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Abstract

The time-resolved dynamic light scattering has been employed to investigate gelation of divinylbenzene (DVB; branched chains) and

vitrification of styrene (St; linear chains) during radical polymerization in bulk. The intensity correlation function (ICF) was obtained every

30 s during polymerization process. The DVB system exhibited a power law behavior in ICF characteristic of gelation threshold, which was

followed by vitrification. In the case of St, two relaxation modes appeared before vitrification, which were assigned to be the cooperative and

the slow relaxation modes.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Gelation and vitrification are intriguing issues in polymer

physics, which involve divergence of connectivity and

freezing-in of dynamics, respectively. In the case of the

former, chain connectivity diverges at the gelation point and

polymer chains are topologically frozen-in [1,2]. However,

local chain motion is still allowed even after the gelation

point. On the other hand, vitrification means a freezing-in

process of the dynamics and is mainly attained by lowering

temperature or an increase in the population of the glass

forming particles. Vitrification is also observed by increas-

ing cross-linking density in a polymer network as is the case

of high density vulcanization of natural rubber to form one

of the oldest plastics, i.e. ebonite. Note that rubber contains

about 3% of surfer, while ebonite does 30%. In this work,

we discuss the difference in polymer chain dynamics during

gelation and vitrification by dynamic light scattering.

Virification, i.e. glass formation, has long been one of the

central issues of soft condensed matter physics because of it

complexity and scientific interests on glass transition [3]. In

many cases, glass transition is discussed with respect to
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temperature. Here, on the other hand, we introduce a system

undergoing vitrification with polymerization time for

comparison between gelation and vitrification. The glass

transition has been investigated by various techniques, such

as viscoelasticity [4], dielectrics, and thermal properties. A

pioneering work on the competition and vitrification was

carried out by Enns and Gillham, who proposed a time-

temperature-transformation (TTT) cure diagram for iso-

thermal curing process of an amine-cured epoxy resin [5].

They predicted an ‘S’-shape TTT curve diagram and

verified it by dynamical mechanical measurements. How-

ever, to our knowledge, it is quite few to discuss glass

transition from the viewpoint of chain connectivity.

It is now well known that the dynamics of a gel-forming

liquid at the gelation threshold is characterized by a power-

law behavior in the intensity correlation function (ICF).

Such a power law in ICF was observed in synthetic gels [6,

7] as well as in natural gels [8,9]. This is due to a formation

of self-similar clusters whose longest relaxation time

diverges at the gelation threshold [10]. On the other hand,

ICFs for sols are well fitted with a stretched exponential

function [6,8,11]. As a matter of fact, a clear crossover from

a stretched exponential to a power law behavior has been

often observed at the gelation threshold [6,9]. Since this

power law behavior at the gelation threshold is
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phenomenologically similar to the b relaxation in glasses as

predicted by Göetze [12], the analogy of the sol-gel

transition of gelatin gels to the a-to-b transitions in glasses

was discussed by Ren and Sorensen [13] and by Ikkai and

Shibayama [14]. However, the dynamics of gel forming

liquid has not been fully elucidated yet because of the

following questions remain unsolved. First, the behavior

after the gelation threshold, e.g. tOtth, is different dependent

on systems, where t and tth are the polymerization time and

the time at gelation threshold, respectively. For example, in

the case of silica gels made with a basic catalyst [6] and for

gelatin gels [8], the power law behavior is preserved for t O
tth. On the other hand, such a power-law behavior was

exclusively observed only at tztth in silica gels prepared

with an acidic catalyst [7] and in poly(N-isopropylacryla-

mide) (NIPA) aqueous gels [15]. Particularly, in the case of

NIPA gels, the ICF for t[ tth (or C[Cth) was reduced to a

single exponential function assigned to the so-called gel

mode, where C and Cth are the monomer concentration at

preparation and its lowest value necessary for gel formation,

respectively [16] Second, the physical meaning and the

behavior of the power-law exponent, n, is still controversial.

Ren et al. reported that the value of n is dependent on the

scattering vector, q. However, none of our systems [7,14,15]

exhibited such a q-dependence in n.

