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ABSTRACT: A kinetic–thermodynamic model is presented to predict the total porosities
of macroporous copolymer networks formed by free-radical crosslinking copolymeriza-
tion of styrene (S) and commercial divinylbenzene (DVB, a mixture of meta and para
DVB isomers and ethylstyrene). The kinetic part of the model predicts, based upon the
method of moments, the concentration of the reacting species, the gel, and sol properties
as a function of the monomer conversion. The thermodynamic part of the model
describes the phase equilibria between the gel and separated phases during the S–DVB
copolymerization and predicts the volume of the separated phase, which is the pore
volume of the crosslinked material, as a function of the monomer conversion. Calcula-
tion results show that the porosity of S–DVB networks increases as the polymer–
diluent interaction parameter increases, or as the initial monomer concentration de-
creases. Porosity also increases on increasing the DVB content of the monomer mixture.
Both the polymerization temperature and the initiator concentration affect signifi-
cantly the kinetics of S–DVB copolymerization. However, the final porosity of S–DVB
copolymers is largely insensitive to the amount of the initiator and to the polymeriza-
tion temperature. All calculation results are in accord with the experimental data
published previously. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 74: 2181–2195, 1999

Key words: porosity formation; phase separation; macroporous styrene–divinylben-
zene copolymer networks; kinetic–thermodynamic modeling; free-radical crosslinking
copolymerization

INTRODUCTION

Heterogeneous (macroporous) styrene–divinyl-
benzene (S–DVB) copolymer networks have a
wide range of applications as ion-exchange resins
and absorbents. These materials are prepared
mainly by free-radical crosslinking copolymeriza-
tion (henceforth referred as FCC) of S and DVB
monomers in the presence of an inert diluent.1–3

The diluent, which is a solvent, a nonsolvent, or a

linear polymer, is included in the FCC system as
a pore-forming agent, and plays an important role
in the design of the pore structure of these
crosslinked materials.2

Heterogeneities in the network structure ap-
pear if the diluent separates out of the gel phase
during the crosslinking copolymerization.3–7 The
incipient phase separation during FCC may occur
before the onset of macrogelation; this results in
the formation of a polymer dispersion in the liq-
uid phase. Otherwise, if the system phase sepa-
rates beyond the gel point, the gel shrinks and
results in a dispersion of the expelled liquid drop-
lets in the network phase. In both cases, after
complete conversion of the monomers, a heteroge-
neous S–DVB network consisting of network and
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diluent phases is obtained. Removal of the diluent
from the network creates voids (pores) of sizes 1
nm up to 1 mm in the glassy state. Relationships
between the synthesis conditions and the struc-
ture of heterogeneous S–DVB networks have
been the subject of intensive studies during the
last four decades.4–24 Experiments showed that
the volume of the separated diluent phase, i.e.,
the pore volume increases as the concentration of
the divinyl monomer or that of the diluent in-
creases, or as the solvating power of the diluent
decreases.

Recently, we developed a model combining
both the thermodynamic and kinetic aspects of
FCC system to predict the condition of phase sep-
aration and the volume of the separated phase as
a function of the reaction conditions.25 This model
takes into account all the kinetic features of FCC
of vinyl/divinyl monomers. In the present paper,
we apply this model to the FCC of S and commer-
cial DVB, a mixture of meta and para DVB iso-
mers and ethylstyrene, in the presence of diben-
zoyl peroxide as an initiator. Due to the impor-
tance of the crosslinked materials obtained in this
copolymerization system, a large number of ex-
perimental works has been reported, but no the-
oretical work can be found in the literature. As
will be shown below, the model presented here
successfully predicts the porosity of S–DVB co-
polymers depending on the synthesis conditions.
The effects of the polymerization temperature
and the initiator concentration on the pore struc-
ture formation of S–DVB copolymers, which have
not been studied previously, are also described.

THEORY

Here are the main assumptions of the model that
follows: (1) thermodynamic equilibrium in every
step of the reactions; (2) limitations of the Flory–
Huggins theory, the theory of rubber elasticity,
and the kinetic theories of gel formation; (3) poly-
merization and crosslinking reactions in the net-
work and separated phases are identical; and (4)
from the thermodynamic point of view, the solu-
ble polymers beyond the gel point are monodis-
perse at any monomer conversion and the number
of segments on each chain is equal to the number-
average degree of polymerization.

THERMODYNAMICS

The reaction system in FCC beyond the gel point
involves the unreacted monomers, solvent or non-

solvent, soluble polymers, and a polymer net-
work. For the following analysis, we will refer to
the mixture of the unreacted monomers and the
(non)solvent as “the diluent” (single liquid ap-
proximation). The FCC system at a given degree
of monomer conversion can thus be considered a
ternary system consisting of the diluent, network,
and the soluble polymer. For this ternary system
where components 1, 2, and 3 are the diluent,
network, and soluble polymer, respectively, all
concentrations and properties of the components
are functions of the monomer conversion. Con-
sider now the reaction system at a volume con-
version of the monomers a, which is above the
critical conversion for the onset of a phase sepa-
ration. At this conversion, the diluent and soluble
polymers will distribute between the network and
separated phases, whereas the network will only
exist in the network phase. We can thus analyze
the system as a network immersed in polymer
solution. Swelling of a nonionic polymer network
in such a system is governed by two free energy
terms,26,27 i.e., the changes in the free-energy of
mixing DGm and in the free energy of elastic de-
formation DGel:

DG 5 DGm 1 DGel (1)

According to the Flory–Huggins theory,28 DGm is
given by

DGm 5 RTS O
i

niln vi 1 O
i,j

nivjxijD (1a)

where ni is the moles of the species i (i 5 1, 2, and
3), vi is its volume fraction,xij is the interaction
parameter between the species i and j, R is the
gas constant, and T is temperature. For the free
energy of elastic deformation DGel, although sev-
eral theories are available in the literature, the
simplest affine network model will be used here to
describe qualitatively the behavior of polymer
gels in FCC system28:

DGel 5 ~3/2!~RT/NVs!~~v2
0/v2!

