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Abstract

The phase separation in monomer—copolymer solutions was studied for styrene—acrylonitrile, styrene—butyl
methacrylate and styrene-methyl methacrylate systems in order to find conditions to stimulate a bootstrap effect
in radical copolymerization. There was phase separation at Ty, < T.op and a bootstrap effect for the styrene—
acrylonitrile and styrene—butyl methacrylate system, but no effects for the styrene—methyl methacrylate system.
Both the data on the phase separation and the excess free energy of the monomer mixing (AG®*) are needed to
explain the dependence of the bootstrap effect on the temperature of the styrene—butyl methacrylate
copolymerization. Temperature had a large influence on the copolymer inhomogeneity in the copolymerization of
styrene with butyl methacrylate in this study. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

It is known that the copolymer composition, distri-
bution, and monomer reactivity ratios of binary copo-
lymerization in bulk may be considerably influenced by
the preferential solvation of growing chains of
monomers [1,2]. The kinetic and microstructure effects
in copolymerization attributed to preferential solvation
were named bootstrap effects and a copolymerization
model taking these effects into consideration was
named a bootstrap model [3]. It is very significant for
predicting the conditions that lead to the bootstrap
model realization in copolymerization. In our investi-
gation we observed that a positive excess free energy
of the mixing of two monomers AG®* >0 is ac-
companied by a dynamic bootstrap effect in the bulk
copolymerization of a number of systems [4]. In order
to better understand what stimulates the appearance of
the bootstrap effect in bulk copolymerization, we have
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studied the phase separation in reaction solutions, i.e.
comonomer—copolymer solutions, of styrene (ST)—
methyl methacrylate (MMA), ST-acrylonitrile (AN)
and ST-butyl methacrylate (BMA) systems. Some ex-
periments concerning the distribution of ST-BMA
copolymer were also carried out to verify the bootstrap
effect in this system.

2. Experimental
2.1. Materials

The monomers were dried and fractionated under
atmospheric pressure (MMA, AN) and under vacuum
(ST, BMA). The purities were checked by using gas—li-
quid chromatography, the purity being found to be
more then 99.7%. An initiator, 2,2'—azobis (isobutyro-
nitrile) (AIBN) was purified by recrystallization from
diethyl ether and dicyclohexylperoxydicarbonate
(DCC) by precipitation from an acetone solution with
a mixture of methanol and water (1:2 by volume). The
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solvents were dried and purified by standard pro-
cedures.

2.2. Copolymerization and fractionation

The bulk ST-BMA copolymerization was carried
out at 303 and 343 K up to 5 and 70 wt% conversion.
The copolymerization of ST and MMA was carried
out in bulk and in the presence of nonsolvents (octane,
methanol). Prior to the polymerization, the monomer
solutions were degassed. The process was performed in
evacuated ampoules. ST-BMA copolymers were frac-
tionated by stepwize precipitation in a methyl ethyl
ketone—methanol system. The analysis of ST-BMA
and ST-MMA copolymer was made by IR-spec-
troscopy with a “Specord-75-IR”. The molecular
weights were determined by viscometry and gel-per-
meation chromatography methods.

2.3. Determination of excess Gibbs free energy AG™

The excess Gibbs free energy of the monomer mix-
ture, AG®*, was calculated from the data on liquid—va-
pour equilibrium [4]. The estimation error of the
values of AG®* was less than 4%.

2.4. Determination of critical solution temperature

To determine the phase separation temperature,
given amounts of the copolymer and monomers were
placed into tubes, sealed and shaken until they formed
a homogeneous system. Usually, 4-5 wt% solutions
were prepared that corresponded to low-conversion
copolymerizations. The sealed tubes were slowly cooled
to determine the phase separation temperature as
visual cloud points. The average value of the critical
temperature was usually found by a cooling—heating
cycle.

3. Copolymerization

The general bootstrap effect we have found in the
homogeneous bulk copolymerization is dynamic
because the preferential solvation coefficient depends
on the molecular weight (M) of the copolymer, and,
as a result, the copolymer composition depended on
its M. According to this phenomenon, there are two
main kinetic effects of the bootstrap model on the
bulk copolymerization—the dependence of the copoly-
mer composition and reactivity ratios on the initiator
or chain transfer agent concentrations and the inhom-
ogeneity in the composition of low-conversion copoly-
mers. In the last case, we mean a larger
inhomogeneity than that predicted by Stockmayer [5].
Both of the above effects were observed in ST-AN
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Fig. 1. Integral composition distribution curves for low-con-
version ST (1)-BMA (2) copolymer obtained in bulk: 7%
conversion, M, =0.7. 1—T =303 K, [DCC]=5x 1073 M;
2—T=343K, [AIBN]=5x10"° M; 1’2 —calculated
according to Stockmayer [5].

copolymerization but were not been in ST-MMA
copolymerization [1]. The ST-BMA system is of great
interest [6] because the dependence of the copolymer
composition on its M takes place at 303 K and it
does not occur at 343 K. For this system, there is no
data concerning the copolymer inhomogeneity. It was
necessary, first of all, to obtain this data to confirm
the dependence of the bootstrap effects on temperature
in this copolymerization.