The recovery of the stretched exponential or single

exponential behavior after gelation threshold may be

explained as follows. At the gelation threshold, a

divergence of connectivity takes place. After connec-

tivity divergence, only local motions similar to those in

semi-dilute polymer solutions are allowed (the so-called

gel mode). However, if the temperature is low enough

or the cross-link density is high enough to freeze the

local motion, even such local motions are forbidden and

vitrification takes place instead.

Here, we deal with more idealistic systems to answer the

above questions, i.e. bulk polymerization of styrene (St) and

divinylbenzene (DVB). Both are one-component systems,

but differ in their potential connectivity. St monomers are

allowed only linear extension, i.e. formation of linear

polymer chains. The glass transition temperature (Tg) of

polystyrene(PSt) is around 100 8C. Hence, vitrification may

be observed during polymerization if the polymerization is

carried out at a temperature below 100 8C. In the case of

DVB, on the other hand, each monomer is capable of

branching. This leads to a highly branched polymers, and

consequently a network structure is formed as discussed by

Flory [17]. Therefore, gelation as well as vitrification is

expected during polymerization of DVB [18]. In this paper,

we try (1) to clarify the difference in the dynamics of

polymer chains in the course of vitrification and gelation by

time-resolved dynamic light scattering (TRDLS), (2) to

propose a relevant method to determine and/or to discrimi-

nate the vitrification and gelation, and (3) to discuss the

dynamics of post-gelation-threshold.
2. Theoretical section

The time-intensity correlation functions (ICFs), g(2)(t), is

defined by

gð2ÞðtÞZ
hIðt0ÞIðt0 CtÞiT

hIðt0Þi
2
T

(1)

where I(t0) and I(t0Ct) indicate the scattered intensities at

time t0 and at t0Ct, respectively. The subscript T denotes

time averaging. In the case of complex fluids, such as gels,

the intensity correlation function, g(2)(t)-1, can be often

given by the square of the sum of two terms representing

fast and slow modes as follows [6,8,19,20],

gð2ÞðtÞK1Z s
2
I fAexpðKt=tfÞ

C ð1KAÞexp½Kðt=tsÞ
b�g2 (2)

where s2I is the initial amplitude of ICF, tf and ts are the

characteristic relaxation times of the fast and slow modes,

respectively, and A (0%A%1) is the fraction of the fast

mode. The fast mode is the cooperative diffusion of chain

molecules [21] 0n the other hand, the slow mode

corresponds to the translational diffusion of clusters.

At the gelation threshold, ts diverges and a power-law

mode appears, which is characterized by the following

function,

gð2ÞðtÞK1Z s2I fAexpðKt=tfÞ

C ð1KAÞ½1C ðt=t�Þ�ðnK1Þ=2g2 (3)

where t* is the lower cut-off of the power-law behavior and

n is the critical exponent for the viscoelasticity [6,22,23].

The power law behavior indicates gelation threshold. This

exponent is the same as that obtained by mechanical

dispersion [24,25]. Winter reported nz0.5 for polydi-

methylsiloxane and Durand et al. [25] obtained nz0.73.

Muthukumar explained these variations in n in terms of the

degree of screening of excluded volume effect and

hydrodynamics [26].
3. Experimental section
3.1. Samples

Reagent grade St monomer was used for the experiment

without further purification. Divinylbenzene (DVB) was

received from Mitsubishi Chem. Co., Ltd, which contained

19 wt% of ethylvinylbenze. Monomers, i.e. either St or

DVB, were mixed with the initiator (2,2 0-azobisisobutyr-

onitrile; AIBN, 0.8 wt% unless specified) and stirred for

10 min, followed by filtration with a 0.25 mm-filter. Then,

each of the monomer samples was polymerized in a test tube

of 10 mm-diameter at 60 8C.
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3.2. TRDLS

