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The pregelation period of free-radical methyl methacrylate/ethylene glycol dimethacrylate (MMA/EGDM)
and acrylamide/N,N'-methylenebisacrylamide (AAm/BAAm) copolymerization systems was studied by
means of the dilatometric technique. The amount of cyclization in MMA/EGDM copolymers was estimated
using proton nuclear magnetic resonance and analytical titration methods. The results suggest that, in
MMA/EGDM copolymerization and at a monomer concentration of 220g1 !, nearly half of the pendent
double bonds are consumed by cyclization. Tt was found that the average termination rate constant of
macroradicals atl zero conversion, k,q, is dependent on the crosslinker concentration. k,, increases first but
then decreases continuously as the amount of crosslinker increases. Moreover, termination rate constants
become less sensitive to conversion in the presence of small amounts of crosslinker. All of these phenomena
can be explained in terms of cyclization, as it decreases the size of macroradical coils by producing

intramolecular links.
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INTRODUCTION

Properties of polymer networks are known to depend on
their structure, and the latter is closely related to the net-
work formation process. Polymer networks are generally
prepared by free-radical crosslinking copolymerization
of monovinyl and divinyl monomers in a suitable solvent.
Previous studies have shown that the mechanism of net-
work formation in free-radical crosslinking copolymer-
ization differs appreciably from the prediction of the
network formation theories® '°. The difference between
the actual and predicted behaviour of free-radical
crosslinking copolymerization has mainly been attri-
buted to cyclization and to diffusion control, which are
not properly accounted for in network formation theories.
Cyclization is a characteristic feature of free-radical
crosslinking copolymerization, especially at zero con-
version, at which it strongly influences the polymer
structure' "2°72%_ In the treatment of cyclization, it may
be convenient to divide these reactions into two types!?,
namely cyclization® (primary cyclization) and multiple
crosslinking®? (secondary cyclization?3). With cyclization
the cycle is formed when the macroradical attacks the
pendent double bonds in the same chain, while with
multiple crosslinking it is formed if the radical attacks
double bonds pendent on other chains already chemically
connected with the growing macroradical. The cycliza-
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tion, multiple crosslinking and crosslinking reactions are
shown schematically in Figure /. Kinetic and statistical
models that include constants for cyclization or for
chain flexibility are only an approximation to the real
situation because cyclization ‘constants’ are dependent
on conversion'*2%, On the other hand, very little is
known about diffusion control in free-radical crosslinking
copolymerization®!>!7. One may expect that, because
of cyclization and crosslinking, the reactions of pendent
vinyl groups and the radical end inside a polymer
coil become diffusion controlled right down to zero
conversion.

In the present study, we intend to elucidate the effect
of cyclization reactions on the average termination rate
constant of polymer radicals. This subject has not, to our
knowledge, been studied previously. Two commonly used
comonomer systems for network synthesis were selected
for this purpose, namely methyl methacrylate/ethylene
glycol dimethacrylate (MMA/EGDM) and acrylamide/
N.N’-methylenebisacrylamide (AAm/BBAm) systems. The
pregel regime of the crosslinking copolymerization
reactions was studied by means of the dilatometric
technique. Polymerization solvents, toluene and water
for MMA/EGDM and AAm/BAAm systems respectively,
were used at a high concentration to ensure that strong
cyclization occurs during the reaction. The crosslinkers
EGDM and BAAm were used in small amounts to pro-
vide a long pregel period. The amount of cyclization in
MMA/EGDM copolymers was estimated using proton
nuclear magnetic resonance, 'H n.m.r. and analytical
titration methods.
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a: cyclization
b: multiple crosslinking

¢: crosslinking

Figure 1 Schematic drawing of the processes of (a} cyclization, (b)
multiple crosslinking and (c) crosslinking in free-radical crosslinking
copolymerization

EXPERIMENTAL

Materials

Commercially available methyl methacrylate (MMA),
ethylene glycol dimethacrylate (EGDM), acrylamide (AAm)
and N,N’-methylenebisacrylamide (BAAm) monomers
and the initiators 2,2’-azobisisobutyronitrile (AIBN) and
potassium peroxodisulfate (K,S,0g4) were purified by
usual methods. The polymerization solvents toluene
(Merck p.a.) and water were twice distilled before use.
Sodium hydrogen carbonate (NaHCO;) and sodium
thiosulfate (Na,S,0;) (both analytical grades) were used
without further purification.

