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AbstractÐA series of styrene-divinylbenzene copolymers were synthesized by suspension polymerization
using two types of diluent systems: diethylphthalate (DEP)/n-heptane (Hep) and diethylphthalate
(DEP)/isoamylacetate (i-AmAc). The in¯uence of DEP/Hep and DEP/i-AmAc ratios on the formation
of the porous structure and swelling of the copolymers were investigated. The mixtures of these diluents
produced copolymers with lower pore volumes than those produced with the pure diluents. These
results were attributed to the cosolvency e�ect provoked by the interaction and association between the
components of the diluent systems. # 1998 Elsevier Science Ltd. All rights reserved

INTRODUCTION

Porous Sty-DVB copolymers have been synthesized
by suspension polymerization in the presence of
inert diluents. The main di�erences on the porous
structure formation are governed by the solvating
power of the diluent system and can be summarized
as: critical concentrations for the polymer precipi-
tation during the early stages of the polymerization,
the tendency of precipitated polymer to agglomerate
in microspheres, and the entanglement degree of
nuclear and internuclear chains [1].
Solvating diluents, generally, produce expanded

networks, microspheres which collapse upon diluent
removal, or small ®xed pores, depending on the di-
lution degree and DVB content [2, 3].
As the diluent solvating power decreases polymer

precipitation occurs earlier in the polymerization
process, the microspheres and macropores become
rather larger ®xed pores and the nuclear and inter-
nuclear chains become more entangled. In general,
mixtures of solvating and non-solvating diluents
produce pores of intermediate size [4, 5]. The solubi-
lity parameters (d) are useful to predict the for-
mation of porous structures of Sty-DVB
copolymers synthesized in the presence of di�erent
pure diluents or their mixtures [6]. The greater the
a�nity of the diluent for the copolymer the smaller
their di�erence in d. In the case of diluent mixtures,
the solubility parameter (dmix) can be considered as
an average value of the d parameters of the pure
diluents. A non-solvating diluent, the d value of
which is higher than that of the copolymer, in mix-
ture with a non-solvating one, the d value of which
is smaller than that of the copolymer, may result in
a diluent system with increased solvating power

because their average d will be closer to the d of the
copolymer than the pure diluents.
In previous works [6, 7], it had been found that

some polar aromatic solvents when mixed with hep-
tane presented cosolvency e�ects. It had also been
suggested that in the case of diluent mixtures, the
porous structure depends not only on the a�nity of
each diluent for the copolymer but also on the in-
teraction of the diluents with themselves.
In the present work, we have investigated the

e�ect of cosolvency that occurs with the mixtures
diethylphthalate/n-heptane and diethylphthalate/iso-
amylacetate on the formation of porous structures
and swelling properties of Sty-DVB copolymers.

EXPERIMENTAL

Materials

Commercial styrene (donated by Nitri¯ex S/A) and divi-
nylbenzene (donated by Nitri¯ex S/A) were washed with
10% aqueous hydroxide solution, deionized water, dried
over anhydrous calcium chloride and ®nally distilled under
reduced pressure. The purity of the supplied DVB was
55%. The diluents, diethylphthalate (DEP, QuõÂmica
TaubateÂ S/A), n-heptane (Hep, Rio-Lab., Ltd.) and i-amy-
lacetate (i-AmAc, Rio-Lab.) with P. A. purities were used
as received. The initiator 2,2'-azobisisobutyronitrile
(AIBN) (donated by Metacril S/A) was puri®ed by recrys-
tallization from methanol solution. The components of the
aqueous phase: gelatin (Otker Produtos Alimenticios),
hydroxyethylcellulose (donated by Union Carbide do
Brasil) and NaCl (Vetec QuõÂmica Fina) were obtained
commercially and used as received.

Polymerization

Sty-DVB copolymers were synthesized by suspension
polymerization in the presence of two diluent systems:
diethylphthalate/n-heptane (DEP/Hep) and diethylphta-
late/isoamylacetate (DEP/i-AmAc) according to a pro-
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cedure described in an earlier paper [2]. The dilution
degree employed was 80% in relation to the total volume
of monomers. The DVB content was 45% in relation to
the molar concentration of styrene.

