig. 5 seem to bear a different physical origin because the
molecular weight of the PSt is not sufficiently larger for
chain entanglement and/or overlapping. As a matter of fact,
separate experiments (not shown here) have confirmed that
these modes are diffusive, namely, the decay rate is
proportional to the square of the wave vector. This behavior
may be ascribed to the stacking of phenyl groups. However,
investigation of the structure of such aggregates is beyond
the scope of this work, and we proceed to evaluate the
intensity components from time evolution of ICF. As
indicated by solid lines in Fig. 5, ICFs were well described
by the double exponential function in Eq. (3). By a
systematic fitting analysis of the series of ICF data, we
obtained the relative amplitude and the relaxation time as a
function of time.
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Fig. 5. Reaction time dependence of g(T2> () for (a) R200y, (b) R400;, (c) R800., and (d) C200;. The solid lines indicate the curve fitting results with Eq. (3).

As shown in Fig. 6, the scattering intensity was
successfully decomposed into the fast, slow and solvent
contributions for all the systems. As a consequence of the
decomposition analysis, the increase of intensity in the high
¢ region (region II, Fig. 3) can be ascribed to the
contribution from the slow mode. Note that the solvent
mode has a larger contribution in the early stage of the
reaction followed by a gradual decrease of intensity with

increasing conversion.

In order to confirm the reproducibility of the decomposed
intensities, we have carried out measurements with another
batches. As shown in Fig. 7, the intensity decomposition
was successful for the three individual experiments. The
upper and lower parts of the figures represent the results for
C200;, and R200;, respectively. Here, the intensity
component for the fast mode, I, was completely
compatible with others, while that for the slow mode,
Igow, Was different from run to run for C200;.. On the other
hand, the behavior of Iy, for R200; strongly depended on
each run. With increasing M and ¢, the mobility of the
chains would decrease. Since the M for R200; is much
smaller than that for C200;, stacking of phenyl groups [48]
may be easier for R200;, than for C200;. In addition, Iy,
for C200;, was always an increasing function owing to its
lower mobility, whereas that for R200;, may probe various

scattering volumes due to slow movements of the domains
inside the test tube with a certain freedom of the mobility.
After the reaction, PSt became glassy, leading to the
position dependent strong scattering called speckles, where
the large-scale heterogeneities dominate the static structure
factor.

4.2. Cross-linking polymerization systems

Similar to the linear polymerization systems, the ICFs of
the PSt/DVB cross-linking systems exhibited a monotonic
decay at the initial stage of the reaction, followed by the
appearance of the slow mode, as shown in Fig. 8. We
attempted to fit the data to model functions, such as a double
exponential function and a power law function, to find no
satisfactory result for describing the gelation process. We
then carried out the CONTIN analysis and evaluated the
relative amplitudes by integrating the corresponding
intensity components. Fig. 8 represents the variation of
ICF during gelation. The slow mode shifted to a longer
relaxation time as the cross-linking reaction proceeded, and
the gelation threshold was determined by the appearance of
power law behavior and the longest relaxation time. The
threshold was estimated to be 3.20 h, 46.9 min, 14.8 h and
7.75 h for C200¢, Contc, R200c and R400c, respectively.
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The solid lines indicate the results reproduced by the
CONTIN analysis. It is well known that the ICF becomes a
power law function around gelation threshold, which is
expressed by

¢P(q. 0 — 1 = at[A; exp(—t/1p) + A,(1 + t/t*) V22
(19)

Here « and r* are the critical exponent and the lower cutoff,
respectively, of the power law behavior. This equation is
known to well reproduce the experimental data around the
gelation threshold for various gelling systems. While the
theoretical treatment has been in controversy, the relation
between « and the network structure has been extensively
discussed elsewhere [49]. The value of « was evaluated as
0.54, 0.55, 0.70 and 0.56 for C200c, Contc, R200c and
R400¢, respectively.

Since the fitting was quite successful, quantitative
evaluation of the intensity components was subsequently
carried out. The results of intensity decomposition analysis
were exhibited in Fig. 9. In spite of an ill-posed problem
[37] for inverse Laplace transformation, the fast, the slow
and the solvent modes were successfully evaluated as a
function of reduced reaction time, /fy, Where t4 is the gel
time. As described in the previous section, an induction
period was observed for C200¢ system. On the other hand,
the intensity increased immediately after the reaction had
been initiated for Contc. For R200- and R400, the
intensity was rather low and more gradually increased.
Note that the time-course of cross-linking process was quite

reproducible, which was in strong contrast with the linear
polymerization system (Fig. 7). This may be ascribed to the
compactness of the clusters, leading to less entanglement
and stacking of phenyl groups.

The reaction time dependence of Ip and Iy 1S
summarized in Fig. 10(a) and (b), respectively, where
solid squares, solid diamonds, open circles and open
triangles indicate C200c, Contc, R200c and R400c,
respectively. As seen in Fig. 10(a), Iy,4s for the conventional
system (C200¢ and Contc) increased more drastically than
that for the RAFT system. The drastic increase in I, for the
conventional systems is probably due to formation of large
molecules emerged from a very early stage of the reaction.
We have observed a significant contribution of the slow
mode not only for the conventional systems but also for the
RAFT systems (Fig. 10(b)). However, IS for R200¢ and
R400c are much smaller than those for C200- and Contc.
More interestingly, I, appeared in the middle stage of the
reaction for the conventional systems, whereas it appeared
near the gelation threshold for the RAFT systems,
suggesting the formation of a more homogenous gel in the
latter.

