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Abstract

In situ ¯uorescence technique was used to study the free-radical crosslinking copolymerization of styrene and

divinylbenzene in bulk. Pyrene (Py) was used as a ¯uorescence probe for the real time gelation experiments. The
critical times, tr required for a dramatic increase in Py intensity, Ip, corresponding to the onset of the gel e�ect were
determined. The spikes in Ip curves were also observed at high crosslinker densities. These spikes were attributed to

the existence of ``critical opalescence'' during the gel formation process where two di�erent gel phases having two
di�erent concentrations coexist. t0 values at which the critical opalescence is occurred are recorded in the close
vicinity of the tr points. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Gelation is a process of random linking of subunits

to larger and larger molecules i.e. gelation involves for-

mation of an in®nite network. No matter what type of

objects are linked, they always exhibit a critical gel

point if the system is disordered and if all processes

are random. At this critical point the system behaves

neither as a liquid nor as a solid on any time and

length scale, which means that it forms a critical mat-

ter dominated by its ¯uctuations in structure. Several

models have been proposed for gelation [1]. The result-

ing cluster has one common feature in all these

models; its structure has no dominating length scale,

there are holes and loops on all scales.

In ¯uids it is well known that as the temperature is

lowered to its critical point, small droplets acquire lat-

eral dimensions on the order of wavelength of light,

whereupon the light scatters strongly [2]. This phenom-

enon is named as ``critical opalescence'', which states

that the density heterogeneities that cause light scatter-

ing increase drastically as the critical point is

approached. Su�ciently close to the critical point the

correlation length becomes as large as the wavelength

of light and the density heterogeneities scatter light

greatly [2]. In short, density ¯uctuations cause strong

light scattering.

In gels it is known that the turbidity is a direct con-

sequence of light scattered from the spatial heterogene-

ities of its refractive index. It was proposed that a

dispersion of separated pure liquid phase and the

remaining gel structure is responsible for the scattering

of light [3]. Tanaka et al. examined the e�ect of gela-

tion temperature on the structural heterogeneities in a

polymer gel using quasielastic and elastic light scatter-

ing techniques and proposed the existence of three
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types of heterogeneities [4]. First, the dynamic concen-
tration ¯uctuations in pregel polymer solution are fro-

zen in the ®nal network structure upon the onset of
the gelation process. Second, if the polymer solution is
in the phase seperation regime there appear to be two

gel phases having two di�erent concentrations. The
domain sizes of these two phases depend on the con-
dition of the gelation process and can sometimes have

a size order of the wavelength of light and scatter light
greatly presenting strong opacity to the gel [3]. Third,
gel undergoes temporal thermal concentration ¯uctu-

ations. These heterogeneties produce opacity in a gel
similar to the critical opalescence of binary ¯uids.
Dynamic concentration ¯uctuations have been studied
by using quasielastic light scattering technique [5,6].

Recently, we have shown that the quenching proper-
ties of the excited state of a ¯uorescing molecule can
be used to determine the time for the onset of the gela-

tion during crosslinking copolymerization of methyl
methacrylate (MMA) with ethlene glycol dimethacry-
late (EGDM) as a crosslinker [7±9]. In the present

work, we report that the ¯uorescence technique can
also be used to monitor critical opalescence during
free-radical crosslinking copolymerization reactions.

Here, the copolymerization reactions were carried
out in bulk using the monomers styrene (S) and com-
mercial divinylbenzene (DVB) with various amounts of
DVB as the crosslinker. Commercial DVB consisted of

62% DVB isomers (meta-DVB: para-DVB ratio 2±
2.5:1) with the rest being mostly ethylvinyl benzenes
(35%). Benzoyl peroxide and pyrene (Py) were used as

the initiator and the ¯uorescence probe for the in situ
polymerization experiments, respectively. The critical
times, tr required for a drastic increase in the ¯uor-

escence intensity Ip of Py were determined by the in
situ ¯uorescence experiments, corresponding to the
reaction times at which the rate of polymerization
becomes maximum due to the gel e�ect [10]. In this

paper we report that a drastic decrease in Py intensity
is also observed very close to the tr point, which cre-
ates a spike in intensity, Ip, versus time, t, curve. This

spike of Ip at a critical point was interpreted by the
concept of ``critical opalescence'' during the growth of
the gel in S-DVB system. It was observed that critical

opalescence disappeared at low DVB contents.

2. Fluorescence Technique

Fluorescence and phosphorescence intensities of aro-
matic molecules are a�ected by both radiative and
non-radiative processes [11]. Whereas the radiative

probabilities are relatively independent of the environ-
ment and even of molecular species, non-radiative
transitions are a�ected by the enviromental e�ects [12].

