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SYNOPSIS

Polymer gels with varying amounts of crosslinker and solvent were prepared by solution
free-radical crosslinking copolymerization of methyl methacrylate/ethylene glycol dimeth-
acrylate (MMA/EGDM) and styrene/p-divinyl benzene (S/p-DVB) comonomer systems. The
structural characteristics of the gels were examined using equilibrium swelling in toluene and
gel fraction measurements. Experimental results were compared with the predictions of a
kinetic model developed recently for free-radical crosslinking copolymerizations. Experi-
mental data on S/EGDM networks reported by Hild, Okasha, and Rempp were also used
to test this model. It was found that the model correctly predicts the development of the
gel properties in free-radical crosslinking copolymerization. © 1995 John Wiley & Sons, Inc.

INTRODUCTION

Polymer gels with the ability to absorb many times
their dry weight of solvent are widely used as ab-
sorbents in medical, chemical, and agricultural ap-
plications, and, therefore, have been the subject of
a large number of studies. These materials are pre-
pared mainly by free-radical copolymerization of
monovinyl (MVM) and divinyl monomers (DVM)
in a suitable solvent.!? Previous studies have shown
that the mechanism of network formation in free-
radical crosslinking copolymerization and the prop-
erties of the resulting networks differ appreciably
from ideal systems.!”* For example, the classical
gelation theories of Flory'® and Stockmayer*®'” can-
not be applied to MVM-DVM copolymerization due
to the unequal vinyl group reactivities.! Cyclization
reactions leading to the formation of intramolecular
links®*!#182 and, at high crosslinker contents, to
microgel-like particles®-%® with internal “frozen”
vinyls and radical centers also cause deviation from
theory. On the other hand, the drift in the primary
chain length due to the decrease in termination rate
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constant (Trommsdorff effect), depletion of mono-
mer and initiator, does not afford an ideal system
for applying the ideal theories of network forma-
tion.!?

Attention has recently been devoted to the kinetic
network formation theories.’*?"-*? Compared to the
statistical models, kinetic models take into account
the kinetic feature of polymerization and so may
offer a more realistic approach to the mechanism of
network formation in free-radical polymerizations.
Very recently, a kinetic model was proposed by one
of the authors for the postgelation period of free-
radical crosslinking copolymerization.®®3 This
model predicts important features of the postgela-
tion period such as the weight fraction of sol and
the chain length averages of both the primary and
branched molecules in the sol. One single adjustable
parameter to account for decreasing radical reactiv-
ity due to diffusion limitations is used for simulation
of the whole network formation process.

In the present work, experiments were carried
out to test the validity of this kinetic model. Of par-
ticular interest to us is the prediction of the struc-
tural characteristics of polymer networks prepared
by free-radical crosslinking copolymerization. Two
commonly used MVM-DVM systems were selected
for this purpose, namely methyl methacrylate/eth-
ylene glycol dimethacrylate (MMA/EGDM) and
styrene/p-divinyl benzene (S/p-DVB) systems. A
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series of experiments with varying amounts of
crosslinker and solvent were performed. The weight
fraction of gel and its equilibrium degree of swelling
were examined as a function of the reaction time,
monomer concentration, and crosslinker content.
Experimental data were compared with the predic-
tions of the model. Recently, Hild, Okasha, and
Rempp® offered experimental data for S/EGDM
copolymerization with EGDM contents ranging
from 2 to 20 mol %. Their data were also compared
to the model predictions.

EXPERIMENTAL

Materials

The monomers methyl methacrylate (MMA), sty-
rene (S), and ethylene glycol dimethacrylate
(EGDM) were freed from the inhibitor by shaking
with 5% aqueous NaOH, washing with water, and
drying over CaCl,. They were then distilled under
reduced pressure. p-Divinyl benzene (p-DVB) was
separated from the commercial mixture by means
of its tetrabromide as described by Naumann.*’ Pu-
rity was checked by gel chromatography (GC) and
found to be about 98%. The initiator 2,2' azobisiso-
butyronitrile (AIBN) was recrystallized twice from
methanol. The polymerization solvent, toluene, was
distilled twice over sodium. All the other materials
were used without further purification.

Copolymerization

The reaction mixture containing monovinyl and di-
vinyl monomers, AIBN, and toluene was poured into
several glass tubes of 10 mm internal diameter and
about 250 mm long. The tubes were degassed three
times, sealed under vacuum (1072 mm), and placed
in a thermostat for a predetermined polymerization
time. It was assumed that the surface/volume ratio
of the glass tubes is high enough to assure an iso-
thermal condition. Homologous series of polymer
gels were prepared in this way allowing systematic
variation of the crosslinker and toluene concentra-
tions. The content of crosslinker is expressed in mole
percent of the total monomers, and the monomer
concentration (c) as volume percent of the initial
monomer-toluene mixture.