The TRDLS measurements were carried out on an ALV

compact goniometer system, ALV, Langen, Germany, with

a 22 mW helium-neon laser source. A strong scattered

intensity and a high coherence in ICF (more than 0.98) were

obtained owing to an employment of a set of a static and

dynamic enhancers and a high-quantum efficient avalanche-

photo diode detection system. The sampling time was 30 s

and the scattering angle, q, was 908 unless specified. The

samples under polymerization were occasionally quenched

by cooling in ice and were used for a flow test and for a more

quantitative analysis of ICF.
3.3. Gel permeation chromatography (GPC)

Polystyrene(PSt) precursors are sampled at several stages

of polymerization, weighted, precipitated with methanol,

and then completely dried. After determining the conversion

(i.e. yield) of the polymerization by gravimetry, the

molecular weights and polydispersity index of dried PSt’s

were evaluated with a GPC (Model GPC System-21, Showa

Denko, Co. Ltd, Tokyo) at a temperature of 40 8C with

chloroform.
4. Results and discussion
4.1. Determination of gelation threshold

Fig. 1 shows time variations of scattered intensity hIiT for

(a) St(100%), (b) St/DVB(50%/50%), and (c) DVB(100%).

The behavior of hIiT was quite different on the fact whether

or not the system is capable of gelation. In the case of

St(100%) (capable only of chain extension without branch-

ing formation or cross-linking), the variation of hIiT was

rather small for tz10 h. Then, hIiT started to fluctuate. On

the other hand, St/DVB(50%/50%) and DVB(100%),

capable of gelation, exhibited a stepwise increase in hIiT at
Fig. 1. Variation of the scattered intensity, hIiT, for (a) St(100%), (b) St/DVB(50

vertical lines indicate the time at gelation threshold.
t !3.138 and 4.888 h, respectively, as shown by the vertical

lines. After the step-wise increase, hIiT strongly fluctuates

with time. This indicates that the system becomes none-

rgodic [27].

Fig. 2 shows time evolutions of ICFs for (a) St(100%),

(b) St/DVB(50%/50%), and (c) DVB(100%). Characteristic

features depending on the capability of gelation are also

seen in this figure. The ICFs for St(100%) systems show

clear two relaxation modes for t !7 h, and then ICF

becomes flattened. The ICFs for St/DVB(50%/50%) and

DVB(100%) exhibit a power-law behavior exclusively at

tZtthZ3.138 h (St/DVB(50%/50%)), and tZtthZ4.888 h

(DVB(100%)) before flattening takes place. Therefore, it is

clear from Figs. 1 and 2 that gelation takes place tZtth in the

systems of St/DVB(50%/50%) and DVB(100%) and the

gelation threshold can be clearly resolved by TRDLS as a

power-law behavior in ICF.

It is known that glasses and gels are nonergodic media

[27]. The nonergodicity is observed as strong fluctuations in

the scattered intensity, resulting in a depression of s2I . The

vitrification and gelation, therefore, should be observed by

TRDLS. Fig. 3 shows the variations of the initial amplitude

of ICF, s2I , as well as hIiT as a function of polymerization

time, t, for (a) St(100%) and (b) DVB(100%). In the case of

St(100%), a depression of s2I is observed at tz9.667 h (the

arrow), and concurrently hIiT starts to fluctuate. This may be

the time at which the St system undergoes vitrification.

However, this statement will be examined later. s2I for

DVB(100%) starts to decrease at 4.888 h (the arrow). The

times are in accordance with those for the stepwise increase

in hIiT. In our previous paper, we proposed four methods to

determine gelation threshold [7]; (1) an abrupt increase in

hIiT, (2) an appearance of power law behavior in ICF, (3) a

characteristic broadening in the decay time distribution

function, and (4) a depression of s2I . It is needless to mention

that the results in Figs. 1–3 correspond to (1), (2), and (4),

respectively. Hence, it is clear that the gelation threshold

can be determined by TRDLS.

