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ABSTRACT: Phase separation induced by polymerization of 2-chlorostyrene (2CIS) in polystyrene (PS)/
di-n-butyl phthalate (DBP) mixtures was studied by the time-resolved light scattering (TRLS) technique
and scanning electron microscopy. Measurements were performed at a fixed composition of 2C1S;PS:
DBP = 45:45:10 by weight in a temperature range from 110 to 180 °C that was above the glass transition
temperature of the product. Conversion of 2CIS was estimated by gel permeation chromatography. Two
distinct time regions were observed in time dependence of scattered light intensity I, and conversion of
2CIS. In the first region, I, and conversion increased rapidly, while in the second region, conversion
that had reached about 80% changed very little and the growth rate of I, became much smaller than
that in the first region. The poly(2-chlorostyrene)-rich phase formed droplets, and droplets of relatively
narrow distribution coexisted with much smaller droplets in an early period. Nonspherical domains were
formed by coalescence of droplets. At lower temperatures, it was observed for the first time that the
droplet domain structure transformed into cocontinuous domains. This morphological change occurred
while the conversion changed very little. Acceleration of the phase separation rate associated with the
morphological change was observed by TRLS. At higher temperatures, coalescence of droplets occurred
only in a very early period, and droplets coarsened without forming cocontinuous domains in the later
period. The mechanism of the polymerization-induced phase separation of this system is discussed.

Introduction

Phase separation induced by polymerization of com-
ponents in an initially miscible mixture has been widely
investigated in recent years.1 712 However, most works
have aimed primarily at industrial applications, and the
dynamics of polymerization-induced phase separation
has not been fully investigated yet. Consequently, little
is known about its mechanisms at present, although
recent advances in the study!® of phase separation of
polymer solutions and blends in the absence of reaction
are expected to facilitate our understanding of this
interesting and important phenomenon. Polymeriza-
tion-induced phase separation is a highly complicated
phenomenon that is enormously difficult to analyze. To
avoid unnecessary complications that hinder gaining
useful information from experiments, it is desirable to
make experimental conditions as simple as possible.
Previous works have concentrated on the curing of epoxy
resins, reflecting its industrial importance. The curing
of epoxy resins is accompanied by network formation
(gelation), which brings further complications to the
analysis of the experimental results. In addition,
network formation pins phase separation, which pro-
hibits investigation of the entire phase separation
process.

In this paper, we studied the phase separation process
induced by polymerization of a system containing no
multifunctional agent by using the time-resolved light
scattering (TRLS) technique and scanning electron
microscopy. Electron micrographs were taken at vari-
ous stages of phase separation to follow the morphologi-
cal changes during phase separation. The sample we
used was a mixture of 2-chlorostyrene monomer and
polystyrene. The system shows weak segregation after
polymerization of the monomer: It is known that poly-
(2-chlorostyrene) and polystyrene are partially miscible
in a certain molecular weight range.!4"18 All experi-
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ments were carried out above the glass transition
temperature of the product because vitrification also
pins phase separation as gelation does. Since the
maximum experimental temperature was limited by
sample degradation, we lowered the glass transition
temperature by adding a small amount of plasticizer,
di-n-butyl phthalate, to the sample mixture so that we
could extend the experimentally accessible temperature
range. Although our interest lies in the entire process
of phase separation, we discuss here mainly the later
period of phase separation because of the following
experimental difficulties encountered in measurements
in very early periods. Phase separation was initially
very fast and the data acquisition speed of the TRLS
instrument we used was not fast enough to follow such
a fast process. In addition, since the glass transition
temperature of a sample at low conversion of the
monomer was low, the electron microcope observation
was not possible at room temperature.