2/3 2 1 2 ln~v2
0/v2!

1/3!

(1b)

where N is the average number of segments in the
network chains, v2

0 is the volume fraction of poly-
mer network in the network phase at a given
degree of conversion, and VS is the molar volume
of solvent. Substitution of eqs. (1a) and (1b) into
eq. (1) and differentiating with respect to the
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number of moles of the diluent n1 and the soluble
polymer n3 yield the following equations for the
excess chemical potentials mi of the components 1
and 3 in both network and separated phases:

Dm1

RT 5 N21~v2
1/3v2

o2/3
2 v2/2! 1 ln v1 1 ~1 2 v1!

2 v3/y 1 ~x12v2 1 x13v3!~1 2 v1! 2 x23v2v3 (2a)

Dm91
RT 5 ln n91 1 n93~1 2 1/y! 1 x13n93

2 (2b)

Dm3

yRT 5 N21~v2
1/3v2

o2/3
2 v2/2!

1 ~1/y!ln v3 1 ~1/y!~1 2 v3! 2 v1

1 ~x13v1 1 x23v2!~1 2 v3! 2 x12v1v2 (3a)

Dm93
yRT 5 ~1/y!ln v93 2 v91~1 2 y21! 1 x13v91

2 (3b)

where y is the number of segments in the soluble
polymer. Note that the symbols with a super-
script prime relate to the separated phase,
whereas those without this superscript relate to
the network phase.

The reaction mixture of FCC remains homoge-
neous as long as the growing polymer network is
able to absorb all the available monomers and the
diluent. As the copolymerization and crosslinking
reactions proceed, a critical point is passed, at
which the equilibrium degree of swelling of the
network in the diluent becomes equal to its de-
gree of dilution. At this point, since the dilution of
a homogeneous network cannot be greater than
its equilibrium degree of swelling, the reaction
system will separate into two phases: network
and separated phases.3 Thus, at the incipient
phase separation during FCC, the swelling capac-
ity of the network becomes equal to its degree of
dilution in the reaction system, i.e.,

v2 5 v2
0 (4)

After phase separation, both v2 and v2
0 will change

with further copolymerization and crosslinking
reactions, but the equality given by eq. (4) still
holds for the network phase. The state of equilib-
rium between the network and separated phases
in FCC is obtained when the diluent (component
1) and the soluble polymers (component 3) inside
the network phase are in thermodynamic equilib-

rium with those in the separated phase. This
equilibrium state is described by the equality of
the chemical potential mi of these components in
both phases. Thus, at swelling equilibrium, we
have

Dm1 2 Dm91 5 0 (5)

Dm3 2 Dm93 5 0 (6)

Substitution of eqs. (2) and (3) into eqs. (5) and (6)
and using the phase separation condition given by
eq. (4), we obtain the following system of equa-
tions describing the equilibrium condition be-
tween the network and separated phases during
FCC:

0.5N21v2
o 1 lnSv1

v91
D 1 ~1 2 v1 2 v93!

2 ~v3 2 v93!/y 1 x12n2
02

1 x13~n3
2 2 n93

2
!

1 ~x12 1 x13 2 x23!n2
0n3 5 0 (7)

2lnSv1

v91
D 1 ~1/y!ln~v3/v93! 1 2x13~v93 2 v3!

1 ~x23 2 x12 2 x13!v2
0 5 0 (8)

Application of material balance to each phases
gives the two additional equations:

v1 1 v2
0 1 v3 5 1 (9)

v91 1 v93 5 1 (10)

At the start of the polymerization, the reaction
mixture only contains the monomers and the sol-
vent with volume fractions v2

00 and 1 2v2
00, respec-

tively. Let Wg be the weight fraction of polymer
chains that belong to the gel and vg be the volume
fraction of the network phase in the reaction sys-
tem at volume conversion a; from the material
balance, we have the following equalities:

v2
0 5 v# pWg/vg (11)

v# p~1 2 Wg! 5 v3vg 1 n93~1 2 vg! (12)

where v#p is the volume fraction of sol 1 gel poly-
mer in the whole reaction system (network 1 sep-
arated phases), i.e.,
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v# p 5
an2

00~1 2 «!

~1 2 an2
00«!

(13)

« is the contraction factor defined by « 5 1 2 dM/
dP, dM and dP being the densities of the mono-
mers and the polymer, respectively (we assume
equal densities for the monomers used).

The system of the six equations [eqs. (7)–(12)]
contains 15 parameters. Five of these parameters
(v2

00, x12, x13, x23, and «) are system specific, and
therefore they are fixed by the experimental con-
ditions. However, three parameters (Wg, N, and y)
change continuously with the monomer conver-
sion a. These three conversion-dependent param-
eters are the output of the kinetic model of
S–commercial DVB copolymerization system
given in the following section. Thus, knowing
these 8 parameters and taking a as the indepen-
dent variable, eqs. (7)–(12) can be solved numer-
ically for the six remaining unknowns: vg, v1, v2

0,
v3, v91, v93.