Characterization of the copolymers

The copolymer samples were characterized by apparent
density (da), ®xed pore volume (Vfp), surface area (S),
average pore diameter (D), toluene uptake (UTol) and hep-
tane uptake (UHep) according to methods described in ear-
lier papers [3, 8].

RESULTS AND DISCUSSION

The solubility parameters of DEP, Hep, i-AmAc
and Sty-DVB copolymers are 20.5, 15.1, 16.0, and
18.6 (MPa)1/2, respectively [9, 10]. The values of
solubility parameters for the diluent mixtures (dmix)
were calculated as shown in Ref. [6]. According to
their solubility parameters DEP and i-AmAc are
classi®ed as intermediary solvents while Hep as
poor solvent for styrene-divinylbenzene copolymers
[1].
For the diluent systems DEP/Hep and DEP/i-

AmAc the dmix value of a given diluent mixture will
be closer to the d of the copolymer than that of the
pure diluents. Consequently, the solvating power of
these mixtures is expected to be higher than the sol-
vating power of the pure diluents.

Table 1 shows the characteristics of Sty-DVB

copolymers synthesized with DEP, Hep and DEP/

Hep mixtures. These mixtures produced copolymers

with smaller porosities than those produced by the

pure diluents. When the proportion of Hep in the

diluent mixture increased, the porosity diminished

until a minimum value and then it began to increase

up to the complete DEP substitution (Fig. 1). The

Table 1. Characteristics of Sty-DVB copolymers synthesized with diethylphtalate (DEP), n-heptane (Hep) and mixtures of DEP/Hep

DEP/Hep
V/V (%)

dmix (MPa)1/2 da (g cmÿ3) S (m2 gÿ1) D (AÊ ) Vfp (cm3 gÿ1) UTol

(cm3 gÿ1)
UHep

(cm3 gÿ1)
UTolÿUHep

(cm3 gÿ1)
UHep/Vfp

(cm3 gÿ1)

100/0 20.5 0.44 137 126 0.43 1.21 1.05 0.16 2.4
90/10 19.9 0.47 84 157 0.33 1.20 0.97 0.23 2.9
75/25 19.2 0.58 ÿ ÿ 0.06 1.04 0.87 0.17 14.5
65/35 18.6 0.58 0 ÿ 0.05 0.96 0.68 0.28 13.6
50/50 17.8 0.60 0 ÿ 0.03 0.96 0.67 0.29 22.3
45/55 17.6 0.61 0 ÿ 0.02 0.90 0.60 0.30 30.0
25/75 16.6 0.56 8 450 0.09 0.97 0.71 0.26 7.9
10/90 15.6 0.47 85 146 0.31 1.05 0.91 0.14 2.9
0/100 15.1 0.41 99 291 0.72 1.20 1.02 0.18 1.4

Fig. 1. E�ect of the composition of Dep/Hep mixture on
the apparent density and the ®xed pore volumes of Sty-

DVB copolymers

Fig. 2. Photomicrographs of optical microscopy of the
Sty-DVB copolymers produced at DEP/Hep ratios: (a)

100/0, (b) 45/55, and (c) 0/100 (magni®cation: 40�)
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apparent density (da) attained a maximum value
and the ®xed pore volume (Vfp) was minimum at
DEP/Hep = 45/55. The best cosolvent mixtures
were DEP/Hep = 65/35, 50/50 and 45/55, whose
dmix are the closer to the d of the copolymer. The
cosolvency e�ect of DEP/Hep mixtures resulted in
a lower tendency of the precipitated nuclei to
agglomerate producing microspheres and small
agglomerates. The diluent distributed inside and
outside of the microspheres and produced very
small pores which collapsed upon diluent removal
(S10, Vfp<0.10 cm3 gÿ1 and UHep>0.10 cm3 gÿ1).
Figure 2(a)±(c) shows the optical appearance of