Experimental Section

Materials and Sample Preparation. Polystyrene (PS)
standards with nominal weight-average molecular weight M.,
= 5.0 x 10* and polydispersity index M,/M, < 1.06 were
purchased from Pressure Chemical Co. The monomer 2-chlo-
rostyrene (2CIS) was purchased from Tokyo Kasei Kogyo and
Aldrich Chemical Co. and purified by distillation from barium
oxide under a reduced pressure after the inhibitor was
removed by a conventional method. After being purified, the
monomer was stored at 5 °C and used within 1 week. The
plasticizer, di-n-butyl phthalate (DBP, purity >98%) was a
product of Tokyo Kasei Kogyo and used without further
purification. The sample mixture was prepared by dissolving
a desired amount of PS in a mixture of 2C1S and DBP of a
known composition followed by stirring overnight to ensure
complete mixing. No initiator was added to the mixture, and
polymerization was initiated only by increasing the temper-
ature. The sample mixture was placed between two round
glass plates with a 0.2 mm thick spacer, and these sample
plates were tightly fixed in a holder with a screw. The sample
composition was fixed at PS:2C1S:DBP = 45:45:10 by weight
in all measurements.

© 1995 American Chemical Society
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Figure 1. Gel permeation chromatogram of the sample
reacted at 140 °C for 6 h. Circles denote experimental results.
The P2CIS and PS peaks were separated by the best fit of the
Gaussian functions.

Instruments. The time-resolved light scattering measure-
ments were performed with an instrument constructed in this
laboratory. A He—Ne laser operated at a wavelength of 632.8
nm was used as a light source, and the transmitted light
intensity was monitored by a photodiode. The angular de-
pendence of the scattered light intensity was measured by
scanning a photomultiplier tube with a stepping motor.
Correction of the scattered light intensity was made for
turbidity. The jump from room temperature to a reaction
temperature was made by pushing the sample holder manually
into a heating block (thermostat) controlled at a desired
temperature to +0.03 °C. Both the sample holder and the
heating block were made of copper, and the temperature of
the holder was stabilized within 5 min after the jump.

Microdomain structures during the phase separation were
studied by electron microscopy. After a sample cell was kept
in the thermostat for a desired period, it was taken out and
rapidly quenched to room temperature to fix the morphological
structure of the sample. The quench was made by contacting
the sample holder with two brass blocks that were cooled to
about —15 °C in a refrigerator. Two different kinds of
thermostats were used depending on the length of period for
which sample was kept in the thermostat: The copper block
of the TRLS instrument was used in the case of shorter periods
and a thermostat made of an aluminum block that could hold
12 samples simultaneously was used in the case of longer
periods. The accuracy of the temperature control of the latter
thermostat was the same as that of the former thermostat (i.e.,
40.03 °C). The backscattered electron image of the micro-
tomed surface was observed with a JEOL JSM-T220 electron
microscope operated at 10—15 kV. Good contrast was obtained
in electron micrographs without staining.

Conversion of 2-chlorostyrene was estimated by gel perme-
ation chromatography (GPC). The GPC measurements were
made by a Toso HLC8 apparatus with a Toso RI-8 differential
refractometer as a detector. Figure 1 shows an example of a
gel permeation chromatogram of a sample reacted for a certain
period. The sharp peak at the larger elution volume cor-
responds to PS, and the broad peak at the smaller elution
volume corresponds to poly(2-chlorostyrene) (P2CIS) produced
by polymerization. The amount of P2C1S was determined from
the area ratio of these two peaks by correcting for the
difference in refractive index increment between the two
polymer species in the eluent tetrahydrofuran. As two peaks
overlapped with each other, we evaluated the area of each peak
by curve fitting. By assuming that the elution curve of the
individual polymer species was expressed by a sum of Gauss-
ian functions, we made curve fittings for the elution curves of
pure PS and the reacted samples. Fitting results are also
shown in Figure 1. When the reaction temperature was raised,
the P2CIS peak shifted to a larger elution volume and the
overlap with the PS peak became too large to evaluate the
respective peak areas precisely. Thus, the conversion of 2C1S
was estimated only for samples reacted at lower temperatures.
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Figure 2. Time evolution of the angular dependence of the
light intensity scattered from the sample (2CIS/PS/DBP = 45/
45/10) under phase separation induced by polymerization of
2C1S monomer at 160 °C.