The role of the liquid in such a picture is to add the
quasi-continuum of states needed to satisfy energy res-

onance conditions. The liquid acts as an energy sink
for rapid vibrational relaxation, which occurs after the
rate limiting transition from the initial state. Birks et

al. studied the in¯uence of solvent viscosity on ¯uor-
escence charasteristic of Py solutions in various sol-
vents and observed that the rate of monomer internal

quenching is a�ected by solvent quality [13]. As the
temperature of the liquid solution is varied, the en-
vironment about the molecule changes and much of

the change in absorption spectra and ¯uorescence
yields in solution can be related to the changes in
liquid viscosity. A matrix that changes little with tem-
perature will enable one to study molecular properties

themselves without changing environmental in¯uence.
Poly(methyl methacrylate) (PMMA) has been used as
such a matrix in many studies [14]. Recently we have

reported viscocity e�ects on low frequency, intermole-
culer vibrational energies of excited naphthalene in
swollen PMMA latex particles [15].

Fluorescence technique for the in situ monitoring of
a methacrylate polymerization was ®rst developed by
Loutfy [16,17]. A series of ¯uorescence probes were

used to monitor the progress of methacrylate polym-
erization. The extremely fast deactivation rate of the
singlet excited state of these probes was attributed to
torsional relaxation [18]. It was shown that environ-

mental factors restricting the internal molecular ro-
tation of these probes lead to a decrease in
nonradiative decay rate and consequently an increase

in ¯uorescence yield. Loutfy used these rotor probes to
monitor free radical polymerization of MMA, ethyl
methacrylate, n-butyl methacrylate and styrene as well

as the copolymerization of styrene and n-butyl metha-
crylate.
In the present work, these properties of ¯uorescence

probes were used to monitor the physical changes

occurring during the free radical crosslinking copoly-
merization of styrene and divinylbenzene.

3. Experimental

Styrene (S, Merck) and commercial DVB (DVB,
Merck) were shaken with 10% NaOH, washed with

water, dried with anhydrous CaCl2, and ®nally distilled
under reduced pressure. Purity was checked by gas
chromatography. Various batches of DVB solution

were used. Batch analyses ranged between 50 and 60%
DVB isomers (m-DVB:p-DVB ratio=3±3.2:1), the rest
being ethylstyrene. Benzoyl peroxide (BP, Merck) was

recrystallized from acetone solution. The free-radical
crosslinking copolymerization (FCC) of S and DVB
was performed in bulk at 708C in the presence of BP
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as an initiator. The initiator concentration was held

constant at 0.100 M. The reaction mixtures were pre-

pared by dissolving BP in the selected S-DVB mono-

mer mixture and ¯ushing with nitrogen 10 min prior

to polymerization. DVB concentration is expressed as

the mole percent of the DVB isomers in the S-DVB

monomer mixture. In this work, di�erent DVB content
in the range from 0.8 to 12 mol% was used for each

FCC experiment. Gelation was monitored against the
reaction time, t, using in situ ¯uorescence technique.
Py was used as a ¯uorescence probe for the in situ

steady-state polymerization experiments, where styrene
and mobile polymer chains act as an energy sink for
the excited Py during polymerization. Later, the for-

mation of bulk polystyrene provides an ideal,
unchanged environment for the excited Py molecules.
Naturally, from these experiments one may expect a

substantial increase in ¯uorescence intensity, Ip, of Py
at a certain time interval. For the ¯uorescence
measurements, reaction mixtures were transferred into
round glass tubes of 15 mm internal diameter and they

were deoxygenated by bubbling nitrogen for 10 min.
The copolymerization of S and DVB was performed in
the ¯uorescence cell of the spectrometer. The Py mol-

ecule was excited at 345 nm during the in situ exper-
iments, and the variation in the ¯uorescence emission
intensity, Ip was monitored with the time-drive mode

of the spectrometer, by staying at the 395 nm peak of
the Py spectra. In situ steady-state ¯uorescence
measurements were carried out using the Model LS-50

spectromer of Perkin-Elmer, equipped with a tempera-
ture controller. All measurements were made at 908
position and slit widths were kept at 7 nm.