KINETICS

Vinyl Group Conversions

In the kinetic treatment of S–commercial DVB
copolymerization, we made the following addi-
tional assumptions: (i) Commercial DVB consists
of DVB isomers (m-DVB : p-DVB ratio 5 3 : 1) and
ethylstyrene. Due to the equal reactivity of the
vinyl groups on ethylstyrene and styrene mono-
mers,29 ethylstyrene is taken as styrene. (ii) Both
meta- and para-type pendant vinyl groups have
equal reactivity. (iii) Chain transfer reactions are
dismissed from the kinetic treatment.

S–commercial DVB copolymerization reactions
thus involve four types of vinyl groups: those (i)
on S (M1), (ii) on m-DVB (M29), (iii) on p-DVB
(M20), and (iv) on polymer chains, i.e., pendant
vinyls (M3). Copolymerization of these four types
of vinyl groups results in the formation of four
types of growing radicals, depending on the loca-
tion of the radical center, namely, those with S
unit at the end (M1*), m-DVB and p-DVB units
with one unreacted vinyl (pendant vinyl) at the
end (M29* and M20*, respectively), and DVB unit
with both reacted vinyls at the end (M3*). In order
to simplify the kinetic treatment of the reaction
system, the instantaneous rate constants for
propagation (kp1, kp29, kp20), intermolecular cross-
linking (kp3), and termination reactions (kt

0) are
defined as follows:

kpi 5 O
j

kpjixj (14a)

ktc
0 5 O

i

O
j

ktcijxixj (14b)

ktd
0 5 O

i

O
j

ktdijxixj (14c)

kt
0 5 ktc

0 1 ktd
0 (14d)

where i, j 5 1, 29, 20, and 3. Here, kpji is the
propagation rate constant between radicals Mj*
and vinyls Mi, ktcij and ktdij are the termination
rate constants between radicals of types Mi* and
Mj* by coupling (c) and by disproportionation (d),
respectively, xj is the instantaneous mole fraction
of the radical Mj*, i.e., xj 5 [Mj*]/[R*], where [R*]
is the total radical concentration defined by [R*]
[ ¥j[Mj*].

In FCC, the propagation rate constants of the
elementary reactions for monomeric vinyls are
reaction controlled up to about 80% of the mono-
mer conversion. Therefore, it is reasonable to as-
sume constant propagation rate constants during
the reactions. The termination reactions in
S–DVB copolymerization are also chemically con-
trolled prior to gelation, but become diffusion con-
trolled beyond gelation. In order to account the
diffusion controlled termination, an empirical
equation was used30,31:

kt 5 kt
0 ~x , xc! (14e)

kt 5 kt
0exp@2A~x 2 xc!# ~x . xc! (14f)

where xc is the monomer conversion at the gel
point and A is an empirical constant describing
the variation of the termination rate constant
with the monomer conversion x.

Applying eqs. (14a)–(14f), one may derive the
rate equations for the concentration of the initia-
tor I, vinyl groups Mi, and intermolecular
crosslinks m as follows:

rI 5 2kd@I# (15)

rM1 5 2kp1@Rp#@M1# (16)

rM29
5 22kp29@Rp#@M29# (17)

rM20
5 22kp20@Rp#@M20# (18)
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rM3 5 ~1 2 kcyc!~kp29@M29# 1 kp20@M20#!@Rp#

2 ~1 1 kmc!kp3@Rp#@M3# (19)

rm 5 kp3@M3#@Rp# (20)

where

@Rp# 5 ~2fkd@I#/kt!
0.5 (21)

f is the initiator efficiency, kd is the decomposition
rate constant of the initiator, kcyc is the fraction of
DVB units consumed by cyclization reactions, and
kmc is the average number of multiple crosslinks
formed per intermolecular link. Previous experi-
mental studies on S–DVB and methyl methacry-
late–ethylene glycol dimethacrylate copolymer-
ization systems showed that the rate constant of
the crosslinking reactions kp3 is not a constant,
but depends on the reaction conditions.32–34 This
is due to the conversion-dependent structural
changes of the polymer chains, to which the pen-
dant vinyl groups are attached. Therefore, in-
stead of a “rate constant,” it is reasonable to con-
sider the pendant vinyl group reactivity for inter-
molecular crosslinking reactions. Here, we define
the average pendant vinyl group reactivity r#32 as
the reactivity ratio of pendant vinyl to monomeric
vinyl on DVB, and is related to kp3 using the
equation:

r# 32 5
kp3

@kp29xM29
1 kp20~1 2 xM29

!#
(22)

where xM29 is the instantaneous mole fraction of
m-DVB in the DVB isomer mixture.

Molecular Weight Distribution

In the characterization of gel-forming systems, an
important property is the distribution of molecu-
lar weights of soluble polymer molecules. The ki-
netic model presented here distinguishes, de-
pending on the location, two types of molecules:
those in the sol and those in the gel. The symbols
with a superscript s are used to denote species in
the sol, whereas those without this superscript
refer to species in the whole polymerization sys-
tem. Let [Pr

s] be the concentration of polymer mol-
ecules composed of r structural units; normaliza-
tion gives Qn

s [ ¥r51
` rn[Pr

s], with n 5 0, 1, 2, . . .,
where Qn

s represents the nth moment of the poly-
mer distribution. From the moments of the poly-
mer distribution, the nth average polymerization

degree of polymer molecules defined as X# n
s [ Qn

s /
Qn21

s (n 5 1, 2, 3, . . .) can be calculated. Kinetic
calculations can also be performed by considering
the “primary molecules” as the reacting species,
i.e., the molecules that would result if all
crosslinks in the reaction system were cut. In the
following treatment, symbols with a superscript
dot (•) relate to the primary molecules, whereas
those without this superscript relate to the
branched molecules. Using the rate equations for
Pr

s given in ref. 35, one obtains the following equa-
tions for the nth moment of the primary mole-
cules in free-radical crosslinking copolymeriza-
tion of S and commercial DVB:

rQn
s• 5 Sktd/fs 1

n 1 1
2 ktcDY0

s•Yn
s•

~n 5 0, 1, 2, . . . ! (23)

where

Y0
s• 5 fs@Rp# (23a)