Results and Discussion

Time-Resolved Light Scattering. After polymer-
ization was initiated by a temperature jump, the system
remained homogeneous until the P2C1S concentration
reached the stability limit. The induction time before
the scattered intensity started to increase rapidly was
largely dependent on temperature, and it decreased
from 26.7 min at 110 °C to less than 2 min at 180 ¢C.
Figure 2 shows the time evolution of the scattered
intensity profile against the apparent scattering angle
for the sample reacted at 160 °C. There was a maxi-
mum at a nonzero angle and the maximum point
increased in intensity and shifted to smaller angles with
time, which was not different from the behavior ob-
served in the ordinary spinodal decomposition in the
absence of polymerization. At temperatures other than
160 °C, qualitatively the same behavior was observed.

The maximum intensity I, and the wavenumber g,
at which the maximum is located are plotted against
time for various temperatures in Figure 3, panels a and
b, respectively. The variable of the abscissa denotes the
phase separation time given by subtracting the induc-
tion time ¢, from the time ¢ after the temperature jump.
Each set of data is shifted vertically for viewing clarity.
Data points of two independent experiments at 160 °C
fell on the same curves, which shows good reproduc-
ibility of the measurement. Two distinct time regions
were observed in the plots of log I, versus log (¢ — to) at
all temperatures except 140 °C. In the earlier time
region (referred to as region I hereafter, I, increased
quite rapidly but in the succeeding region (region II)
the rate of increase of I, slowed significantly. In region
IT, I'm could be expressed by a power relation

The exponent § was largely dependent on temperature
as shown in Table 1. The rate of increase of I, was
extremely small in region IT at the lowest temperature,
110 °C, although it was still higher than that at the
estimated glass transition temperature (about 75 °C).17
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Figure 3. Time dependence of the maximum intensity I,
wavenumber g, at which the maximum intensity is located,
and conversion of 2C1S at various temperatures. ¢ is the time
after the temperature jump and ¢, is the induction time before
phase separation occurs. The log I, and log g, data are

vertically shifted by the following amounts 0.5, 0.3 (130 °C);

1.0, 0.6 (140 °C); 1.5, 0.9 (160 °C); 2.0, 1.2 (180 °C).
Table 1. Apparent Values of the Exponents o and §

a B
temp/°C region II region III region II region II1
110 0.05 0.09
130 0.14 0.34
140 0.11 1.00 0.42 1.50
160 0.19 0.74
180 0.27 0.82

At 140 °C, the rate of increase of I, was initially rapid,
then slowed (which was the same as observed at the
other temperatures), but then accelerated again in a
later period. Therefore the time dependence of I,, could
be divided into three regions rather than two at 140 °C.

Two time regions observed in I,, were not clearly
distinguished in gn as seen in Figure 3b. The wave-
number g, was fitted to the power relation

gm ~ (E— )™ (2)
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in the range corresponding to the region II of I,,, and
the evaluated exponents o are shown in Table 1. The
third time region observed in I, at 140 °C was clearly
distinguished in g,. The exponent a of region III was
evaluated to be 1.0, which was much larger than any
exponent of region II, including those at higher tem-
peratures.

Figure 3c shows the conversion of 2CIS at 130 and
140 °C estimated from the gel permeation chromato-
grams. Polymerization initially proceeded rapidly but
its rate became very slow after the conversion reached
about 80%. The time dependence of the conversion at
130 °C was quite similar to that of I,. The phase
separation rate depends on the product of mobility and
thermodynamic driving force.l® An increase in P2CIS
concentration results in an increase in the driving force
and in a decrease in the mobility, but the contribution
of the latter to the phase separation rate is dominant
over the contribution of the former except in the vicinity
of the stability limit. Therefore it is expected that the
phase separation rate will slow down with the conver-
sion of 2Cl1S, and in fact this agrees with our observa-
tion. Although the conversion could not be determined
at higher temperatures, it is reasonable to consider that,
in region I of I, phase separation was rapidly proceed-
ing because the conversion was still low and the mobility
was consequently high.