those copolymers prepared in presence of DEP/
Hep = 100/0; 45/55 and 0/100 respectively. The
copolymers synthesized with DEP/Hep = 45/55
were transparent and presented collapsed type
structure unlike the copolymers synthesized with
DEP/Hep = 100/0 and 0/100 which were opaque as
result of the light scattering caused by their hetero-
geneous structure (macroporous structure).
The polymeric nuclei swelling given by the di�er-

ence between UTol and UHep (UTolÿUHep) and the
internuclear elasticity given by the ratio between
UHep and Vfp (UHep/Vfp) showed a tendency to
increase when the porosity diminished [1].
Table 2 shows the characteristics of Sty-DVB

copolymers synthesized with DEP, i-AmAc and
DEP/i-AmAc mixtures. These copolymers presented

higher porosities than those produced in presence

of DEP/Hep mixtures. The best cosolvent systems

were DEP/i-AmAc = 45/55 and 25/75 (Fig. 3).

Figure 4 shows the optical appearance of these

copolymers.

Both diluent systems showed small UTolÿUHep

di�erences but the UHep/Vfp ratios were higher in

DEP/Hep mixtures than in DEP/i-AmAc mixtures.

Table 2. Characteristics of Sty-DVB copolymers synthesized with diethylphtalate (DEP), isoamylacetate (i-AmAc) and mixtures
DEP/i-AmAc

DEP/i-AmAc
V/V (%)

dmix (MPa)1/2 da (g cm
ÿ3) S (m2 gÿ1) D (AÊ ) Vfp (cm3 gÿ1) UTol

(cm3 gÿ1)
Uhep

(cm3 gÿ1)
UTolÿUHep

(cm3 gÿ1)
UHep/Vfp

(cm3 gÿ1)

100/0 20.5 0.44 137 126 0.43 1.21 1.05 0.16 2.4
90/10 20.1 0.48 82 166 0.34 1.22 1.02 0.20 3.0
75/25 19.4 0.55 44 246 0.27 1.15 0.95 0.20 3.5
45/55 18.0 0.60 0 ÿ 0.09 1.00 0.71 0.29 7.9
25/75 17.2 0.60 0 ÿ 0.10 1.08 0.82 0.26 8.2
10/90 16.4 0.50 97 157 0.38 1.12 0.90 0.22 2.4
0/100 16.0 0.48 90 173 0.39 1.15 0.97 0.18 2.5

Fig. 3. E�ect of the composition of DEP/i-AmAc mixture
on the apparent density and the ®xed pore volumes of

Sty-DVB copolymers

Fig. 4. Photomicrographs of optical microscopy of the
Sty-DVB copolymers produced at DEP/i-AmAc ratios: (a)

45/55, (b) 25/75, and (c) 0/100 (magni®cation: 40�)
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These results indicate that the precipitated chains in
the early stages of the polymerization formed
entangled nuclei, but the growing internuclear
chains in the case of DEP/Hep diluent system were
more elastic than the ones produced with DEP/i-
AmAc.
The occurrence of cosolvency with these diluent

mixtures depends not only on the a�nity of each
diluent for the copolymer but also on the inter-
action of the diluent molecules with themselves. In
DEP/Hep system, DEP presents an ordered sti�
structure, thus the dilution e�ect of heptane pro-
vokes a disorientation of the molecules of the aro-
matic compound (DEP) resulting in mixtures with a
higher capacity to interact with the copolymer [7].
In the case of DEP/i-AmAc, as the two diluents are
polar, the interaction and association of both com-
ponents cause a decrease of the interaction with the
copolymer and therefore these mixtures are less sol-
vating than DEP/Hep mixtures.

CONCLUSION

The occurrence of cosolvency between
diethylphthalate (DEP) and n-heptane (Hep), and
between diethylphthalate and isoamylacetate (i-
AmAc) was veri®ed in this work during the syn-
thesis of styrene-divinylbenzene copolymers by sus-
pension polymerization using those solvent pairs as
diluent systems for the monomers.

Collapsed-type structures were produced by using
cosolvent mixtures and macroporous ones were
obtained when the pure solvents were employed as
diluent systems.
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