Y1
s• 5 fs

2 O
i

kpi@Mi#/kt ~i 5 1, 29, and 20! (23b)

Yn
s• 5 n!~Y1

s•/Y0
s•!nY0

s• ~n 5 2, 3, 4, . . . ! (23c)

and fs is the fraction of radicals belonging to the
sol fraction, i.e.,:

fs 5 S1 1
kp3@M3#Wg

kt@Rp# D21

(24)

Solution of eqs. (23) and (24) for n 5 1 give the
weight fraction of soluble polymers Ws as

Ws 5 1 2 Wg 5 fs
2H1 2

ktc

kt
~1 2 fs!J (25)

In contrast to the primary molecules, the poly-
merization degree of a branched molecule
changes upon the reaction of pendant vinyl
groups belonging to it with the radicals. The first
three moments of branched molecules in the sol
can be expressed as follows35:

rQ0
s 5 rQ0

s• 2 kp3@M3#Y0
s•Ws (26)

rQ1
s 5 rQ1

s• (27)
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rQ2
s 5 2~ktd/fs 1 1.5ktc!~Y1

s!2 (28)

where

Y1
s 5 Y1

s• 1 fs
2~kp3@M3#Ws/kt!X# 2

s (29)

In a batch isothermal S–DVB copolymerization,
the reaction volume V will also change during the
reactions due to the differences in the densities of
the monomer and the polymer. If S represents the
concentration of species I, Mi, m, and the moments
of the polymer distribution Qn

s and Qn
s•, a mass

balance requires

rS 5
d~VS!

V dt 5
dS
dt 1

S
V

dV
dt (30)

where dV/dt is the rate of volume change, which,
assuming ideal solutions, is given by

dV
dt 5 2«V O

i

rMiV# i (31)

where i 5 1, 29, and 20, and V# i is the molar volume
of the monomer with vinyl group of type i.

Up to the onset of gelation, all molecules
present in S–DVB copolymerization system are
finite. Thus, the mass balance equations of the
kinetic model represented by eq. (30) can be
solved numerically for the condition Ws 5 1 and
fs 5 1 to predict the vinyl group conversions and
the moments of the polymer distribution prior to
gelation. At the incipient formation of infinite
structures, which is called the gel point, the sec-
ond moment of the polymer distribution diverges:

lim
t3tc

Q2
s 5 ` (32)

where tc is the time required for the onset of
gelation. To predict the gel point in terms of the
reaction time tc, eqs. (14)–(31) can be solved until
the condition of eq. (32) is achieved. Beyond the
gel point, both an infinite network (gel) and finite
molecules (sol) coexist in the polymerization sys-
tem. Analytical solution of eqs. (23)–(29) predicts
the weight fraction of gel Wg and the molecular
weight averages (X# 1

s , X# 2
s , X# 1

s•, X# 2
s•) of soluble mol-

ecules.35,36 The number of repeat units between
two successive crosslinks N is calculated as35

N 5 $2m~2 2 Wg!/Q1
s 2 2/X# 2

s•%21 (33)

The independent variable reaction time t in the
above equations can be replaced with the frac-
tional monomer conversion x or with the volume
conversion a of the monomers using

x 5
Q1

sV
@M#0V0

(34)

a 5 1 2 S 1 1 f2DV# /V# 1

1 1 f20DV# /V# 1
D ~1 2 x! (35)

where [M]0 and V0 represent initial concentration
of the total monomers and the initial reaction
volume, respectively, DV# 5 V# 2 2 V# 1, and f2 and f20
are the mole fractions of DVM at conversion x and
at zero conversion, respectively.

Calculations for S–Commercial DVB System

The model is solved for a batch isothermal
S–commercial DVB copolymerization in the pres-
ence of dibenzoyl peroxide as the initiator. For the
solution of the kinetic model, the following rea-
sonable approximations were also made: (i) The
propagation, crosslinking, and termination rate
constants are independent of the type of the rad-
ical end, i.e., kp11

5 kp21
5 kp31

5 kp1
, etc. (ii) The

initiator efficiency is 0.5. (iii) The reactivity ratio
of S with the first double bond of m- and p-DVB
(r129 and r120, respectively) are temperature inde-
pendent in the temperature range from 50 to
100°C. (iv) Previous experimental studies indi-
cate that, in a wide range of crosslinker concen-
tration, the pendant vinyl group reactivity is ten-
to hundredfold smaller than the reactivity of the
vinyl groups on divinyl monomers.34 For the
present simulation we assume that r#32 5 1/10 in
S–DVB copolymerization system in the presence
of inert diluents.