It is noted that the boundary between the regions of
distinctive reaction rates was located at a slightly late
time compared with the boundary between regions I and
IT of I,,. That is, there was a period in which the
reaction rate was still relatively fast though phase
separation had considerably slowed down its rate.

Morphological Structures. Figure 4 shows the
domain structures during phase separation at 130 °C
observed by the scanning electron microscope. The first
three micrographs show the structures in the period
covered by the time-resolved light scattering measure-
ments, and the remaining micrographs show the stru-
cures at a much later period. The bright parts in the
electron micrographs correspond to the P2ClS-rich
phase and the dark parts correspond to the PS-rich
phase. The P2ClS-rich phase formed droplets in the
early period, and these droplets continued to grow with
time. Att = 3 and 8 h after the temperature jump, it
was observed that there were very small droplets among
larger droplets of relatively narrow size distribution.
This is very different from the droplet structures
observed in ordinary phase separations at off-critical
compositions.!® This morphological structure rather
resembles the structures observed in droplet deposition
and coalescence phenomena such as condensation of a
vapor on a surface of a cold substrate.!® Nonspherical
domains formed by coalescence of droplets were ob-
served at ¢ = 8 h. The number of such nonspherical
domains increased with time. In the later periods,
coalescence among more than two droplets occurred and
eventually a cocontinuous domain structure similar to
those observed in ordinary phase separation at the
critical composition was formed as seen in the micro-
graph at 72 h. This is the first direct observation of
the morphological change from droplets to a cocontinu-
ous domain structure, although such morphological
change has been proposed to explain the mechanism for
formation of the connected-globule structure of epoxy
resins.®

Although cocontinuous domain structures are known
to break into droplets in the late stage of ordinary phase
separation in the absence of a polymerization reac-
tion,2%21 the morphological change in the opposite
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Figure 4. Electron micrographs of a microtomed surface of the sample under phase separation induced by polymerization at 130
°C. Reaction time after temperature jump ¢ = (a) 30 min, (b) 3 h, (¢) 8 h, (d) 36 h, (e) 48 h, and (f) 72 h. The bright parts

correspond to the P2CIS-rich phase.

Figure 5. Electron micrographs of a microtomed surface of the sample under phase separation induced by polymerization at 140
°C. Time after temperature jump ¢ = (a) 30 min, (b) 2 h, (c) 4 h, (d) 6 h, and (e) 72 h.

direction, namely the change from droplets to cocon-
tinuous domains, does not take place in ordinary phase
separation. In the late stage of ordinary phase separa-
tion, the concentration of each phase has attained to
the coexisting value, and the total volume of each phase
is conserved during the coarsening process. However,
in polymerization-induced phase separation, the total
volume of each phase is not necessarily conserved, and
it is reasonable to consider that the morphological
change resulted from the increase in the total volume
of droplets. We must notice that the morphological

change occurred while conversion was scarcely increas-
ing. Therefore, it is considered that the P2CIS, which
was a major component of the droplet phase, was
initially accumulated in the PS-rich background sea
domain and was gradually supplied to droplets after
polymerization finished.

