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THE MECHANISM OF COPOLYMERIZATION
OF VINYL AND DIVINYL MONOMER VI:
A STUDY ON THE MECHANISM OF THE STRUCTURE
FORMATION OF CROSSLINKED POLYSTYRENE
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ABSTRACT

In order to study the mechanism of the formation of macroporous copelymer, the overall reaction
kinetics, phase separation and gelation of the S/EGDM in the presence of inert solvents and the physical
properties of the copolymer were investigated and compared with the corresponding system of S/DVB and
S/DVB/MMA. The formation of the network structure of the macroreticular polymer was studied and a
model of the mechanism suggested.

The matrix of macroporous crosslinked polystyrene has been used widely. In order to meet
the needs of different fields, we have synthesized matrixes of different structures by changing the
concentration and property of the cross-linking agent and inert solvents. The mechanism of the
formation of the macroreticular structure has been studied!' 3! and in accordance with
experiments, we continue to investigate the overall kinetics and phase separation of the
copolymerization of styrene/ethylene glycol a, a'—dimethylacrylate (S/EGDM) in the presence of
inert solvents. We also investigate the physical pr(;perties of the corresponding copolymers, from
which we try to understand the mechanism of the formation of the macroporous products.

EXPERIMENTAL

Chemicals _

Styrene, in which the inhibitor was removed with 201 strong anion exchanger, was distilled at
55—56°C/17TmmHg under nitrogen atmosphere. Refractive index n,.. = 1.5460.

EGDM was synthesized according to reference[4]. The product was distilled under vacuum
and analysed with gas chromatogrophy. The product contains 98% EGDM, n,;.=1.4540.

DVB, commercial reagent, in which the inhibitor was removed with strong anion exchanger,
was analysed with gas chromatography. It contains 17.29% p-DVB, 28.18% m-DVB, 14.14% p-
EVB, 32.20% m-EVB and the rest diéthylbénzgne. Other chemicals are all A.R..
Kinetics

The solution of vinyl and divinyl monomer mixtures containing 1% Bz,0, and 100% inert
solvents were mixed with stirring, then placed into thirteen vials which were then chilled with
liquid nitrogen, evacuated and purged with dry nitrogen three times before sealed. The sealed
samples were placed in the reaction system at 40°C and then raised to 80°C at a rate of 2°C/min. as
the starting reaction point. The monomers remained in the system were analysed with
chromatogfa\phy at intervals. The rate of transformation was calculated. The analysis of S/EGDM
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was carried out with Backman 443 HPLC, whereas for S/DVB with Typel00 gas chromatogrophy.
Phase Separation and Gelation

The measurements of . phasé separation and gelation during the copolymerization were
described in reference[3].

RESULTS AND DISCUSSION

The effect of cross—linking agent and porogenic agent on kinetics
The total conversion of the S/EGDM and S/DVB at different amount of cross-linking agent is
shown in Fig.1. The corresponding conversion of individual monomer is indicated in Fig.2.
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Fig.1 Total conversion of S/EGCM(A) and S/DVB(B) with n—heptané as the porogenic agent
Concentration of cross-linking agent (mol%): @ 3.24; O 5.56; & 9.10; x 11.6.

— XA LI r 3
o/ A /,(//:’»" A //‘Fp;_f_
L ,‘/ //'.’. Iy g /./ e a / ’
w-rf S {/./ b /:. /A R
4 : ‘Z// A t/

a > ‘ ‘,A"

—//C : &x//‘/'/ [;/c ///”’

Conversion (%)

e

“Iit s T [/ ¢
o ] ; / B
, 1/ Ally hr
o I d
Y A V. W N
200 400 0 200 400 0 . 200 400 0 200 400

. Time(min)

Fig.2 Conversiorn of individual monomer of S/DVB(A) and S/EGDM(B) in the presence of n—heptane
A: @ styrene, A m-DVB, x p-DVB. B: @ styrene A EGDM.
Conc. of crosslinker (mol%): a, 3.14; b. 5.56; ¢. 9.10; d. 11.6.

