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ABSTRACT: The variation of the pore structure of styrene–divinylbenzene (S–DVB)
copolymer beads with the drying conditions was investigated. Macroporous S–DVB
copolymer beads with various DVB contents were prepared in the presence of toluene-
cyclohexanol mixtures as a diluent. It was found that the pores of 101-nm radius,
corresponding to the interstices between the microspheres, collapse upon drying of the
copolymers from toluene. The collapsed pores reexpand if the copolymers were dried
from methanol. The collapse–reexpansion process of the pores was found to be revers-
ible, indicating that the actual pore structure formed during the crosslinking copoly-
merization is memorized by the copolymer network. The magnitude of the pore struc-
ture variation increased on worsening the polymer–diluent interactions during the gel
formation process due to the simultaneous increase in crosslink density distribution.
© 1999 John Wiley & Sons, Inc. J Appl Polym Sci 71: 1055–1062, 1999
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INTRODUCTION

Macroporous (heterogeneous) styrene– divinyl-
benzene (S–DVB) copolymer networks are widely
used as starting materials for ion exchangers and
as specific sorbents; therefore, they have been the
subject of a large number of studies.1–5 These
materials are mainly prepared by free-radical
crosslinking copolymerization of S and DVB
monomers in the presence of an inert diluent. The

diluent (a solvent, a nonsolvent, or a linear poly-
mer) is included in the reaction system as a pore
forming agent and plays an important role in the
design of the pore structure of these crosslinked
materials.2

If the diluent remains in the gel throughout the
copolymerization, an expanded network structure
is obtained. The expanded networks thus formed
shrink during the removal of the diluent after
their synthesis and therefore they are nonporous
in the glassy state. Heterogeneities in the net-
work structure appear if the diluent separates out
of the gel phase during the polymerization reac-
tions.2,6–10 The incipient phase separation during
the crosslinking copolymerization may occur be-
fore the onset of macrogelation; this results in the
formation of a polymer dispersion in the liquid
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phase. Otherwise, if the system phase separates
beyond the gel point, the gel shrinks and results
in a dispersion of the expelled liquid droplets in
the network phase. In both cases, after complete
conversion of the monomers a heterogeneous
S–DVB network consisting of network and di-
luent phases is obtained. Removing the diluent
from the network creates voids (pores) 1–1000 nm
in size in the glassy state.

Relationships between the synthesis condi-
tions and the structure of macroporous S–DVB
networks have been the subject of intensive stud-
ies during the last four decades.2,4,11–20 Experi-
ments showed that a phase separation during the
gel formation process is promoted; i.e., the volume
of the diluent phase (pore volume) in the network
increases as the concentration of the crosslinker
(DVB) or that of the diluent increases, or as the
solvating power of the diluent decreases. It was
also shown that good solvents as a diluent create
small pores and therefore a large specific surface
area, whereas bad solvents or linear polymers
produce materials with irregularly shaped large
pores.

Although the final pore structure of a S–DVB
network is fixed during the gel formation process
when the network is in a rubbery state, its struc-
tural characterization is performed with the poly-
mer sample in the glassy state. Krska et al. were
the first to show the difference in the pore struc-
ture of S–DVB copolymers between the swollen
and the dried states.21 It was also found that the
pore structure of these copolymers varies with the
type of the solvent used to treat the network.22–38

For instance, the copolymers dried from nonsol-
vents show a “maximum porosity,” which is close
to the porosity in the swollen state.31 The drying
process of the copolymers swollen in good solvents
may lead to a partial or total collapse of the
pores.35,36 These experimental findings indicate
that the swollen state porosity can be preserved
in the dried state if the interactions between the
polymer and the solvent are decreased before the
drying process. It seems that the pore structure
variation of S–DVB copolymers is closely related
to the degree of inhomogeneity in crosslink distri-
bution29,31,35; the pores in the loosely crosslinked
(rubbery) regions of the material collapse during
the drying process, whereas those in the highly
crosslinked (glassy) regions remain unchanged.