The phase separation behavior at 140 °C was similar
to the behavior at 130 °C as shown in Figure 5. The
droplet domain structure emerged initially and grew
with time. Nonspherical domains were also observed
and grew with time, until the cocontinuous domain
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19 m

Figure 6. Electron micrographs of a microtomed surface of the sample under phase separation induced by polymerization at 180
°C. Time after temperature jump ¢ = (a) 10 min, (b) 1 h, (¢) 6 h, and (d) 24 h.

structure formed. However, in contrast to the case at
130 °C, continuous domains did not extend over the
whole system and large regions consisting of only
droplets coexisted. The morphological change occurred
much earlier than that at 130 °C: It occurred within
the period investigated by the time-resolved light scat-
tering experiment. Although the time ¢ = 4 h at which
cocontinuous domains were already formed was slightly
earlier than the beginning of region III observed in the
time-resolved light scattering measurement, emergence
of region III must be related to formation of the
cocontinuous domain structure. In fact, the cocontinu-
ous domain is known to grow much faster than the
droplet in fluid systems,?? and this is consistent with
acceleration of growth rates of I, and g ! observed in
region III. In addition, the exponent o = 1 agrees with
the theoretical value predicted by Siggia?? for the growth
of cocontinuous domains in a fluid system. The time
lag between the formation of cocontinuous domains and
the beginning of region III suggests that a sharp
interface had not yet been formed when cocontinuous
domains were formed. It is noted that the cocontinuous
domains broke into droplets again at a much later
period as seen in Figure 5e. Although the cocontinuous
domain structure was not observed at 110 °C, the
results at 130 and 140 °C suggest that cocontinuous
domains will also be formed at a much longer time than
we have investigated.

At higher temperatures, nonspherical domains were
formed at an early period but they did not grow large
enough to form continuous domains as seen in the case
of polymerization at 180 °C shown in Figure 6. Non-
spherical domains once formed by coalescence of spheri-
cal droplets transformed to spheres in the succeeding
period. In the later period, the morphological structures
looked very similar to those observed in ordinary phase
separation at an off-critical composition. The apparent
exponents o and 3 at 180 °C were not very different from
the exponents theoretically predicted for coarsening of
spherical domains in ordinary phase separation (a =
1/3 and 8 = 1).22

Microdomain Formation Mechanism. We at-
tempted to establish the mechanism of the polymeriza-
tion-induced phase separation of this system. Here we
summarize the experimental results that we must take
into consideration for discussing the mechanism. Po-
lymerization initially proceeded very rapidly until con-
version became high, and thereafter conversion changed
very little. Similarly, the scattered light intensity
increased rapidly (after an induction time) and then

reduced its growth rate. The boundary between two
time regions in the time-resolved light scattering was
located at a slightly earlier time than the boundary in
the conversion. The phase rich in the component
produced by the polymerization formed droplets, and the
distribution of droplet size was very wide in the early
period of phase separation: Droplets of relatively nar-
row size distribution coexisted with much smaller
droplets. Nonspherical domains were formed by coa-
lescence of droplets. At lower temperatures, coalescence
of droplets occurred frequently, which resulted in trans-
formation of the domain structure to cocontinuous
domains. This morphological change occurred while
polymerization proceeded very little. Acceleration of the
phase separation rate associated with the morphological
change occurred after some delay. At higher tempera-
tures, coalescence of droplets occurred only in a very
early period and these droplets did not form cocontinu-
ous domains though the phase volume ratio of the
droplet phase was not very different from that at lower
temperatures.

The plasticizer DBP is a good solvent for PS and
P2C1S, and phase separation in the present system is
caused by segregation between the two polymer spe-
cies.!® In addition, the amount of DBP in the mixture
is relatively small. Thus we neglect the plasticizer in
the following discussion for simplicity. In that case, the
present system is regarded as a ternary system consist-
ing of PS, 2CIS monomer, and its polymerization
product, P2CIS. A schematic phase diagram, where the
molecular weight distribution is also neglected, is
presented in Figure 7. The initial mixture of PS and
2CIS monomer is represented by the midpoint A on the
side of the trigonal phase diagram. As polymerization
proceeds, the phase point representing the composition
of the mixture moves on the line parallel to the side
connecting the 2CIS and P2CIS apexes until it reaches
the intersection with the phase boundary.