Fig. 4(a) shows the comonomer concentration
%/50%), and (c) DVB(100%) as a function of polymerization time, t. The



Fig. 2. Comparison of the time-intensity correlation functions (ICF) during polymerization process for (a) St(100%), (b) St/DVB(50%/50%), and (c)

DVB(100%). The solid lines indicate fits with a power law function (Eq. (2)).
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dependence of tth, where CStyrene is the concentration of

styrene monomer. The polymerization temperature was

60 8C. It should be noted that tth is a decreasing function of

CStyrene. An increase of CStyrene means that a decrease of

cross-linker concentration CDVB. Hence, it was naively

expected that the higher the CStyrene, the slower the rate of
Fig. 3. Polymerization time dependence of hIiT and the initial amplitude of

ICF, s2I , for (a) St(100%) and (b) DVB(100%) systems. The arrows indicate

(a) the time at nonergodicity appears and (b) the gelation threshold.
gelation. This unexpected result can be interpreted as

follows. A styrene monomer plays as a chain extender so

that a propagating chain with a higher CStyrene can reach to

another chain for cross-linking faster than with a lower

CStyrene. If there are no St monomers in the reactor batch,

DVB momomers form densely packed aggregates. It would

take longer time to fill the space necessary for gelation than

a system containing St monomers. Fig. 4(b) and (c) shows

the result of (b) preparation temperature, Tprep, dependence

and (c) initiator concentration, CAIBN, dependence for St/

DVB(50%/50%). These results were quite reasonable as a

radical polymerization of vinyl monomers.
4.2. Analysis of gelation

Fig. 5 shows the time evolution of ICFs near the gelation

threshold for DVB. The solid lines are obtained by fitting

with Eqs. (2) (solid lines) and (3) (dashed line). The fitting

with Eq. (2) indicates that the slow mode seems to be similar

to the a-relaxation as observed in glass forming materials

above the glass transition temperature [28]. A power-law

behavior, on the other hand, appears exclusively at tZ
4.888 h (the dashed line; curve 3). Note that ICF curves

numbered (3)–(5) were sequentially obtained with the

duration of 30 s. Therefore, the time-resolution for detecting

a power-law behavior, in another word, the time-resolution

of the gelation threshold, by TRDLS, is in the order of 10 s.

The value of n for DVB was nz0.50, irrespective of q

(308! q!1508). A similar value for n(z0.4) was reported

for polyvinyl alcohol–Congo Red and NIPA gels [15],

which are also q independent. These results disagree to the

result reported by Ren and Sorensen [8,13]. The q-indepen-

dence of the power law exponent indicates that the system at

the gelation threshold is a fractal object and does not have a

characteristic scale length [10]. After the gelation threshold



Fig. 4. Styrene monomer concentration, Cstyrene, (b) polymerization temperature, and (c) initiator concentration, CAIBN, dependence of the time at gelation

threshold.
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(tZ4.888 h), the ICF becomes to have the fast and slow

modes (curve (4) in Fig. 5). For tO5.410 h, ICF did not

change noticeably with t. It should be noted that a drastic

change in flow behavior was observed between curve (6)

(viscous) and curve (7) (glassy). Therefore, it is concluded

that vitrification took place between tZ5.320 h and tZ
5.410 h.

The variation of n with CStyrene is plotted in Fig. 6.

According to the prediction, n was expected to decrease

with CStyrene because the degree of branching decreases with

CStyrene. According to Muthukumar [26], the value of n can

vary from 0 to 1, depending on the degrees of screening of

hydrodynamic and excluded volume interactions, as given

by

n Z
dðd C2K2dfÞ

2ðd C2KdfÞ
(4)

where d and df are the space and fractal dimensions,

respectively. However, the observed n did not increase with

lowering CStyrene and had a maximum around CStyrenez0.4.

