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ABSTRACT: Phase separation behavior for the mixture of polystyrene (PS) and poly(n-butyl
acrylate) (PBA) was investigated when PBA was in situ polymerized from the homogeneous solution
of PS and n-butyl acrylate (BA) monomer. The nearly monodisperse PS was used to eliminate
the molecular weight distribution effect on the phase separation behavior. The turbidity method
was used to follow the phase separation progressed with polymerization. The intensity of the
transmitted light was recorded as a function of the polymerization time. The effects of the concen-
tration, the PS molecular weight, the polymerization temperature and the crosslinking agent on
the phase separation hehavior were investigated. As the concentration and the molecular weight
of PS were increased, the onset time to phase separation decreased, and the rate of phase separ-
ation increased. The introduction of a crosslinking agent to the BA mixture retarded the phase
separation for the semi-interjcnetrating polymer network (S-IPN) with the high molecular weight
PS. In contrast to this, for the S-IPN of the low molecular weight PS, the phase separation was

accelerated with increasing the amount of the crosslinking agent.

Introduction

The phase separation behavior in polymer mix-
tures has attracted a lot of attention because it plays
important roles in determining the blend morphol-
ogy, which in turn is related to the property of
the materials."? Most reports on this subject were
concerned with the investigation of the phase separ-
ation behavior of a binary mixture, in which a tem-
perature jump experiment from the homogeneous
region to the heterogeneous region in the phase
diagram was employed to induce the phase separa
tion.>~® However, a few studies were reported on
the phase separation behavicr of the ternary mix-
ture composed of polymer A, polymer B, and mono-
mer B, where monomer B is in situ polymerized
into polymer B.” These types of polymer niixtures
have been commercially produced in a large quan-
tity since 1940’s as in the case of high impact poly-
styrene (HIPS) and acrylonitrile butadiene styrene
plastics (ABS).

In the present paper, we report some results on
the phase separation behavior of the ternary mix-
tures of polystyrene (PS), poly(z-butyl acrylate)
(PBA), and #-butyl acrylate (BA) in which BA is
poiymerized into PBA in the presence of PS. The
monodisperse PS was used to eliminate the effect
of molecular weight distribution on the phase separ-
ation behavior. The effects of the concentration,
the PS molecular weight, polymerization tempera-
ture were studied. In addition, the effect of a cross-
linking agent which reduces the phase separation
by interlocking the chain was also studied.

Experimental

Materials. The PS samples with narrow mol-
ecular weight distributions which were purchased
from the Pressure Chemical Co. and their molecu-
lar characteristics are described in Table I. The
BA monomer was used after purification with a con-
ventional distillation and washing method. Benzoyl

45



K.-Y. Choi et al.

Table 1. Molecular Weight and Molecular Weight
Distribution of Polystyrenes

Mw

designation M, (g/mole) M,
4 K 4,000 1.06
75 K 7,500 1.06
9 K 9.000 1.06
23 K 23,000 1.06
90 K 90,000 1.04
170 K 170,000 1.06
400 K 400,000 1.06
575 K 575,000 1.06
900 K 900,000 1.10

peroxide (BPO), an initiator, and ethylene glycol
dimethacrylate (EGDMA), a crosslinking agent, of
reagent grades were used as received without fur-
ther purification. The mixture solutions of PS, BA
and the initiator were prepared in a 10 mL vial
by stirring with a small magnetic spin bar.

Sample Code. The samples are coded for con-
venience as follows. For the sample, Sxx10B90 [E2I
1], the alphabets S, B, E and I represent PS, BA,
EGDMA and BPO, respectively. The numbers re-
present the weight % of the corresponding materials.
Note that the numerics in bracket are the weight
% of EGDMA and BPO based on the monomer
mixture. Subscripts denote the molecular weights
in thousands of PS. For example, 23K denotes
23,000 g/mole.

Transmitted Light Intensity Measurement.
The schematic diagram of the apparatus used for
the measurement of the transmitted light intensity
is shown in Figure 1. The reaction mixture pre-
pared was injected using a syringe into a mold which
was made of two slide glasses with a thin polyester
spacer of 20 pm and the glass mold containing the
mixture was sealed with a Scotch tape. The mold
was then inserted into the cell whose temperature
was maintained as desired. A laser light passed
through the sample in a hole bored in the mold.
A He-Ne laser of 6328 A wavelength was used as
a light source. The intensity of the transmitted light
was measured in a dark room using a photodiode
connected to a recorder. In this study, turbidity
“zero” means the intensity of the transmitted light
of the initial transparent solution just after the mold
is inserted into the cell and turbidity “1” for the
dark current signal of the photodiode when the
laser light is turned off.
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Figure 1. Schematic diagrams of apparatus (a) and
cell (b) for the measurement of transmitted light inten-
sity.

(a) apparatus: 1. power supplier for laser; 2. He-Ne
laser; 3. cell; 4. photodiode; 5. recorder; 6. tempera-
ture controller/thermocouple.