Two extreme cases can be considered regarding the
behavior after the phase point moves into the two-phase
region, depending on the difference between the phase
separation rate and the reaction rate: (i) the polymer-
ization reaction is much faster than phase separation,
and (ii) phase separation is fast enough to form domains
whose concentrations are very close to the coexisting
values at that point. In the former case (i), the phase
point continues to move on the same line extended to
point B until polymerization finishes somewhere on the
line, and very slow phase separation follows. This
corresponds to a concentration jump and the phase
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P2Cls B PS

Figure 7. Schematic phase diagram of the ternary system of
PS, 2C1S monomer, and the polymerization product P2CI1S.

separation behavior is not different from that of the
ordinary phase separation induced by a temperature or
pressure jump. In the latter case (ii), phase separation
proceeds rapidly at shallow points inside the two-phase
region, which means that phase separation always
occurs at an off-critical composition unless the inter-
section (point C) is located in the immediate vicinity of
the critical point. Droplet domains are formed as a
consequence, When the intersection is located on the
PS-rich side of the phase diagram, the droplet phase is
rich in P2CIS as observed in our experimental results,
irrespective of the final phase volume ratio between the
two polymers. Polymerization proceeds and P2C1S
concentrations in the newly formed domains deviate
from the coexisting values. It is noted that, as seen in
Figure 7, an increase in the P2CIS concentration in the
P2Cl1S-rich droplet phase results in only a small devia-
tion from the new coexisting concentration compared
with the deviation in the PS-rich phase. The excess
P2CIS in the background PS-rich phase either diffuses
to the existing droplets or causes phase separation
leading to the formation of a new generation of droplets,
so that the concentration of each phase attains the new
coexisting value.

Since phase separation was very fast in the early
period as we observed, the phase separation behavior
is expected to be very close to the case (ii). As polym-
erization proceeds, the concentration of P2ClS increases
and the system becomes more viscous. The decrease
in mobility of the component molecules decreases both
phase separation and reaction rates, but the influence
on phase separation rate is much larger because long
polymer chains have to diffuse for phase separation to
proceed while diffusion of small monomer molecules is
sufficient for polymerization to proceed. Consequently,
as polymerization proceeds, the rate of phase separation
is more quickly slowing than the polymerization reac-
tion, and the phase separation behavior becomes more
like the case (i). Polymerization finishes in time, and
the phase separation behavior strongly depends on how

much like the case (i) the phase separation behavior

becomes when polymerization finishes. At lower tem-
peratures, since the distance from the glass transition
temperature is smaller, the viscosity of the mixture at
high conversions is higher than that at higher tempera-
tures. Consequently, with decreasing temperature, the
phase separation behavior approaches nearer to the case
(i) before polymerization finishes.
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When phase separation becomes slow compared with
polymerization, the excess P2CIS gradually accomulates
in the background domain. After polymerization fin-
ishes, phase separation continues to proceed and the
total volume of droplets increases, which causes coa-
lescence among droplets. At lower temperatures, a
large amount of the excess P2CIS has accumulated and
coalescence of droplets leads to formation of a cocon-
tinuous domain structure. On the other hand, at higher
temperatures, the amount of excess P2CIS accumulated
in the PS-rich phase is insufficient for forming a
cocontinuous domain structure, and droplets coarsen
without forming cocontinuous domains.

One may consider that morphological change occurred
simply because the P2CIS concentration changes from
off-critical to critical concentrations as polymerization
proceeds, but this does not seem to be consistent with
the results at high temperatures. Although the phase
volume ratio between the two phases did not deviate
very much from unity at high temperatures, cocontinu-
ous structures were not formed. This indicates that
formation of a cocontinuous phase is not determined
only by the phase volume ratio, and therefore an
explanation based on the kinetics of phase separation
and polymerization, such as presented here, is neces-

sary.
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