Fig.1 indicates that the rate of copolymerization increased as the amount of crosslinker was
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increased. The conversion of the monomer crosslinked by EGDM was higher than that cross—
linked by DVB when the copolymerization was in the initial stage. On the contrary, when the
conversion was high, the rate of copolymerization was in the opposite order. In both
copolymerization systems, the conversion of the divinyl compound was higher than that of the
vinyl monomer at a definite time. This would cause the distribution of the crosslinker in the
polymer network heterogeneous unless the reactivity ratios of the crosslinker and styrene are both

equal to one. The heterogenity in the polymer network crosslinked by EGDM is even more serious
than that by DVB.

The effect of porogenic agents on the rate of copolymerization is shown in Fig.3.
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Fig.3 Conversion of S/EGDM in the presence of different porogenic agents
@ n-butyl ether; A n-heptane.

As a solvent, the n-butyl ether (§ = 7.8) is better than that of n—heptane (6 = 7.4) for
polystyrene (6 = 9.1). Fig.3 indicates that the poorer is the solvent as a porogenic agent, the faster
the rate of copolymerization. This is due to the fact that the chain radical in a non—solvent becomes
so shrinkable and insoluble that the termination is more difficult. Besides, as the chain radical
precipitated out, the concentration of monomer around it might become higher.

The effect of cross-linking-agent and porogenic agent on gelation

From Table 1, it is evident that the higher is the concentration of the cross-linking agent, the
shorter the time required for gelation when the other conditions are the same. However, the time of
gelation is not a linear function of the amount of cross-linking agent used for the copolymerization.
The change of gelation time becomes slower and slower as the amount of cross-linking agent
increases. _

Table 1 also indicates that at lower concentration of cross—linking agent the time of gelation
for styrene cross—linked by EGDM is shorter than that cross-linked by DVB and the total
conversion of S/EGDM at gelation point is lower: This accounts for the fact that pendent vinyl
group of EGDM in the chain radical possesses higher activity.

The effect of crosslinkng agent and porogenic agent on phase separation
During polymerization, the phase separation arises from the -syneresis of the network.
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Increasing the amount of crosslinking agent, the phase separation of the system is evident (Fig.4).
When the solvating ability of porogenic agent decreases from n-butyl ether to n-heptane, the

phase separation becomes more and more ‘evident (Fig.5).
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Fig.4 Phase separation of different systems in the

presence of n—heptane.

A S/EGDM, B S/DVB.

Conc. of crosslinker (mol%}):
13.24, 2 556, 3 9.10, 4 11.6

t turbidity, 1, maximum turbidity

Physical properties of copolymer

a /'\
80 M
. \.
- . \ . ]
~y
60+ l =
\
b L .
N
< | ,
401
1 .\\ ;
20.—/./ o\.\ 3
0 i I i 1 Il 1 1 I )
80 160 240 320 400

Time(min)

Fig.5 Phase separation of S/EGCM in the presence

of different porogenic agents
1 n-butyl ether: 2 200¥ gasoiine; 3 n-heptane.
t ‘turbidity, t,, maximum turbidity

Polystyrene and chloromethylated polystyrene crosslinked by EGDM have higher swelling
capacity. The swelling capacity of S/DVB/MMA, which has equal amount of ester groups and

Table 2 Swelling parameters,(v, — v)/vg, of copolymers and CME-beads

Sample Solvent Conc. of crosslinker(mol%)
3.24 ' 5.56 9.10
S/EGDM copol. Toluene 5.35 2.90 170
Acetone 1.00 090 07
S/DVB copol. Toluene 2.35 1.80 - 095
Acetone 0.80 0.75 0.55
S/DVB/MMA copol. Toluene 2.50 1.75 0.83
Acetone 1.00 0.78 0.53
S/EGDM CME-beads Toluene 3.10 2.40 1.90
Acetone 1.90 1.75 1.60
S/DVB CME-beads Toluene 1.30 1.30 0.90
Acetone 1.00 1.00 0.70
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percentage of crosslinking agent with S/EGDM, is approximately equal to that of S/DVB(Table
2

> In polarizing point of view, it is understood that S/EGDM in acetone has greater swelling
capacity than that of S/DVB. Why does it possess the greater swelling capacity in toluene? This
may be explained as follows: In both the polystyrene either crosslinked by EGDM or by DVB, the
distribution of EGDM in S/EGDM is more heterogeneous. The polystyrene with low crosslinking
in S/EGDM has greater swelling - capacity.