The values of the kinetic constants and the
parameters used in the calculations are collected
in Table I. We first calculated the gel point con-
version xc and the values of Wg, y(X# 1

s), and N using
the kinetic rate equations as a function of the
monomer conversion x. Then, these data were
used for the solution of the thermodynamic eqs.
(7)–(12) to predict the critical conversion for the
onset of a phase separation in FCC as well as the
volume fraction of the separated phase (1 2 vg),
which corresponds to, assuming isochoric condi-
tions, the total porosity P of the final copolymer
network. Solution of the thermodynamic equa-
tions require the values of the interaction param-
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eters x12, x13, and x23. Since the sol molecules and
the gel have the same chemical composition, it
was assumed that x23 5 0. The diluent in S–DVB
copolymerization (component 1) consists of the
unreacted monomers and of the (non)solvent
(pore-forming agent), which changes its composi-
tion depending on the monomer conversion. As a
result, the overall solvating power of the compo-
nent 1 for the polymer changes as the monomers
are consumed in the polymerization. Thus, x12
can be calculated from the monomer–polymer
(x12

mon) and solvent–polymer (x12
sol) interaction pa-

rameters as

x12 5 x12
mon 1 ~x12

sol 2 x12
mon!Fs (36)

where Fs is the volume fraction of the (non)sol-
vent in the diluent mixture, i.e.,

Fs 5
1 2 v2

00

1 2 av2
00 (36a)

x12
mon is reported to be 0.42 and x12

sol represents the
thermodynamic quality of the pore-forming
agent, which is one of the independent variables
of the model.

The most common methods to produce hetero-
geneous S–DVB copolymers are to work at a high
DVB concentration (v-induced syneresis2). As will
be shown in the following section, under these
reaction conditions gelation occurs at a low mono-
mer conversion and the sol fraction in the reac-
tion mixture approaches to zero at x . 0.3. Re-
spective calculations showed that, under these

conditions, the effect of soluble polystyrene chains
on the phase equilibria in S–DVB copolymeriza-
tion is negligible. This is mainly due to the strong
gel effect in S–DVB copolymerization, which
leads to a rapid consumption of the soluble poly-
mers in the reaction system.40 Therefore we as-
sumed that v3 5 v93 5 0.

RESULTS AND DISCUSSION

Figure 1(A) shows the sol and gel properties as a
function of the monomer conversion x in S–DVB
copolymerization at 70°C in the presence of 0.1M
dibenzoyl peroxide as the initiator. Initial mono-
mer mixture contains 70 mol % DVB isomers and
the total monomer concentration is 20 vol % (v2

00

5 0.20). The weight-average polymerization de-
gree of branched polymers, X# 2

s , goes to infinity at
x 5 0.073, which corresponds to the critical con-
version xc for the onset of gelation. Beyond the gel
point, the amount of polystyrene chains incorpo-
rated into the network Wg increases and the num-
ber of segments between successive crosslinks N
decreases abruptly; At the same time, the size of
the soluble polymers rapidly decreases due to the
predominant crosslinking reactions between the
sol molecules of larger sizes and the gel. At x
. 0.3, the gel fraction approaches to unity and the
size of soluble polymers (X# 1

s and X# 2
s) decreases to

the size of the primary molecules (X# 1
s• and X# 2

s•).
These are the well-known features of S–DVB co-
polymerization carried out in the presence of a
high amount of DVB.

Table I Kinetic Constants and Parameters for S–Commercial DVB
Copolymerization Using Dibenzoyl Peroxide as an Initiator

Constant Reference

f 5 0.5
kd 5 6.38 3 1013 s21exp[2124.3 kJ mol21/(RT)] 31
kp1 5 2.4 3 108 L mol21 s21exp[237.5 kJ mol21/(RT)] 37
kp29 5 kp1/0.88 38
kp20 5 kp1/1.18 38
r#32 5 1/10 34
kcyc 5 0.3 39
kmc 5 0
ktc

0 5 1.26 3 109 L mol21 s21exp[27.03 kJ mol21/(RT)] 31
ktd

0 5 0 31
A 5 15 40
dM 5 924 2 0.918(T 2 273) g L21 41
dP 5 1084.8 2 0.605(T 2 273) g L21 41
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For the same reaction conditions, the effect of
the thermodynamic quality of the diluent repre-
sented by x12

sol on the porosity development in
S–DVB copolymers is shown in Figure 1(B). For
x12

sol , 0.5, i.e., in the presence of good solvating
diluents, the reaction system phase separates be-
yond the gel point due to the crosslink density
(v)-induced syneresis. Thus, in accord with the
experimental observations,16,18 porous S–DVB
networks can be prepared even in the presence of
good solvents as a diluent. As the monomer con-
version increases, the porosity also increases due
to the simultaneous increase of the crosslink den-
sity of the network N21. For x12

sol $ 0.5, i.e., in the
presence of precipitating diluents, the polymer-
ization system is discontinuous at the gel point
because of the repulsive interactions between the
polymer segments and solvent molecules (x-in-
duced syneresis) which induce phase separation
prior to gelation. Thus, the kinetic gel point xc, at
which the second moment of the polymer distri-
bution diverges, does not correspond to a mac-
rogelation point; it rather corresponds to a critical
point, at which microgel or macrogel particles
start to appear in the reaction system containing
unreacted monomers, precipitating diluent, and
soluble polymers. Beyond this point, the porosity
decreases on increasing the monomer conversion.
This is due to the fact that as the gel grows, that
is, as the weight fraction of the gel Wg increases,
the volume of the separated phase necessarily
decreases. The porosity starts to increase at high
monomer conversions due to the predominant
crosslinking reactions, which reduces the volume
of the gel phase.