This study seeks to obtain further insight into
the pore structure variation in S–DVB copoly-
mers, depending on the drying conditions. The

reversibility of the pore structure variation and
the size of the variable pores, as well as the mag-
nitude of this variation, depending on the synthe-
sis conditions, were investigated. Our primary
aim was to determine the synthesis condition of
macroporous S–DVB copolymers exhibiting a
maximum memory of pores. For this purpose, a
number of S–DVB copolymer beads with various
DVB contents were prepared by the suspension
polymerization technique. Cyclohexanol, toluene,
and their mixture were used as a diluent. Toluene
is a good solvent for polystyrene and its thermo-
dynamic properties are the same as the mono-
mers used in the polymerization. However, cyclo-
hexanol has the solubility parameter value of 23.3
(MPa)0.5 in contrast to the value of 15.6–21.1
(MPa)0.5 for S–DVB copolymer,39 which indicates
that cyclohexanol is a nonsolvating diluent for the
S–DVB copolymerization system. The changes in
the pore structure of S–DVB copolymer beads
were investigated by mercury porosimetry using
copolymer samples dried from methanol and tol-
uene.

EXPERIMENTAL

Materials

The S (Sabic), DVB (Riedel-de Haen), dibenzoyl
peroxide (DBP, Elf Atochem), tert-butyl perbenzo-
ate (TBP, Interchem), cyclohexanol (Merck), tolu-
ene (Merck), tricalcium phosphate (TCP, Buden-
heim), calcium chloride (Kemira Kemi), and dode-
cylbenzene sodiumsulfonate (DBS, Henkel) were
used as received. Commercial DVB consisted of
62% DVB isomers with the rest being mostly eth-
ylvinyl benzenes (35%). Fresh distilled water was
used in the synthesis of the copolymers.

The S–DVB copolymer beads were obtained by
the suspension polymerization technique.40,41

Mixtures of cyclohexanol and toluene were used
as the diluent of the organic phase. The volume
fraction of the monomers in the organic phase
(monomer–diluent mixture), n2

00, was taken to be
constant at 0.5 throughout the study, whereas the
DVB concentration and the composition of the
diluent were varied. The DVB concentrations
were expressed in terms of the mole percent of the
DVB isomers in the monomer mixture. DBP and
TBP were used as the initiator of the low and high
temperature period of the free-radical copolymer-
ization, respectively. Suspension polymerization
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was conducted in a 1-L Buchi jacketed glass re-
actor fitted with a mechanical stirrer, nitrogen
inlet, condenser, and temperature and pressure
indicators. A 3% aqueous NaCl solution (500 mL),
the diluent (100 mL), and the S–DVB monomer
mixture (100 mL) were first introduced into the
reactor, heated to 70°C, and 100 mL of an aque-
ous suspension agent containing CaCl2 (0.095 g),
TCP (7.43 g), and DBS (0.017 g) were then added
to the reactor under a nitrogen atmosphere at 300
rpm. The reaction mixture was heated to 90°C
and the initiators DBP (0.50 g) and TBP (0.035 g)
were fed to the mixture to initiate the polymer-
ization reactions. The reaction was allowed to
proceed at 90°C for 5.5 h and at 120°C for 1.5 h
under a nitrogen atmosphere and at 300 rpm.
After polymerization, a dilute HCl solution was
added to the reactor to dissolve the TCP sur-
rounding the beads. After filtration of the copoly-
mer beads of 0.5–1.4 mm size, they were first
washed with water and then extracted with ace-
tone for 6 h in a Soxhlet apparatus.

Solvent Treatment

The copolymer beads thus obtained were swollen
to equilibrium in toluene for at least 1 week. Then

they were washed first with acetone and finally
with pure methanol. Using this solvent exchange
procedure, the good solvent toluene in the swollen
gel was replaced with the nonsolvent methanol;
thus, the gel was transferred from the rubbery to
the glassy state before the drying process.31 The
copolymer beads after treatment with methanol
as a final solvent were dried in vacuo at room
temperature for 15 h. For comparison, part of the
copolymer beads swollen in toluene were dried
without the solvent exchange for 30 h at 80°C.