Extraction of the Sol Fraction

Toluene was chosen as the extraction solvent and
employed at room temperature. The crude gels, 10
mm in diameter, were cut into samples of 10-25 mm

length. Each sample was placed in an excess of tol-
uene containing a small amount of 1,4-benzoquinone
as an inhibitor, and the solvent was replaced every
other day over a period of 3 weeks until no further
extractable polymer could be detected. The networks
after extraction were carefully deswollen in a series
of toluene-methanol mixtures with increasing
methanol contents. They were then washed several
times with methanol and dried at room temperature
under vacuum to constant weight. The amount of
soluble polymer in toluene solution was determined
gravimetrically after evaporation and precipitation
in methanol. The weight fraction of gel W, was cal-
culated as

w, ==
g+s

(1)

where g and s are the weights of extracted network
and soluble polymer, respectively.

Swelling Measurements

The swelling measurements were carried out in tol-
uene at room temperature. In order to reach the
equilibrium degree of swelling, the networks were
immersed in toluene for at least 3 weeks; the swelling
equilibrium was tested by weighing the samples. To
achieve good precision, three measurements were
carried out on samples of different weight taken from
the same gel. The networks were then weighed in
the swollen state and dried, after a solvent exchange
with methanol as described above, under vacuum to
constant weight. The extent of swelling was char-
acterized by q,, the volume swelling ratio, which was
calculated as

(Qw - l)dp

a. (2)

g =1+

where g, is the ratio of weights of the gel in the
swollen state and the dry state, d, and d, are the
densities of polymer and solvent, respectively.

RESULTS AND DISCUSSION

A detailed development of the kinetic model is found
in Refs 33-35. A summary of the model is given in
the Appendix to enable the understanding of its ap-
plications presented in the current study. Here, the
model was solved for batch isothermal solution co-
polymerizations of MMA/EGDM, S/p-DVB, and S/
EGDM comonomer systems in toluene using AIBN
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Table I Kinetic Parameters Used in the Model Calculations®

Value for System

MMA/EGDM at S/p-DVB at S/EGDM at
Parameter 70°C 60°C 60°C Units
ky 3.43 X 107° (38) 0.85 X 10°% (39) 0.85 X 1075 (39) s
kot 600° 145 (39)f 2658 L mol™s™
kpso 600° 123 (40) 315 (43) L mol's™
ks 1254 384 16¢ L mol™s™
k.. 1.06 X 107 (10) 2.9 X 107 (39)f 2.9 X 107 (39)f L mol's™!
ke 1.01 X 107 (10) 0 (39)f 0 (39)f L molts™
f 0.59 (38) 0.77 (40, 41) 0.6% —
m 2b 2b 1b —
X, 0.496° 0.455 (42) 0.455 (42) —
Xg 0 —0.155 (42) —0.155 (42) —_
X; (i = 3) 0 0 (42) 0 (42) —
d, 0.943 0.91 0.91 g mL™!
dy 1.08 0.91 1.08 g mL™
d, 1.179 1.08 1.08 gmL™
MW, 100 104 104 g mol™!
MW, 198 130 198 g mol™!

2 Reference numbers are given in parenthesis.

b Estimated from time versus conversion data.

¢ Equal reactivity assumption of monomeric vinyls based on the previous experimental data.”*
4 Estimated from the experimental gel point data as described in Ref. 33.

¢ Estimated from the equilibrium swelling degrees.

! Rate constant for homopolymerization of styrene.

¢ Estimated from the experimental data given in Ref. 43.

as an initiator. The kinetic parameters used in the
calculations are listed in Table I. Most of these pa-
rameters were taken directly from the literature. The
rate constant of crosslinking reactions, k3, was es-
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timated from the experimental gel point data. The
adjustable parameter m, representing the extent of
the gel effect in the postgelation period, was esti-
mated by fitting the experimental time versus con-
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Figure 1 Weight fraction of gel W, (A) and the equilibrium volume swelling ratio of the
gel in toluene g, (B) plotted as functions of the reaction time for MMA/EGDM copoly-
merization in toluene at 70°C using an AIBN concentration of 0.3 wt %. Initial monomer
concentration = 50 vol %. (®) EGDM = 0.23 and (A) 0.46 mol %. The curves were calculated
using the kinetic model with the kinetic parameters listed in Table I.
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Figure 2 Volume swelling ratio g, and the weight frac-
tion of gel W, shown as function of the EGDM concen-
tration for MMA/EGDM copolymerization in toluene at
70°C with 0.3 wt % AIBN. Polymerization time = 2 h.
Initial monomer concentration = 50 vol %. Experimental
data are shown as filled (g,) and empty circles (W,). The
curves were calculated using the kinetic model.