Effect of the initial monomer concentration
(v2

00) on the kinetics of S–DVB copolymerization is
shown in Figures 2(A) and 2(B). The gel point
conversions xc calculated from X# 2

s vs x curves [Fig.
2(B)] are illustrated in Figure 2(A) as filled cir-
cles. Under the selected reaction conditions (50
mol % DVB, 70°C, [I]0 5 0.1M), as the initial
monomer concentration increases from 5 to 80 v/v
%, the gel point conversion xc at which X# 2

s goes to

network chains N shown as a function of the monomer
conversion x in S–DVB copolymerization. DVB 5 70
mol %. v2

00 5 0.20. Temperature 5 70°C. [I] 5 0.1M. (B)
Variation of the total porosity P of S–DVB networks
with the monomer conversion x in the presence of var-
ious diluents. The diluent–polymer interaction param-
eter values x12

sol used in the calculations are indicated in
the figure. See legend to A for the reaction conditions.

Figure 1 (A) The weight fraction of gel Wg, the num-
ber- and weight-average degrees of polymerization of
primary molecules (X# 1

s• and X# 2
s•), of branched molecules

(X# 1
s and X# 2

s), and the number of segments in the
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infinity decreases from 0.326 to 0.022. The accel-
eration of the polymerization and crosslinking re-
actions becomes significant on increasing the
monomer concentration due to the earlier gela-
tion. Also, the growth rate of the gel in terms of its
mass (Wg) and its crosslink density (N21) in-
creases significantly on increasing the monomer
concentration in the initial reaction mixture.

Figure 3 illustrates the variation of porosity P
of S-DVB networks with conversion x for various
initial monomer concentrations. The monomer
concentration affects significantly the porosity of
the copolymer networks. In the presence of a good
solvent (x12

sol 5 0.4), the reaction system phase
separates at or beyond gelation; the higher the
initial degree of dilution of the reaction system,
the higher the porosity of the resulting copolymer
network. The porosity increases on increasing the
monomer conversion due to the simultaneous in-
crease of the crosslink density. However, in the
presence of a poor solvent (x12

sol 5 0.6), the porosity
first decreases with monomer conversion due to
increased volume of the gel phase, but then it
increases again due to the crosslinking reactions.

The results shown in Figures 1(B) and 3 dem-
onstrate that the networks prepared in nonsolvat-
ing diluents or in more diluted solutions exhibit
larger porosity values. These dependencies are
collected in Figure 4 for a wide range of parame-
ter values, which shows the variation of porosity
P as a function of the quality and the amount of
the diluent present during the polymerization.
Calculations were for 70 mol % DVB in the initial
monomer mixture and for a monomer conversion
of x 5 0.99. It is seen that the final porosity of
S–DVB networks strongly depends both on the
degree of dilution v2

00 and on the extent of the
thermodynamic interactions between the diluent
and network segments x12

sol. For comparison, some
of the reported porosity data of S–DVB copolymer
networks2,11,16,18,19 are collected in Figures 5 and
6 as a function of the quality and the amount of
the diluent, respectively. Experimental data
shown in Figures 5 and 6 are for different di-

Figure 2 (A) Variation of monomer conversion x with
the reaction time in S–DVB copolymerization at vari-
ous initial monomer concentrations. The gel points are
shown as filled circles. DVB 5 50 mol %. [I]0 5 0.1M.
Temperature 5 70°C. Volume fraction of the monomers

in the initial monomer mixture v2
00 5 0.05 (1), 0.10 (2),

0.20 (3), 0.40 (4), 0.60 (5), and 0.80 (6). (B) The weight
fraction of gel Wg, the number of segments in the net-
work chains N (dotted curves), and the weight-average
degree of polymerization of branched molecules X# 2

s

shown as a function of the monomer conversion x at
various initial monomer concentrations. See legend to
A for the reaction conditions.
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luents, i.e., aliphatic alcohols of various chain
length, toluene/cyclohexanol and n-heptane/tolu-
ene mixtures of various compositions. Since the
x12

sol parameter values of these polymer–solvent
systems are unknown, the diluent quality was
represented as Dd2 5 (d1 2 d2)2, where d1 and d2
are the solubility parameters of the diluent and
the polymer, respectively.18 Both the simulation
results and the experimental data in Figure 5
indicate that, for a fixed monomer dilution v2

00,
porosity P increases on worsening the polymer–
solvent interactions during the gel formation pro-
cess. This increase in P is first rapid but then it

slightly increases on increasing x12
sol (or Dd2) pa-

rameter value of the diluent. Thus, the theory
predicts all the trends observed by experiments.
Both simulation and experimental results also
indicate that the porosity increases with increas-
ing degree of monomer dilution (Fig. 4 vs Fig. 6).
Theory predicts a continuous increase in P with
increasing monomer dilution. This stands in con-
trast to the experimental data obtained at lower
concentration of the monomers (Fig. 6); in the
region of v2

00 , 0.3, experimental data indicate
that the rate of increase of porosity slows down on
further increase of the monomer dilution. This
difference is probably due to the fact that the
copolymer networks formed at a low monomer
concentration, i.e., at v2

00 , 0.30, cannot hold the
isochoric condition due to the loose network struc-
ture.42 Therefore, the pores in such copolymers
may collapse upon drying or upon the removal of
the diluent, and result in lower porosity values
than expected in the limit of high dilution de-
grees.