4. Results and discussion

During the in situ polymerization experiments with

Py as a ¯uorescence probe, no shift was observed in
the wavelength of the maximum intensity of Py and all
samples kept their transparency except at the point
where the critical opalescence occurred during the pol-

ymerization process. During in situ ¯uorescence exper-
iments, drastic increase in the ¯uorescence intensity of
Py was observed at the critical time tr, which corre-

sponds to the onset of the gel e�ect, i.e. to the reaction
time at which the rate of S-DVB copolymerization
reaches a maximum value [10]. Normalized Py intensi-

ties, Ip, versus reaction times are plotted in Fig. 1a and
b for low and high DVB content, respectively. It is
seen that all curves present sudden increase at a given
reaction time, and then reach an equilibrium at longer

times. Below tr, where Ip presents small values, Py mol-
ecules are relatively free, and they can interact and be
quenched by other molecules. However, above tr, Ip
gives large values indicating that the reaction mixture
is highly viscous and Py molecules are trapped in a
polystyrene network. According to Fig. 1a and b at

low DVB content, the increase in Ip takes place at
longer times, indicating that trapping of Py molecules
in the reaction system is delayed.

Fig. 1. Plots of Py ¯uorescence intensity Ip against reaction

time t during S-DVB copolymerization in bulk at low (a) and

high (b) DVB contents. Time drive mode of the spectrometer

was employed and the maximum intensity peak at 395 nm

was monitored for data collection. Numbers above the curves

indicate the DVB contents in mol%.

OÈ. Pekcan et al. / European Polymer Journal 35 (1999) 2025±2029 2027



Another point shown in Fig. 1b is that the Ip curves

exhibit spikes in the close vicinity of tr, whereas no

spikes can be detected at low DVB contents (Fig. 1a).

Here we would like to report that the spikes of Ip in

Fig. 1b most probably indicate the critical opalescence

point, which occurs at the onset of the gel e�ect, at

which the rate of monomer consumption drastically

increases. One may expect that, at high DVB concen-

trations, the gel that grows is highly crosslinked and

thus it cannot absorb all the unreached monomers pre-

sent in the reaction mixture. As a result, it falls in the

phase separation regime. Here two gel phases having

two di�erent concentrations are formed and the

domain sizes of these two phases have a size order of

the wavelength of the ¯uorescence light, which scatter

light dramatically producing opacity for the system. By

decreasing the DVB content below 3.2 mol% no such

spikes in Ip were observed during the gel e�ect (see

Fig. 1b). Morever, the spikes observed at high crosslin-

ker concentrations disappear again due to the conver-

sion of the seperated monomers into the polymer.

Cartoon repsesentation of light scattering phenomenon

is shown in Fig. 2. Here one may speculate about the

existence of the critical crosslinker density above which

the critical opalescence occur with two di�erent gel

phases having two di�erent concentrations. We have

to note that no such critical opalescence was observed

during gelation of MMA, which may predict that no

such phase separation regime exists during crosslinking

copolymerization in MMA system [7,8].

The critical time, tr, where the onset of gel e�ect is

occured can be determined by taking ®rst derivative of

the experimentally obtained Ip curve with respect to

time t. Fig. 3a and b present at a typical intensity

curve and its derivative (dIp/dt ) against t, respectively.

The maximum in the dI/dt curve corresponds to d2Ip/

dt 2=0, i.e. to the in¯ection point in curve Ip, which

Fig. 2. Cartoon representation of critical opalescence phenomenan during gelation below, at, and above t0.

Fig. 3. Determination of tr at 708C for the 1.19 mol% DVB

content sample. (a) Plot of Py ¯uorescence intensity Ip, and

(b) its ®rst derivative dI/dt against the reaction time t. The

maximum corresponds to tr in t axis.
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gives tr, on the time axis. On the other hand, the max-
ima of the spikes shown in Ip versus t curves in Fig. 1b
can be taken as the points for the onset of the critical

opalescence (t0). The tr and t0 values obtained in this
way are plotted versus DVB content in Fig. 4, where
the critical crosslinker density is pointed out. Below

the critical crosslink density which corresponds to
3.2 mol% DVB, neither phase seperation can occur
nor domain sizes of the separated phases are much lar-

ger than the wavelength of ¯uorescence light; as a
result, no spikes in Ip were observed during free-radical
crosslinking copolymerization in bulk S-DVB system.
Interestingly, two di�erent slopes in DVB% versus tr
curves were observed below and above the critical
crosslink density.

5. Conclusion

This work presents the existence of ``critical opales-
cence'' just below the onset of the gel e�ect in S-DVB
copolymerization where two di�erent phases having

two di�erent concentrations coexist. The domain sizes
of these two phases have sizes of the order of the
wavelength of the ¯uorescence light and therefore they

scatter light dramatically presenting strong opacity to
the gel. Here it is shown that in situ ¯uorescence
method can be used to determine the critical opales-

cence point, t0 and the critical time tr for the onset of
gel e�ect as a function of crosslinker density.
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