Methods

The pore volume and the pore size distribution of
the copolymer beads were determined by mercury
intrusion porosimetry on a Micromeritics 9305
model porosimeter. Cumulative pore volumes and
the distribution function DV/Dlog(r) was used to
express the pore size distribution, where DV is
the pore volume change when the radius of a
cylindrical pore was changed from r to r 2 Dr.
The pore volume, Vp, and the total porosity, P%,
were calculated as

Vp 5
1
d0

2
1
d2

(1)

Figure 1 Effects of (A) the solvating power of the diluent and (B) the DVB concen-
tration on the pore size distribution of macroporous S–DVB copolymers. n2

00 5 0.5. (A)
DVB 5 10%. Diluents: (F) toluene, (E) cyclohexanol/toluene [75/25 (v/v)], and (Œ)
cyclohexanol. (B) Diluent: cyclohexanol. DVB 5 (F) 5, (E) 10, (Œ) 17.5, and (‚) 24%.
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P% 5 S1 2
d0

d2
D 3 100 (2)

where d0 is the apparent density of the copoly-
mers and d2 is the density of homogeneous
S–DVB copolymers, taken as 1.06 g/mL.

To check the repeatability of the porosity mea-
surements by the mercury porosimetry, three
measurements were carried out on copolymer
beads obtained at 44% DVB concentration and in
the presence of toluene as a diluent. An average
value of 0.355 mL/g for the pore volume with a
standard deviation of 0.018 was obtained, indicat-
ing that the porosimeter gives reproducible re-
sults and the copolymer beads withstand the
measurements of their pore structure.

RESULTS AND DISCUSSION

Macroporous S–DVB copolymer beads were pre-
pared at a fixed monomer concentration (n2

00

5 0.5). The synthesis parameters varied were the
DVB concentration and the composition of the
cyclohexanol–toluene diluent mixture (i.e., the
solvating power of the diluent). Figure 1(A,B) il-
lustrates the variation of the differential pore size
distributions of S–DVB copolymers, depending on
the quality of the diluent and the DVB concentra-
tion, respectively. Figure 1(A) shows that in co-
polymers with 10% DVB content the amount of
pores of 101–102 nm in radius increases as the
cyclohexanol content of the diluent increases (i.e.,
as the solvating power of the diluent decreases:
(x-induced syneresis4). Also, the average pore size
becomes larger and the pore size distribution
shifts toward the larger pores on worsening of
polymer–diluent interactions as seen in Figure
1(A). From Figure 1(B) it is seen that with cyclo-
hexanol as a diluent the porosity increases on
raising the DVB concentration to 10% (n-induced
syneresis4) and then remains constant. Increas-
ing the DVB content also shifts the pore size
distribution toward the smaller pores. These re-
sults are expected and are in accord with previous
reports.2,4,31

The pore size distributions of the copolymers
shown in Figure 1 were measured using samples
dried from methanol. Thus, Figure 1 represents
the swollen state porosities, which are, the max-
imum porosities of the samples because the swell-
ing agent toluene was replaced with the nonsol-

vent methanol before the drying process. Figure 2
compares the pore size distributions of copoly-
mers with 10% DVB dried from methanol and
from toluene. Cyclohexanol was used as the di-
luent during the synthesis. The pore sizes of
101-nm radius largely disappeared if the copoly-
mers were swollen in toluene before the drying
process (i.e., if they were dried in the rubbery
state). To check the reversibility of the pore struc-
ture variation, the copolymers dried from toluene
were swollen in toluene and then dried again
from methanol and vice versa. The results of the

Figure 2 Pore size distribution of a macroporous
S–DVB copolymer dried from toluene (filled symbols)
and methanol (open symbols) in (A) differential and (B)
integral modes. The copolymer samples dried from (F)
toluene and (E) methanol. The sample dried from tol-
uene was swollen again in toluene and thereafter dried
from (‚) methanol and (Œ) vice versa. n2

00 5 0.5. DVB
5 10%. Diluent: cyclohexanol.
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porosity measurements are also shown in Figure
2. It is seen that the collapse–reexpansion process
of the pores of 101-nm radius is reversible. This
indicates that the pore structure of S–DVB co-
polymers created during the crosslinking copoly-
merization is memorized by the copolymer net-
work.

The structure of macroporous S–DVB copoly-
mers is known to consist of globules11; the smallest,
rather spherical particles of about 10–20 nm in
diameter are the “nuclei,” and the aggregation of
these nuclei results in microspheres with diameters
of 50–100 nm; the microspheres are aggregated
again in particles of about 250–1000 nm in diame-
ter. The pores are defined as the spaces between the
nuclei and the particles and the microspheres and
the particles. According to this picture, the variable
pores of 101-nm radius shown in Figure 2 corre-
spond to the interstices of the microspheres formed
from the nuclei. This variation of the pore structure
is mainly due to the higher reactivity of DVB com-
pared to S in free-radical crosslinking copolymeriza-
tion.8 Because DVB monomer is incorporated into
the polymer more rapidly than S, the parts of the
network formed earlier (the nuclei and the inner
part of the microspheres) are more highly

crosslinked than those formed later. Therefore, the
surface and the interstices of the microspheres
formed at a later stage of the copolymerization (at
which the reaction mixture is reached on the unre-
acted S monomer) are loosely crosslinked. The pores
in these regions collapse during drying from toluene
due to the cohesional forces between the solvated
network chains. Thus, the reversibility of the pore
structure variation originates from the crosslink
density distribution, which is fixed for a given co-
polymer sample.