(b) cell (top/side view): 1. cell; 2. heaters; 3. thermo-
couple; 4. temperature controller; 5. recorder; 6.
mold.

BA

Figure 2. Schematic phase diagram of the ternary
mixture of PS, BA, and PBA. BA is converted into
PBA as polymerization proceeds.

Results and Discussion

Linear Blends. When polymer PS, is dissolved
in monomer BA which polymerizes gradually into
polymer PBA, the mixture is composed of three
components of polymer PS, polymer PBA, and mon-
omer BA and its phase diagram may be assumed
as shown in Figure 2. In Figure 2, the shaded area
represents an inhomogeneous mixture of two phases
of polymer PS in monomer BA and polymer

Korea Polym. ], Vol. 1, No. 1, 1993



00

Phase Separation Behaviors during Polymerization in the Linear Blends and Semi-INP’s

0.2
60°C

0 60°C
2 70T we
2 06 90°C. 1\\ug0t
20 no't 10°C

08 PS mol.wt: 75K F PSmol.wt.:23K

‘0 1 L DU 1 L A A

20 40 60 80 0 20 40 60 80
Time{min) Time(min}

(a)

(b)

00

0.2 -

0.4}~
>
:“i PSwt.%
5 0
T oo

13
0.8+
10 1 i, 1
0 20 40 60 80
time/min

Figure 3. Effect of the PS content on the turbidity
for the linear blends (Sx«xB [E0I0.5]) with PS molecu-
lar weight of 23,000 g/mole, polymerized at 70 C.

PBA in monomer BA. The mixture is located on
the point C at the initial stage of the reaction and
moves along the line CD as the monomer BA is
converted into polymer PBA. When it meets the
point O, it begins to separate into two phases and
finally reaches the point D, where the mixture is
composed of polymer PS and polymer PBA. The
phase diagrams are generally affected by the com-
patibility between the component polymers, mol-
ecular properties such as the molecular weight and
the molecular weight distribution as well as ther-
modynamic variable such as temperature and press-
ure. It should be noted that, even within the het-
erogeneous area (the shaded area in Figure 2), the
phase separation cannot take place when the chains
don’t have enough mobility to coalesce, which de-
pends mainly upon the medium viscosity, the dimen-
sion of chains, temperature, and pressure.

When the phase separatiori behavior in the poly-
mer mixture are investigated by means of the tur-
bidity technique, the difference in the refractive in-
dices of the phases should be large enough to be
detected experimentally. In the extreme case where
the phases have equal refractive indices, no turbi-
dity can be observed even though the phase sep-
aration occurs. In our systems PS, PBA and BA
have the refractive indices of 1.59, 1.466 and 1.4156,
respectively at 20 C .* The refractive indices of each
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Figure 4. Effect of the polymerization temperature
and the PS molecular weight on the turbidity for the
linear blends S10B90 [E0I0.5] having the following
PS molecular weight : (a) 75K, (b) 23K.

phase may be calculated according to the following
additivity rule.

n=vn+uvmn,

where n, n; and n, are the refractive indices of
a given phase (i.e, PBA/BA, or PS/BA), monomer,
and polymer, respectively, and »; and v, are the
volume fractions of monomer and polymer in each
phase, respectively. From the calculation the PS/BA
phase has the refractive index of 1.4156~1.59 and
the PBA/BA phase of 1.4156~1.466, depending on
the compositions of each phase. It should be men-
tioned that the turbidity of the initial mixture can-
not be detected for the sample with the phase com-
posed of low PS content, even though the phase
separation occurs. However, in our study, because
the sample became apparently turbid with polym-
erization going on and the turbidity seemed to be
closely related with the morphology developed, the
turbidity method was used to investigate the phase
separation behavior.

Figure 3 shows the effect of the PS content on
the turbidity for the PS/BA mixtures, Sx;xB [EOIQ.
5], polymerized at 70 C. As the content of PS was
increased from 4 wt% to 13 wt%, the phase separ-
ation began earlier, ie., at lower conversion of BA
and proceeded more rapidly and the values of the
final turbidity became higher. This observation can
be understood with ease when considering that the
gap between the point C and the point O in Figure
2 becames narrower as the point € shifts toward
the point PS due to an increase of the PS content
in the initial mixture. Figure 4(a) and 4(b) show
the effect of the polymerization temperature on the

47



K.-Y. Choi et al

60°C
L0 - o
3 0%
< o)
-E O
2
= O
= 20 70°C
v
¢
o
10} ~—Q_ 94
o
90°C
e 88885
] 1 1 1

Log {MV. of PS)

Figure 5. Effect of the polymerization temperature on
the onset time of the phase separation for the linear
blends of S10B90 [E0I0.5].

turbidity for the mixtures with the PS molecular
weight of 7,500 and 23,000, respectively, while main-
taining the PS and BPO contents at constant va-
lues. As shown in Figure 4(a), when the polymeri-
zation temperature was increased from 60 C to 110
C, the onset time at which the phase separation
takes place was dropped from 40 min to 2 min.
This is because the polymerization reaction of BA
occurs more easily at higher temperature compared
with at lower temperature so that the polymer PBA
can be formed earlier. It should also be pointed
out that the turbidity increases more rapidly and
reaches higher values with increasing the reaction
temperature. When Figure 4(b) is compared with
Figure 4(a), one can notice that the polymer blend
of higher PS molecular weight has lower compati-
bility because it has higher turbidity values, even
though similar trends in the turbidity change with
the reaction temperature are found at both blends.