version data. For the polymerization systems con-
sidered, the chain transfer to monomer and to sol-
vent reactions can be neglected because of the low
transfer constants.? Cyclization is neglected in the
present study due to the low crosslinker concentra-
tion. Figures 1-5 compare the calculated and ob-
served gel properties—synthesis conditions profiles.
Since no replication was done, it is difficult to es-
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Figure 3 Volume swelling ratio g, and the weight frac-
tion of gel W, shown as function of the monomer concen-
tration for MMA/EGDM copolymerization in toluene at
70°C with 0.3 wt % AIBN. Polymerization time = 2 h.
EGDM = 0.48 mol %. Experimental data are shown as
filled (g,) and empty circles (W,). The curves were cal-
culated using the kinetic model.

1.0

o 06
0.4t

o2r

0.0

100

60 |

40 r

20

L 1

15 20 25

Time / h

Figure 4 Weight fraction of gel W, (A) and the equi-
librium volume swelling ratio of the gel in toluene ¢, (B)
plotted as functions of the reaction time for S/p-DVB
copolymerization in toluene at 60°C using an AIBN con-
centration of 3 wt %. Initial monomer concentration = 47
vol %. (@) p-DVB = 2 and (4) 4 mol %. The curves were
calculated using the kinetic model with the kinetic pa-
rameters listed in Table 1.

timate the experimental error. However, agreement
between the model calculations and the experimen-
tal data is good. The model predicts every trend ob-
served by experiments.

MMA/EGDM copolymerizations were carried out
in toluene at 70°C using an AIBN concentration of
0.3 wt % (with respect to the monomers). The weight
fraction of gel, W, and its equilibrium volume
swelling ratio in toluene, g,, are shown in Figure 1
as a function of the polymerization time for 0.23 and
0.46 mol % EGDM. The initial monomer concen-
tration is 50 vol %. The gelation times were found
to be 2 and 0.83 h, respectively, compared to 1.92
and 0.82 h predicted by the model. The rate of
change in W, and in g, is rapid, up to 4 and 2 h for
0.23 and 0.46 mol % EGDM, respectively; thereafter,



FREE-RADICAL CROSSLINKING COPOLYMERIZATION 481

it slows down owing to the small amount of cross-
linking agent set in and as a result of the low rate
constant of the crosslinking reactions (Table I). For
the same monomer concentration, the variations of
g, and W, with the EGDM concentration are shown
in Figure 2. The reaction time is 2 h. Experiments
showed that no gelation occurs below 0.20-0.23 mol
% EGDM, compared to 0.231 mol % predicted by
the model.

Figure 3 illustrates the dependences of g, and W,
on the initial monomer concentration (¢) for a re-
action time of 2 h and for 0.48 mol % EGDM. Again,
the prediction of the model is in good agreement
with the experimental data. Deviations appearing
between the theoretical and experimental values in
highly diluted polymerization systems can be at-
tributed to the intramolecular crosslinking reactions.

S/p-DVB copolymerizations were carried out in
toluene at 60°C using an AIBN concentration of 3
wt %. The initial monomer concentration was 47
vol %. The variations of W, and ¢, with the poly-
merization time are shown in Figure 4 for 2 and 4
mol % p-DVB. The increase in the p-DVB concen-
tration promotes the onset of gelation (from 4.5 to
2 h). Similar trends are also seen in Figure 5. Here,
g, is plotted against the reaction time for S/EGDM
copolymerization in toluene with EGDM contents
ranging from 2 to 20 mol %. The data points are the
results of measurements of Hild et al.*® The agree-
ment of model and experiment is remarkably good,
even thought the crosslinker concentration changes
by a factor of 10.
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Figure 5 Variation of the equilibrium swelling ratio of
the gels g, with the reaction time for S/EGDM copoly-
merization in toluene at 60°C. [M;]l, = 4 mol L%, [I],
= 0.08 mol L™, EGDM = (@) 2, (A) 5, (O) 10, and (A) 20
mol %. Experimental results of Hild et al.*® are shown as
symbols. The curves were calculated using the kinetic
model.
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Figure 6 Types of vinyl groups and radical centers in
MVM-DVM copolymerization.