Compare the behaviour of the kinetics and phase separation of S/DVB/MMA with that of
S/EGDM and S/DVB (Fig.6,7), it can be seen that that of S/DVB/MMA is similar to that of
S/DVB. Therefore, the structure of S/DVB/MMA is similar to that of S/DVB. The swelling
capacity of S/DVB/MMA is approximately equai to that of S/DVB '

The porosities of, copolymers are shown in Table 3.

The poorer is the inert solvents and the higher is the percentage of the crosslinking agent,
the greater the porosity of copolymer within a certain range. Summing up from the role of the
phase separation and porosity of copolymers, we can see that the easier the former takes place, the
greater is the porosity of the copolymer obtained.

A model of the structure of the formation of macropores
According to the results obtained above and from other author’s publication [5], the model of

Table 3 Structure properties of copolymers

Copolymer | Conc. of Inert solvent Apparenl Skeletal Porous | Porosity
crosslinker . density density volume
(mol%) | | (g/m) (@/ml) @m) | (%)
S/DVB 3.24 200#gasoline : 1.0356 1.0483 0.0118 1.22
T 556 . 0.7873 | 1.0601 0.3268 | 25.73
9.0 | 06555 1.0661 0.5876 | 38.52
S/EGDM 3.24 1 - 1.0036 1.0443 0.0389 | 3.90
5.56 ) . 0.9329 0.9990 0.0718 6.70
9.10 o 0.7233 . 1.1193 0.4891 | 35.38 -
S/DVB/ 3.24 : 1.0008 1.0074 " 0.0065 0.65
MMA 5.56 ‘ 0.8209 - 1.0983 0.3076 | 25.25
9.10 0.5612 n 11084 0.8798 |{ 49.37
S/DVB 3.24 n—butyl ether 1.0162 ) 1.0164 - 0.0002 0.02
) 5.56 1.0195 1.0392 0.0186 1.90
910 - 09746 1.0363 0.0617 595
S/EGDM 3.24 1.0197 . 1.0599 00372 | 351
5.56‘ o . 1.0511 1.0683 ° 0.0153 1.61
_9.10 ] T 1.0008 1.1120 0.0999 9.99
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Fig.6 Total conversion of monpmers for different systems Fig.7 Phase separation of different systems in the
in the presence of n-heptane presence of n—heptane
Conc. of crosslinker (mol%), 9.10. System Cone. of crosslinker (mol%), 3.24.
® S/DVB/MMA; A S/DVB; x S/EGDM. System 1 S/EGDM, 2 S/DVB/MMA, 3 S/DVB.

T, turbility, 7,, maximum turbidity.

the structure of the formation of macropore in the presence of inert solvents may be assumed as in

Fig.8.

Initial chain  Nucleus  Microgel Initial network Network
.of microgel

i

Fig.8 Scheme of the formation of macropores

After initiatiori‘ by a radical, an initial polymer chain with pendent vinylgroups was formed.
The intramolecular [6] or intermolecular crosslinking in the initial stage may produce nucleus of
microgel. When microgel nucleus grew large enough, the interfacial tension on the microgel
nucleus led to the low-energy spherical form, i.e. a microgel. Then, the radicals on a microgel
surface reacted with the pendent vinyl groups on another microgel surface. The initial crosslinked
network was thus obtained. Finally, the monomers remained between solution and microgels
reacted to form new microgels which were distributed among the initial microgels. A crosslinked
network composed of microgels containing relaxed microgels, microgel nucleus and linear polymer
was produced.
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