As Fig. 1 shows, the inhomogeneity in composition
of copoly (ST-BMA) formed at 343 K is close to the
instantenous inhomogeneity calculated according to
Stockmayer [5]. But the distribution in composition of
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Fig. 2. Integral composition distribution curves for high-con-
version ST (1)-BMA (2) copolymer obtained in bulk: 70%
conversion, M, =0.7. 1—T=303K, [DCC]=5x10"3 M;
2—T=343K, [AIBN] = 5x 107> M.
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Fig. 3. The monomer freezing temperatures against the com-
position of ST (1)-MMA (2) monomer mixtures: 1-5wt% sol-
utions of 32mol% ST-68 mol% MMA copolymers,
My = 63.3 x 10* 2—monomer mixture; ¢@r—volume fraction
of MMA.

the copolymer is significantly wider if bulk copolymeri-
zation proceeds at 303 K. These results confirm the
bootstrap model of ST-BMA copolymerization only at
303 K. Fig. 2 shows that a large difference in the in-
homogeneity of the copolymers obtained at 303 K and
at 343 K is observed in high-conversion ST-BMA
copolymerization also. This result is important since
the conversion limit of the bootstrap model in bulk
copolymerization is not yet known.
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Fig. 4. Phase separation temperatures against composition of
5 wt% solutions of 60 mol% ST-40 mol% AN copolymers in
ST (1)-AN (2) monomer mixtures. Copolymer Mw: 1—
17 x 10°, 2—1.076 x 10°, 3—2.84 x 10°, 4—monomer mixture;
@>,—volume fraction of AN.

4. Phase separation

Phase separation temperatures were determined for
four slightly different samples. As shown in Fig. 3-5,
there is no phase separation in the classical ST—
MMA-copoly (ST-MMA) system until the correct
freezing temperature is reached, but the upper critical
solution temperatures are registrated for anomalous
ST-AN-copoly (ST-AN) and ST-BMA—copoly (ST-
BMA) systems. According to the Flory—Huggins the-
ory, O-temperature is close to the upper critical sol-
ution temperature. Thus, one of key requirements for
the bootstrap model to work may be a relative
approach of the copolymerization conditions to the ©-
conditions, meaning conditions that define the thermo-
dynamic quality of the monomer mixture as a solvent
for the copolymer. It is known that the preferential
solvation increases if the ternary system (solvent 1-sol-
vent 2—polymer) approaches to the ®-conditions [7].

One may believe that the decrease of temperature in
ST-BMA bulk copolymerization stimulates the
appearance of bootstrap effects because of a reaction
solution approaching the @-conditions. This is true,
but there is another aspect of the problem as well. It is
seen from Figs. 5 and 6 that the upper critical solution
temperatures are higher for the ST-BMA system. This
means that at 343 K, the ST-BMA reaction system is
closer to the O-temperature than ST-AN.
Nevertheless, there is the bootstrap effect in ST-AN
copolymerization at this temperature and no effects in
ST-BMA copolymerization (see Figs. 1 and 2 and
Refs. [1,6]). In order to explain in behavior of these
systems, we plotted our AG®* data [4] against tempera-
ture. Fig. 6 shows that AG®™ < 0 at 343 K for the ST—
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Fig. 5. Phase separation temperatures against composition of
5 wt% solutions of ST (1)-BMA (2) copolymers in ST-BMA
monomer mixtures. 1,3—60 mol% ST—40 mol% BMA copo-
lymer; 1—Mw =022x10% 3—My=19x10% 24—80-
mol% ST-20 mol% BMA copolymer; 2—My = 1.6 x 10°,
4—My = 1.7 x 10%, 5—monomer mixtures; @p,—volume frac-
tion of BMA.
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Fig. 6. Plots of excess Gibbs free energy of monomer mixture

(1:1 by mole) AG** against temperature for ST-AN (1), ST—
BMA (2), and ST-MMA (3) systems.
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Fig. 7. Dependence of copolymer composition on My in
homogeneous ST (1)-MMA (2) copolymerization in nonsol-
vents; 333K, [AIBN]=5x10"° M, M,=08; 33vol%
methanol, [C1oH,sSH] =2.5x 1073, 5x 107> M (e); 60, 50,
33 and 20 vol% methanol (Q); 60 and 33 vol% octane (A);
bulk copolymerization ([J).

BMA monomer mixture and, according to Ref. [4], the
dynamic bootstrap effect does not take place under
these conditions. It seems that two factors are import-
ant for the bootstrap model realization in bulk copoly-
merization. The first is the sign of the excess free
energy of monomer mixing AG* > 0 and the second is
a relatively poor monomer mixture as a solvent for the
copolymer. The latter takes place under copolymeriza-
tion conditions which are not very far from the phase

separation conditions of the reaction system. For a
dynamic bootstrap effect, the decrease of the second
virial coefficient 4, of the monomer—copolymer sol-
ution with an increase in the copolymer M is import-
ant as well [1].

There is another way of making the monomer mix-
ture poorer as a solvent for the copolymer. It is necess-
ary to add a quantity of a nonsolvent to the solvent.
According to this idea, the copolymerization of a
20 mol% ST-80 mol% MMA mixture in methanol
and octane as nonsolvents was studied. The copolymer
M, was controlled by the nonsolvents as very weak
chain-transfer agents. To obtain a very low My copo-
lymer, decyl mercaptan was also used as a strong
chain-transfer agent. Both nonsolvents lead to hetero-
geneous ST-MMA copolymerization if their content is
more than 54 vol% in the monomer mixture. We used
a lesser amount of the nonsolvents in order to have
homogeneous copolymerization. The results are sum-
marized in Fig. 7. It is seen that the nonsolvents cause
the copolymer composition dependence on My. As
mentioned above, the bulk ST-MMA copolymeriza-
tion is classic.
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