The effect of the DVB concentration on the
kinetics of S–commercial DVB copolymerization
at 70°C is shown in Figures 7(A) and 7(B). The
monomer and initiator concentrations were v2

00

5 0.20 and [I]0 5 0.1M, respectively. The filled
symbols in Figure 7(A) represent the gel points.
As the DVB concentration increases from 5 to 90

Figure 4 The total porosity P of S–DVB networks
formed at x 5 .99 plotted as a function of the quality x12

sol

and the amount v2
00 of the diluent present during the

polymerization. DVB 5 70 mol %, [I]0 5 0.1M. Temper-
ature 5 70°C.

Figure 3 Variation of the total porosity P of S–DVB
networks formed in S–DVB copolymerization with the
monomer conversion x for various initial monomer con-
centrations v2

00. DVB 5 50 mol %, [I]0 5 0.1M. Temper-
ature 5 70°C. x12

sol values used in the calculations are
indicated in the figure. Volume fraction of the mono-
mers in the initial monomer mixture v2

00 5 0.05 (1),
0.10 (2), 0.20 (3), 0.40 (4), and 0.60 (5).
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mol %, the gel point conversion xc decreases from
0.555 to 0.066. The gel effect that starts at the gel
point becomes significant on raising the DVB con-
centration; at DVB concentrations above 10 mol
%, all the monomers completely react within a
few minutes after the gel point due to the strong
gel effect. Increase in the DVB concentration also
increases the rate of change of Wg, i.e., the growth
rate of the gel due to the simultaneous increase of
the pendant vinyl group concentration in the re-
action mixture [Fig. 7(B)].

Figure 8 shows the variation of porosity P with
monomer conversion x for various levels of DVB.
The calculation results are for two differed sol-
vents with x12

sol 5 0.5 and 0.6. The results illus-
trate that the porosity in the network increases
on increasing DVB concentration up to 70 mol %
and then levels off. For the reaction system in a
solvent with x12

sol close to x12
mon (upper curves), the

system phase separates at or beyond the gel
point. Thereafter, the porosity does not change
much over a wide range of the monomer conver-

sion but it increases at high conversions due to
the simultaneous increase of the network
crosslink density N21. Even at low DVB contents
(curves 1 and 2), the network becomes heteroge-
neous at high monomer conversions or by curing
the reaction system at complete monomer conver-
sion due to the increasing crosslinking density
[Fig. 7(B)]. In a poor solvent as a diluent (lower
curves), porosity first decreases with increasing
conversion because of the increased gel fraction.
At high monomer conversions porosity increases
again due to the crosslinking reactions.

The calculated porosities of S–DVB networks
formed at a monomer conversion x 5 0.99 are
collected in Figure 9 as a function of the DVB and
the initial monomer concentration. It is seen that
the porosity of S–DVB networks increases with
increasing DVB content of the monomer mixture.
In the presence of sufficient amount of DVB, the
porosity does not change with a further increase
in the DVB concentration. The maximum value of
porosity obtained at high DVB contents is close to
the amount of the diluent present during the re-
actions. Moreover, Figure 9 also indicate that, to

Figure 5 The total porosity P of S–DVB copolymer
networks shown as a function of the diluent quality Dd2

5 (d1 2 d2)2, where d1 and d2 are the solubility param-
eters of the diluent and the polymer, respectively.18

The initial volume fraction of the monomer v2
00 is shown

in the figure. Experimental data points are from Seidl
et al.,2 Wieczorek et al.,11 and Okay.16,18 The curves
only show the trend of the data. Diluent 5 aliphatic
alcohols of various chain length,2 DVB 5 20%, v2

00

5 0.50 (F), 0.70 (E), and 0.80 (Œ). Diluent 5 toluene/
cyclohexanol mixtures,16,18 v2

00 5 0.50, DVB 5 10 (�)
and 25% (‚). Diluent 5 n-heptane/toluene mixtures,11

v2
00 5 0.50, DVB 5 50% (■).

Figure 6 The total porosity P of S–DVB copolymer
networks shown as a function of the monomer dilution
v2

00. The difference between the solubility parameters of
the diluent and the polymer is shown in the figure.
Experimental data points are from Seidl et al.,2 Wiec-
zorek et al.,11 Okay,18 and Jun et al.19 The curves only
show the trend of the data. DVB 5 20%, diluent
5 methanol2 (ƒ), n-butanol2 (F), isooctane2 (‚), and
toluene/cyclohexanol (1/3) mixture18 (Œ). DVB 5 50%,
diluent 5 n-heptane/toluene (1/9) mixture11 (E). DVB
5 98.4%, diluent 5 toluene19 (�).
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obtain porous copolymers, a critical amount of
DVB, or a critical degree of initial monomer dilu-
tion, are required. The critical DVB concentration
decreases with increasing degree of dilution of the
monomers. In Figure 10, experimental porosity
data of S–DVB networks published in the litera-
ture16,18,43 are collected as a function of the DVB
concentration. A comparison of Figures 9 and 10

Figure 8 Variation of the total porosity P of S–DVB
networks formed in S–DVB copolymerization with the
monomer conversion x for various levels of DVB. v2

00

5 0.20. [I]0 5 0.1M. Temperature 5 70°C. DVB mol %
5 5 (1), 10 (2), 20 (3), 30 (4), 50 (5), 70 (6), and 90 (7).
x12

sol values used in the calculations are indicated.

70 (6), and 90 (7). (B) Wg, N (dotted curves), and X# 2
s

shown as a function of the monomer conversion x in
S–DVB copolymerization at various levels of DVB. See
legend to A for the reaction conditions.