As a matter of fact, the value of n itself scatters considerably
Fig. 5. Time evolution of the intensity correlation functions (ICFs) near the

gelation threshold for DVB during bulk polymerization at 60 8C. The solid

lines and the dashed line are the fits with Eqs. (1) and (2), respectively.
(e.g. G0.2). This is partially due to nonergodic nature of

gels. Therefore, we give up a further discussion on the

CStyrene dependence of n at this stage.
4.3. Analysis of vitrification

Fig. 7 shows the time evolution of ICFs for St obtained at

qZ908. As indicated by the solid lines, the ICFs were

successfully fitted with a combined function of a single and

stretched exponential functions given by Eq. (2). Note that

no power-law behavior was observed in this case. The fast

mode may correspond to the cooperative diffusion mode as

often observed in polymer gels and in semi-dilute polymer

solutions. The slow mode, on the other hand, may be

assigned to the large-scale heterogeneities as observed by

Heckmeier et al. in concentrated PSt solutions in toluene

[29]. They observed large-scale inhomogeneities of the

order of a few hundred angstroms by both static light

scattering and dynamic light scattering, which increased

with lowering temperature and increasing polymer concen-

tration. These speculations, i.e. the presence of large scale

inhomogeneities, were supported by examining the q

dependence of the individual modes.
Fig. 6. Cstyrene dependence of the power-law exponent, n.



Fig. 7. Time evolution of the intensity correlation functions (ICFs) for St

during bulk polymerization at 60 8C. The solid lines are the fits with Eq. (1).
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It is crucial to examine q dependence of the characteristic

decay rates for the fast and slow modes, tK1
f and tK1

s . Fig.

8(a) shows the q dependence of tK1
f and tK1

s at tZ3.767 h

(curve 1) for the scattering angle of 308%q % 1508. The

results indicate tK1
f wqK2 and tK1

s wqK2. This result is in

good agreement with those reported by Heckmeier for PSt

(MwZ7.8!104, Mw/MnZ1.02) in toluene (12.5–25%) [29].

However, as shown in Fig. 8(b), both tK1
f and tK1

s deviate

from a q2-dependent behavior to tK1
f wq3:32 and tK1

s wq2:46

at tZ6.780 h (curve 5). These results indicate that both fast

and slow modes are diffusive at least t%3.767 h, but

become non-diffusive with t.
Fig. 8. q dependence of the characteristic relaxation times, tf and ts at (a)

the early (tZ3.767 h) and (b) the late stage (tZ6.780 h).
Fig. 9 shows the variations of A, b, tf, and ts as a function

of polymerization time t. The data are highly scattered at the

beginning of polymerization, i.e. for t !3 h. This is because

that the polymer chains do not grow well at this stage. For

tO3 h, tf is rather invariant, while A is a monotonous

decreasing function of t. The cooperative diffusion coeffi-

cient D (z1/q2tf) is estimated to be 2!10K6 cm2/s, which

is rather close to that of typical polymer gels, such as NIPA

gels and the corresponding solutions, e.g. 5!10K7 cm2/s

[16]. Therefore, it can be conjectured that the fast mode at

the early stage is assigned to be a gel mode due to entangled

network chains as often observed in semi-dilute polymer

solutions. The variation of tf and A indicates that further

polymerization simply results in a decrease in the fraction of

the fast mode, A, without loosing local mobility, D. The

slow mode also exhibits a characteristic feature for 3! t !
10 h. That is, the value of ts increases exponentially with t,

while b stays near unity for 3! t !10 h.

In order to assign the slow mode, the conversion and the

molecular weights of polystyrene precursors were charac-

terized by GPC. Fig. 10 shows (a) conversion, (b) the

number, Mn, and weight average molecular weights, Mw,

and (c) the polydispersity index, Mw/Mn. It should be noted

here that Mw/Mn remains to be around 2 (as indicated with

the dashed line). Since Mw/Mnz2, it is assured that the

system has a most-probable distribution of the molecular

weight, which is predicted for radical polymerization.

Hence, this result suggests that the polymerization reaction

took place such that polymer chains with a characteristic

molecular weight, i.e. Mnz5.0!103, appear suddenly and

the number of the polymer chains increases rather time

linearly.

As shown in Fig. 10(a), the conversion increases time-

linearly from 40 to 60%. The growth of Mn and Mw, on the

other hand, are rather slow. Therefore, the time dependence

of the molecular weight cannot be responsible for the

exponential growth of ts (Fig. 7). Although the slow mode

for t/10 h definitely correspond to the longest relaxation

of polymer chains in concentrated solutions [4,30], its
Fig. 9. Polymerization time dependence of the stretched exponent, b, the

fraction of the diffusive mode, A, and the characteristic relaxation times, tf
and ts for St.