In Figures 3 and 4 the pore size distributions
of S–DVB copolymers dried from toluene and
methanol are shown as a function of the solvat-
ing power of the diluent and the DVB concen-
tration, respectively. For a fixed amount of
DVB, decreasing the solvating power of the di-
luent increases the magnitude of the pore struc-
ture variation (Fig. 3). As the diluent becomes
poorer for the copolymer chains, pores of 101–
102 nm radius start to appear. However, these
pores are largely unstable and they collapse
during the drying process. On the other hand,
increasing DVB content to 10% increases the
total porosity, as well as the amount of unstable
pores (A and B in Fig. 4). A further increase in

Figure 3 Effect of the solvating power of the diluent on the pore size distribution of
macroporous S–DVB copolymers dried from (F) toluene and (E) methanol. n2

00 5 0.5.
DVB 5 10%. Diluents: (A) toluene, (B) cyclohexanol/toluene [75/25 (v/v)], and (C)
cyclohexanol.
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the DVB concentration up to 24% does not
change the total porosity much but increases
the stability of the pores. These results can be
explained as follows: a decrease in the solvating
power of the diluent causes the process of phase
separation to take place prior to gelation. This
leads to an increase in the inhomogeneity in the
final material (i.e., to an increase in the gradu-
ation of the crosslink distribution through the
microspheres). As a result, the extent of the
collapse–reexpansion process of the pores in-
creases on decreasing the solvating power of the
diluent. On the other hand, for a given type of
diluent, increasing the DVB content promotes
phase separation of the copolymers during the
gel formation process and thus increases the
inhomogeneity in the final copolymers. How-
ever, at high DVB contents even the less
crosslinked regions of the network remain in
the glassy state during drying due to the high

overall crosslink density of the material. Thus,
if the DVB concentration is sufficiently high
[Fig. 4(D)], the pores remain almost stable and
do not collapse on drying.

Defining Ps% as the fraction of stable pores,

Ps% 5
P%

Pmax%
3 100 (3)

where P% and Pmax% are the total porosities of
the copolymer samples dried from toluene and
methanol, respectively, one may calculate the
pore stability of S–DVB copolymer beads as a
function of the synthesis conditions. Figure 5
shows the fraction of stable pores plotted as a
function of the DVB concentration and the solvat-
ing power of the diluent. The solvating power of
the diluent was estimated from (d1 2 d2), where d1
and d2 are the solubility parameters of the diluent

Figure 4 Effect of the DVB concentration on the pore size distribution of macroporous
S–DVB copolymers dried from (F) toluene and (E) methanol. n2

00 5 0.5. Diluent:
cyclohexanol. DVB 5 (A) 5, (B) 10, (C) 17.5, and (D) 24%.
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and the polymer, respectively. The solubility pa-
rameter of the diluent mixture was calculated
from the solubility parameters of cyclohexanol
and toluene as given previously.17 Macroporous
S–DVB copolymers with a stable pore structure
form at high crosslinker concentrations or in the
presence of good solvents as a diluent. Copoly-
mers with a high number of variable pores are
obtained in the presence of nonsolvating diluents
and at medium DVB concentrations.

In summary, the present work shows the syn-
thesis conditions of macroporous S–DVB copol-
ymers that exhibit a reversible change in their
pore structure. The reversible collapse–reex-
pansion phenomenon of pores of 101-nm radius
occurs using copolymer beads with the metha-
nol-toluene solvent pair as the posttreat-
ment agent. The observed pore memory of
S–DVB copolymers seems to widen their appli-
cation area in size-selective separation of mate-
rials.

One of the authors (E.E.) wishes to thank PETKIM
Petrochemicals Holding Inc. for permission to conduct
this study in its laboratories.
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