The effects of the PS molecular weight and the
reaction temperature on the onset time of the phase
separation are shown in Figure 5. The PS’s studied
have the molecular weights ranging from 4,000 g
/mole to 900,000 g/mole. Note that their molecular
weight distributions are very narrow, that is, less
than 1.10. For the mixture with the PS molecular
weight of 4,000, the apparent turbidity was not de-
tected even when the polymerization was com-
pleted, thus, it was impossible to determine the
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Figure 6. Effects of the PS molecular weight on the
turbidity for the semi-IPN S10B90 [E210.5] polymeri-
zed at 70 C.

onset time of the phase separation. The onset time
means the time elapsed for the mixture to move
from the initial point C to the point O as the mono-
mer BA is polymerized into the polymer PBA (Fig-
ure 2). It was found that the onset time was rela-
tively long mainly due to the slow reaction rate when
the reaction temperature was low and decreased
with increasing the PS molecular weight up to 90,
000 g/mole and then remained nearly constant up
to 900,000 g/mole. If we assume the reaction rate
of BA is independent of the PS molecular weight,
the decrease in the onset time implies the time
interval between the point C and the point O is
reduced, reflecting that the phase separation curve
moves toward the line PS-BA. It also implies that
the homogeneous single phase region is reduced.
Therefore, from the above results, it is presumed
that the PS/PBA blends are more compatible when
they are prepared with lower PS contents and at
lower temperature.

Semi-IPN. When crosslinking agents are added
to the solution of a polymer dissolved in the mono-
mer, the polymer polymerized from the monomer
has network structures and the resulting polymer
blend is called a semi-interpenetrating polymer net-
work (S-IPN).° A lot of results were reported that
the phase separation in S-IPN is restricted, com-
pared to the linear polymer blends, due to the in-
terlocking between the polymer chains.""

Figure 6 shows the turbidity change with reaction
time for the samples of S10B90 [E2I0.5] with the
PS's having different molecular weights and the
crosslinking agent, ethylene glycol dimethacrylate
(EGDMA), of 2 wt% based on the total monomer
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Figure 7. Effect of the EGDMA content or the turbid-
ity for the semi-IPN Sux10B0 [EI0.5] polymerized
at 70 C.

amount. The degree of phase separation is greatly
reduced in the sample with low molecular weight
PS, when the crosslinked structure is introduced.
However, for the mixtures where the molecular wei-
ght of PS is more than 170,000 g/mole the cross-
linking agent does not affect significantly the tur-
bidity. Figure 7 shows the effect of the EGDMA
content on the turbidity for the semi-IPN’s Sgx10B
90 [E 10.5], in which the molecular weight of PS
is 90,000 g/mole. With increasing the EGDMA con-
tent up to 20 wt%, the time needed to observe
a maximum growth of turbidity is delayed probably
due to entanglement of PS with the crosslinked
PBA because PS has molecular weight high enough
to be interlocked with the crosslinked chains to
reduce the phase separation. However, the value
of turbidity leveled off is not significantly affected
by the content of the crosslinking agent because
the linear PS chains might be disentangled after
a long reaction time.

On the contrary, the introduction of lower mol-
ecular weight PS may give the reverse effect on the
phase separation behavior. Figure 8 shows the plot
of the transmitted light intensity versus polymeri-
zation time for the samples Syxx10B90 [E 10.5] with
varying the amount of the crosslinking agent. PS
used here has lower molecular weight than that
used in Figure 7. In general, the polymer whose
molecular weight is lower than some critical mol-
ecular weight (M.), e.g, 25,000 g/mole, cannot en-
tangle each other and its melt viscosity increases in
proportion to the molecular weight. However, when
the molecular weight is higher than M, the melt
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Figure 8. Effect of the EGDMA content on the turbid-
ity for the semi-IPN S»x10B90 [E 10.5] polymerized
at 70 T.

viscosity increases with a 3.4th power of the mol-
ecular weight due to the chain entanglement.” As
shown in Figure 8, the increase in the crosslinking
agent concentration tended to accelerate the phase
separation for the blends with low molecular weight
PS due to a very few entanglement. However, the
onset time is not greatly affected by the content
of the EGDMA because the phase separation pro-
cess begins earlier than the crosslinking reaction,
that is, IPN formation. In general, the molecular
weight of PBA becomes higher at the same conver-
sion as the content of the crosslinking agent is inc-
reased, which might deteriorate the compability of
the mixture. Therefore, it is believed that an in-
crement in the crosslinking agent reduces the com-
patibility for the mixture containing the low molecu-
lar weight PS.
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