 

Fig. 10. Polymerization time dependence of (a) conversion, (b) the number

Mn and weight average molecular weights, Mw, and (c) the polydispersity

index, Mw/Mn.

Fig. 11. Polymerization time dependence of the reduced relaxation time, ts
/C3M3.4 for the styrene system.
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growth is ascribed not only to the increase of molecular

weight but also to that of polymer fraction in the reactor

batch. Therefore, it is necessary to incorporate the change of

conversion during the polymerization in order to understand

the strong polymerization time dependence of ts.

Now, we try a semi-qualitative discussion on the

polymerization time dependence of ts. If ts corresponds to

the longest relaxation time of polymer chains in a solvent, it

scales with the viscosity h and translational diffusion

coefficient Dtr, as follows;

tswhw1=Dtr (5)

For entangled polymer chains, h scales with M,

hwM3:4 (6)

On the other hand, Dtr can be assumed to be a function of

polymer concentration, C [31,32],

DwCK2 ðRouse friction; Q solventÞ (7)

DwCK3 ðStokes friction; Q solventÞ (8)

In the case of PSt polymerized from St monomers

without solvent, its dynamics is expected to be Stokes

friction in a Q solvent. Hence, ts can be reduced to ts/

C3M3.4, which is now C and M invariant. Fig. 11 shows

polymerization time dependence of ts/C
3M3.4, where we

chose MZMw. Different from our expectation, ts/C
3M3.4 is
an increasing function of t. One important fact which was

not considered in the reduction of ts was that the system

approaches the glass transition as polymerization goes on

since the polymerization temperature is 60 8C (which is

significantly lower than that of bulk PSt). If it is correct, ts
may increase dramatically by polymerization proceeds. The

solid line in the figure was obtained by fitting the data with

ts

C3M3:4
wjtK tNj

Ka (9)

where tN and a are the time and the exponent related to the

divergence of the slow mode. This function was employed

analogous to the equations appearing in critical phenomena

[33]. From this analysis, tNZ14.9 h and az2.2 were

obtained. The time at which the slow mode diverges may

correspond to the glass transition time. Let us examine this

conjecture in more detail. The glass transition temperature

was evaluated by differential scanning calorimetry (DSC) to

be 67 8C for PSt quenched at tZ12.5 h. Since this

temperature is indeed higher than the polymerization

temperature, 60 8C, it is confirmed that a vitrification took

place between 8.29 (curve 6 in Fig. 7)!t!12.5 h (curve 8).

Although the prediction with Eq. (9) gives a larger value of

glass transition time, the analysis shown above gives a

rough estimate of the glass transition time.

At the end of discussion, it should be mentioned that the

systems capable of gelation, DVB/PSt, also end up by

vitrification as polymerization proceeds. This is why the

curve 7 in Fig. 5 and curve 7 in Fig. 7 are indistinguishable.

A more quantitative analysis on gelation and vitrification is

in progress.
5. Conclusion

The dynamics of linear and branched chain molecules

was studied by time-resolved dynamic light scattering

during their polymerization processes. It was found that the

polymerization of St monomers exhibits two relaxation

modes, i.e. the cooperative diffusion and the longest
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relaxation of polymer chains in concentrated solutions. The

latter changes to the so-called a-relaxation mode at the late

stage of polymerization. As the polymerization proceeds,

the fraction of the cooperative diffusion mode diminishes.

Finally, the system reaches the point at which nonergodicity

appears characterized by vigorous fluctuations in hIiT and

depression of s2I , which is followed by vitrification. On the

other hand, the systems capable of cross-linking showed a

distinct gelation threshold, characterized by a power-law

behavior in ICF and the appearance of nonergodicity.

Hence, it is disclosed here that gelation and vitrification can

be clearly distinguished by TRDLS. In the case of the

systems containing DVB, the gelation is followed by

vitrification and the dynamics becomes similar to that of

linear chains at the late stage of polymerization.
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