Fig. 11 exhibits reaction time dependence of 7y, and
Tslow fOr (a) C200¢, (b) Contc, (c¢) R200c and (d) R400¢
calculated with Egs. (11) and (12). 74, is a weak function of
t/tge;. On the other hand, 74, for all the systems clearly
diverged around gelation threshold, i.e., t/ty,=1,
suggesting the divergence of the relaxation time is a
universal phenomenon for gelling systems. Here, the value
of 7. at the late state of the reaction contains interesting
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Fig. 9. The intensity components of the fast, slow and solvent modes decomposed by Egs. (8)-(10) for (a) C200c, (b) Contc, (c¢) R200¢ and (d) R400c.

information about the difference between the conventional
and RAFT systems. For example, if the dynamics is
dominated by heterodyne contribution due to inhomo-
geneous gelation for the conventional system, 7, Will be
larger (theoretically twice of that for the homodyne mode),
as indicated by Fig. 11.

Finally, we wish to stress difference in gelation process
and gel structure between the conventional and RAFT
systems. In the conventional system, (dead) polymers of full
length are formed from an early stage of reaction. Since
polymers in dilute solution seldom find other polymers
nearby, cross-links will be formed mostly within the same
molecule (intra-chain cross-linking), as previously evi-
denced by the shrinkage of chains by this cause [50]. As the
reaction proceeds, and the number of such chains increases,
inter-chain cross-linking will also occur, combining chains
into larger molecules. Once large molecules are formed,
they will absorb other chains more effectively to produce
large heterogeneities in solution, which, in the final stage,
will be tied up into a huge molecule filling the whole space,
i.e., the gelation. In this picture [8], the gel from the
conventional system is highly heterogeneous. In the RAFT
system, on the other hand, the number concentration of
primary chains is high and constant from the beginning to
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the end of reaction, so that cross-links will be introduced
more randomly to produce a more homogenous gel than the
conventional system [8] (Fig. 12). These pictures are
supported by the time-courses of the scattering intensities
of the fast and slow components of the two systems (Fig. 10)
and are consistent with the previous studies [8,23]. The late
stage of reaction may be characterized by a universal
gelation behavior irrespective of the reaction methods. In
fact, all the samples exhibited the divergence of 7y, and
the power law behavior in ICF (Fig. 11). Nevertheless, the
fine structure inside the gels must be largely different
between the two systems, as already suggested. This will be
an interesting topic to study by position-dependent static/
dynamic light scattering.

5. Conclusions

The structure and dynamics for two types of polystyrene
solutions and gels prepared by conventional and RAFT-
mediated living radical polymerizations have been investi-
gated in terms of static/dynamic light scattering (SLS/DLS)
and gel permeation chromatography (GPC). Relative
amplitudes of the time intensity correlation functions for
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Fig. 10. (a) Itas and (b) Igow as a function of #/t4e; for C200¢, Conte, R200¢ and R400c.
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Fig. 12. Schematic representations of the cross-linking process for conventional (top) and living (bottom) radical polymerizations.
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the multiple decay components were evaluated by perform-
ing the double exponential analysis or the inverse-Laplace
analysis using CONTIN package. The total intensities were
decomposed into the fast (Ir,g), slow (Igow) and solvent
(Iso1vent) contributions, where Iy, and I, correspond to the
cooperative diffusion in semi-dilute solution and the
translational diffusion of large aggregates, respectively.

For the linear polymerization systems (without the cross-
linker), the scattering intensity exhibited a peak at a
characteristic conversion, ¢, followed by an increase in a
high-c region. Appearance of the peak in the initial stage of
the reaction was interpreted in terms of the increase in
molecular weight and the subsequent suppression of
concentration fluctuations. This behavior was qualitatively
explained by Flory—Huggins free energy theory. As for the
increase of intensity at high c, I, played an important role
in total intensity variation. The slow relaxation was ascribed
to the translational diffusion of aggregates, because the
decay rate was proportional to the square of wave vector, for
one thing, and the molecular weight was much lower than
that required for chain entanglement, for another.

For the cross-linking polymerization systems, the
scattering intensities were also decomposed into Iy, Isjows
and Iojven- The Ip, for the RAFT system increased more
gradually than that for the conventional system. Further-
more, the Iy, for the RAFT system was much lower than
that for the conventional system and appeared only in a late
stage of the reaction. Excepting for this clear difference
between the conventional and RAFT polymerizations, the
divergence of the relaxation time for the slow mode and the
power law behavior in ICF were common to both gelling
systems.

These experimental findings would lead to the following
pictures of gelation of the two systems: In the conventional
system, cyclization or intramolecular cross-linking dom-
inates the early stage of reaction, which introduces large
heterogeneities to the solution and the gel. In the RAFT
system, where the concentration of primary chains is
sufficiently high and constant, the cross-linking reaction
occurs more randomly, resulting in a more homogeneous
solution and gel. Nevertheless, the gelation would occur in
the universal way characterized by the divergence of cluster
size and its distribution. We did observe the gelation by
detecting the stepwise cluster evolution on the order of
several hundreds to several tens of micrometers by means of
SLS/DLS technique, irrespective of the synthetic methods
of gel formation.
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