CONCLUSIONS

The kinetic model proposed recently correctly pre-
dicts the development of the gel properties in free-
radical crosslinking copolymerization of MMA/
EGDM, S/p-DVB, and S/EGDM systems. In order
to apply this model to highly diluted polymerization
systems or to systems with a high crosslinker con-
tent, one has to consider the effect of cyclization
reactions as well as the conversion dependence of
the elementary rate constants such as those of ter-
mination and crosslinking reactions. However, in
view of the current results, this model seems to be
applicable to systems of practical interest.

APPENDIX

The kinetic model was proposed for free-radical co-
polymerization of monovinyl (MVM) and divinyl
monomers (DVM). The rate equations for the con-
centration of various species and the moment equa-
tions for branched molecules as well as for primary
chains were published previously.?**® In the follow-
ing is provided a brief review of the kinetic model.
1. The model distinguishes three types of vinyl
groups with different reactivities, as shown in Figure
6: (i) on MVM (M;), (ii) on DVM (M), and (iii) on
polymer chains, i.e., pendant vinyls (Ms).
Accordingly, MVM-DVM copolymerization in-
volves three kinetically distinguishable radicals and,
as in terpolymerizations, 4 initiation, 9 propagation,
and 12 termination reactions. In order to simplify
the kinetic treatment of the system, a series of in-
stantaneous rate constants for propagation and ter-
mination reactions is defined. Note that these con-
stants are equivalent to the average rate constants
of Fukuda et al.* Applying the instantaneous rate
constants, the copolymerization system may be
viewed as consisting of three propagation reactions
with instantaneous rate constants k,;, where i is the
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type of the vinyl group M; (i = 1, 2, and 3) partici-
pating the reaction.

2. Although cyclization is not accounted for in
the model, these reactions can easily be included
into the model using constants for primary and sec-
ondary cyclization® (multiple crosslinking®’). As
recently summarized by Tobita and Hamielec, pri-
mary and secondary cyclization reactions are very
important in free-radical copolymerization of MMA/
EGDM and S/p-DVB systems.'? However, these re-
actions are neglected in the present study due to the
low concentration of DVMs used.

3. The model assumes steady-state concentra-
tion for the radicals in the reaction system. Thus,
the radical concentration is simply given by [R*]
= (2fkq[l]/k)? where f is the initiator efficiency, &,
is the decomposition rate constant of the initiator
1, and k&, is the sum of the instantaneous termination
rate constants by coupling and by disproportiona-
tion, i.e., k;, = k,. + k;y. Termination reactions are
assumed to be chemically controlled prior to gela-
tion, but diffusion-controlled beyond gelation. The
decrease of the termination rate of radicals is given
by the empirical relation

mooy -1
kt = k?m (z 8i>

i=1

where E? represents the chemically controlled ter-
mination rate constant, m is an adjustable param-
eter, which can take on integral values, and ¢ is the
crosslinking density of primary chains, i.e., the
number of crosslinked units per weight-average pri-
mary molecule. Beyond the gel point, the radical
concentration in the sol is assumed to decrease as
the volume of the sol fraction decreases, but not
faster. It must be noted that a rapid rise of radical
concentration during autoacceleration in polymer-
ization rate may invalidate the steady-state hypoth-
esis. Indeed, Zhu and Hamielec recently found that
for high crosslinker levels the steady-state hypoth-
esis is clearly invalid.!* Therefore, the model is ap-
plicable for low crosslinker contents.

4. The model assumes the validity of the limita-
tions following from the Flory lattice theory and the
theory of rubber elasticity. Thus, the equilibrium
volume swelling ratio of the gel, g,, can be calculated
from the crosslinking density of the gel and the
polymer-solvent interaction parameter X using the
Flory’s swelling equation.*® Note that the polymer—
solvent interaction parameter X, in general, depends
on g, and on the temperature. At constant temper-
ature, this dependence is given by*” X = X; + Xoq,’

+ qu;2 + ..
constants.

5. Due to the differences in the densities of MVM
(d1), DVM (d,), and the polymer (d,), the reaction
volume will change during the polymerization. As-
suming ideal solutions, this change is accounted for
in the model.

where X,, Xo, X3, « + + are empirical

REFERENCES

1. K. Dusek, in Developments in Polymerization, Vol. 3,
R. N. Haward, Ed., Applied Science, London, 1982,
p. 143.

2. A. E. Hamielec and H. Tobita, in Ullmann’s Encyclo-
pedia of Industrial Chemistry, Vol. A21, VCH Pub-
lishers, Weinheim, Germany, 1992, p. 305.

. C. Walling, J. Am. Chem. Soc., 67, 441 (1945).

. W. Funke, Chimia, 22, 111 (1968).