Figure 7 (A) Variation of monomer conversion x with
the reaction time in S–DVB copolymerization at vari-
ous DVB concentration. The gel points are shown as
filled circles. v2

00 5 0.20. [I]0 5 0.1M. Temperature
5 70°C. DVB mol % 5 5 (1), 10 (2), 20 (3), 30 (4), 50 (5),
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shows that the predictions of the model are in
excellent agreement with the experimental data.
The slight decrease in the porosity of S–DVB net- works above 60 % DVB (Fig. 10) is due to the

destruction of the rigid pore structure during the
polymerization or during the measurements.13,16

Figure 11 Variation of monomer conversion x with
the reaction time in S–DVB copolymerization with 30
mol % DVB at various polymerization temperatures.
The gel points are shown as filled circles. v2

00 5 0.20, [I]0
5 0.1M. Polymerization temperature 5 50 (1), 60 (2),
70 (3), 80 (4), 90 (5), and 100°C (6).

Figure 12 Variation of monomer conversion x with
the reaction time in S–DVB copolymerization with 20
mol % DVB at various initiator concentrations. The gel
points are shown as filled circles. v2

00 5 0.20, Temper-
ature 5 70°C. Initiator concentration [I] 5 1024 (1),
1023 (2), 1022 (3), 1021 (4), and 100M (5).

Figure 9 The total porosity P of S–DVB networks
formed at x 5 .99 plotted as a function of the initial
concentrations of the DVB and the total monomers. x12

sol

5 0.60. [I]0 5 0.1M. Temperature 5 70°C.

Figure 10 The total porosity P of S–DVB copolymer
networks shown as a function of the DVB concentra-
tion. The difference between the solubility parameters
of the diluent and the polymer is shown. Experimental
data points are from Poinescu et al.43 and Okay.16,18

The curves only show the trend of the data. v2
00 5 0.50,

diluent 5 cyclohexanol16 (F), toluene/cyclohexanol (1/
3)18 (E), toluene/cyclohexanol (1/1)18 (Œ), and toluene16

(�). v2
00 5 0.40, diluent 5 toluene/gasoline (1/100)43 (V).
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The effects of the polymerization temperature
and the initiator concentration on the porosity of
S–DVB networks have, to our knowledge, not
been studied previously. Figure 11 shows the ef-
fect of temperature on conversion–time history of
S–DVB copolymerization, while Figure 12 shows
similar plots but at various initiator levels.11–12

As the temperature decreases, gelation occurs at
earlier monomer conversions but at later reaction
times (Fig. 11). For example, as the polymeriza-
tion temperature decreases from 100 to 50°C, the
gel point conversion decreases from 0.250 to
0.064, but the gelation time increases from 6.4 to
173 min. This is due to the fact that, at a low

temperature, the polymerization and crosslinking
reactions slow down, which shift the gel point
toward longer reaction times. On the other hand,
since low polymerization temperature facilitates
formation of long primary chains, the gel point
with respect to monomer conversion becomes
shorter on decreasing the temperature. Figure 12
shows that, as the initial concentration of the
initiator increases, gelation occurs at higher
monomer conversions due to the formation of
short primary chains that delays gelation. But
the gel point with respect to time is largely insen-
sitive to the amount of the initiator.

Figures 13 and 14 illustrate how the porosity
varies depending on the polymerization tempera-
ture and the initiator concentration. The porosity
of partially formed networks (x , 0.5) increases
with increasing temperature or with increasing
initiator concentration. Thus, the partially
formed networks obtained at higher tempera-
tures or at higher initiator concentrations should
exhibit higher porosities due to the delayed gela-
tion and lower gel fractions. Calculations also in-
dicate that the final porosity of the networks
slightly increases on decreasing the polymeriza-
tion temperature or the initiator concentration.
However, this effect is, compared to the other
effects shown in Figures 4 and 9, insignificant.

Figure 13 Variation of the total porosity P of S–DVB
networks formed in S - DVB copolymerization with the
monomer conversion x for various polymerization tem-
peratures. DVB 5 30 mol %, v2

00 5 0.20. [I]0 5 0.1M. x12
sol

values used in the calculations are indicated. Polymer-
ization temperature 5 50 (1), 60 (2), 70 (3), 80 (4), 90
(5), and 100°C (6).

Figure 14 Variation of the total porosity P of S–DVB
networks formed in S - DVB copolymerization with the
monomer conversion x for various initiator concentra-
tions. DVB 5 20 mol %, v2

00 5 0.20. Temperature
5 70°C. x12

sol values used in the calculations are indi-
cated. Initiator concentration [I] 5 1024 (1), 1023 (2),
1022 (3), 1021 (4), and 100M (5).
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CONCLUSIONS

A kinetic-thermodynamic model for the formation
of macroporous copolymer networks was pre-
sented and applied to the free-radical crosslink-
ing copolymerization of S and commercial DVB.
S–DVB copolymerization system at a high DVB
concentration, or at a low monomer concentra-
tion, phase separates during polymerization and
results in the formation of macroporous networks.
The results presented demonstrate that the net-
works prepared in more diluted solutions, at a
high DVB concentration, or in the presence of
nonsolvating diluents exhibit larger porosity val-
ues. The porosity of S–DVB copolymer networks
increases on increasing DVB or the diluent con-
centration, or on decreasing the solvating power
of the diluent. It was also found that the porosity
of partially formed networks increases with in-
creasing polymerization temperature, or with in-
creasing concentration of initiator. However, the
final porosity of S–DVB networks is largely insen-
sitive to both the amount of the initiator and the
polymerization temperature. Comparison of the
simulation results with the experimental data in-
dicates that the model predicts all the trends ob-
served by experiments.

This work was sponsored by TUBITAK, contract grant
number TBAG-1561.
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