5. J. Malinsky, J. Klaban, and K. Dusek, J. Macromol.
Sci. Chem., A5, 1071 (1971).
6. W. Obrecht, U. Seitz, and W. Funke, Polym. Prepr.
Am. Chem. Soc. Div. Polym. Chem., 16, 149 (1975).
7. R. S. Whitney and W. Burchard, Makromol. Chem.,
181, 869 (1980).
8. T. Batzilla and W. Funke, Makromol. Chem. Rapid
Commun., 8, 261 (1987).
9. O. Okay, Makromol. Chem., 189, 2201 (1988).
10. W, Li, A. E. Hamielec, and C. M. Crowe, Polymer,
30, 1518 (1989).
11. S. Zhy, Y. Tian, A. E. Hamielec, and D. R. Eaton,
Polymer, 31, 154 (1990).
12. H. Tobita and A. E. Hamielec, Polymer, 31, 1546
(1990).
13. N. A. Dotson, T. Diekmann, C. W. Macosko, and M.
Tirrel, Macromolecules, 25, 4490 (1992).
14. S. Zhu and A. E. Hamielec, Makromol. Chem. Ma-
cromol. Symp., 63, 135 (1992).
15. P. J. Flory, J. Am. Chem. Soc., 63, 3083, 3091, 3096
(1941).
16. W. H. Stockmayer, J. Chem. Phys., 11, 45 (1943).
17. W. H. Stockmayer, J. Chem. Phys., 12, 125 (1944).
18. K. Dusek and J. Spevacek, Polymer, 21, 750 (1980).
19. H. Galina and K. Rupicz, Polym. Bull. (Berlin), 3,473
(1980).

20. D. T. Landin and C. W. Macosko, Macromolecules,
21, 849 (1988).

21. L. Minnema and A. J. Staverman, J. Polym. Sci., 29,
281 (1958).

22. H. Kast and W. Funke, Makromol. Chem., 180, 1335
(1979).

23. K. Dusek, H. Galina, and J. Mikes, Polym. Bull. (Ber-
lin), 3, 19 (1980).

24. H. Galina, K. Dusek, Z. Tuzar, H. Bohdanecky, and
J. Stokr, Eur. Polym. J., 16, 1043 (1980).

25. 0. Okay and W. Funke, Macromolecules, 23, 2623
(1990).

- oW



26

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

FREE-RADICAL CROSSLINKING COPOLYMERIZATION

0. Okay and C. Gurun, J. Appl. Polym. Sci., 46, 421
(1992).

A. G. Mikos, C. G. Takoudis, and N. A. Peppas, Mac-
romolecules, 19, 2174 (1986).

H. Tobita and A. E. Hamielec, Makromol. Chem.
Macromol. Symp., 20/21, 501 (1988).

H. Tobita and A. E. Hamielec, Macromolecules, 22,
3098 (1989).

S. Zhu and A. E. Hamielec, Macromolecules, 26, 3131
(1993).

T. Xie and A. E. Hamielec, Makromol. Chem. Theory
Simul., 2, 777 (1993).

G. L. Batch and C. W. Macosko, J. Appl. Polym. Sci.,
44, 1711 (1992).

0. Okay, Polymer, 35, 796 (1994).

0. Okay, Polymer, 35, 2613 (1994).

0. Okay, Makromol. Chem. Theory Simul., 3, 417
(1994).

G. Hild, R. Okasha, and P. Rempp, Makromol. Chem.,
186, 407 (1985).

37
38

39.

40.

41.

42,
43.

44,

45.

46.
47.

483

G. Naumann, J. Prakt. Chem., 1, 277 (1955).

M. Stickler, Makromol. Chem., 184, 2563 (1983).

G. Odian, Principles of Polymerization, McGraw-Hill,
New York, 1981, Chap. 6.

G. Hild and R. Okasha, Makromol. Chem., 186, 93
(1985).

A. G. Mikos, C. G. Takoudis, and N. A. Peppas, Poly-
mer, 28, 998 (1987).

R. A. Orwoll, Rubber Chem. Technol., 50, 451 (1977).
G. Hild and R. Okasha, Makromol. Chem., 186, 389
(1985).

T. Fukuda, Y-D Ma, and H. Inagaki, Macromolecules,
18, 17 (1985).

T. Holt and W. Simpson, Proc. Roy. Soc. (London),
A238, 154 (1956).

P. J. Flory, Macromolecules, 12, 119 (1979).

P. J. Flory, Discuss. Faraday Soc., 49, 7 (1970).

Received May 16, 1994
Accepted August 3, 1994