Polymerization procedure

MMA-EGDM copolymerizations were carried out in
toluene at 60+0.1°C with AIBN as the initiator.
AAm-BAAm copolymerizations were carried out in
water at 40+ 0.1°C with K,S,04/NaS,0; redox initiator
system in the presence of NaHCO, buffer. The conversion
of monomers up to the onset of macrogelation was
followed by dilatometry. The dilatometers consisted of a
blown glass bulb, approximately 25ml in volume,
connected to a 30cm length of 1.5mm precision-bore
capillary tubing with a ground-glass joint. The meniscus
was read with a millimetric paper to 0.2mm. The
polymerization technique used was described in detail
elsewhere?®. The reproducibility of the kinetic data was
checked by repeating the experiments. The deviation in
the initial slopes of time versus conversion data between
two runs was always less than 3%. The polymer samples
for pendent vinyl group measurements were obtained by
a gravimetric technique as described previously?”.

Different series of experiments were carried out. In each
series, monomer and initiator concentrations were held
constant while the crosslinker concentration was varied
from 0 to 0.04. The crosslinker concentrations are
expressed as the mole fraction of the vinyl groups in the
initial monomer mixture contributed by the crosslinker,
po- The number-average chain length of zero-conversion
polymer radicals X | * was estimated using the equation?®;

Xi*=a[M]1,[115°7 (M
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where [M ], and [I], are the initial concentrations of the
monomers and the initiator, respectively, and a is a
constant which includes initiation, propagation and
termination rate constants, ie. a=k,/2fkk,)>. The
value of a for the MMA/EGDM system at 60°C was
estimated as 4 x 10 (Imol~")%->.

In Figures 24, B and C, some of the fractional
conversion x versus time data are given for different
crosslinker concentrations, p,. The initial polymerization
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Figure 2 Variation of the conversion versus time histories in free-
radical crosslinking copolymerization with the crosslinker concen-
tration. (A) MMA/EGDM system: initial monomer concentration
(€)=230g]1 " X *=1x10%10%x p,=0(+).0.01 (A),0.15(A). 1.5(O).
(B) MMA/EGDM system: ¢ =100g1™ " X *=4x 10% 102 x p,=0(+),
34 (A) 7.6 (O) (C) AAm/BAAm system: ¢=35g17"; [K,S,04]
=[Na,S$,0,]1=[NaHCO,]=1x 10"*moll™ % 10% x p,=0(+); 4% 1073
() 3.85(0)
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rates were estimated from the lines drawn through the
data points for x<0.10 by using a least-squares fit. In
Figures 34 and B, the initial rate of polymerization
(dx/dt), is plotted as a function of the crosslinker
concentration, p,, for MMA/EGDM and AAm/BAAm
systems, respectively.

Pendent vinyl groups

Measurement of the number of pendent vinyls on
MMA/EGDM copolymers was first attempted by proton
nuclear magnetic resonance, 'H n.m.r., as in the work of
Landin and Macosko?®. N.m.r. spectra were obtained
with a Bruker 200 MHz spectrometer. The sample
preparation method and measurement conditions were
identical to those described by Landin and Macosko??
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Figure 3 Variation of the initial ratc of polymerization (dx/dt), with
the crosslinker concentration. {A) MMA/EGDM system: X ;* =4 x 10%;
¢=230g1" " (@) 10017 (O).90gl ' (V) X;*=1x10%¢=230g]"
'A). (B) AAm/BAAm system: ¢=35g1""; [K,S,04]=[Na,S,0,]
—[NaHCO,]=1x10"*moll~"
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(one-pulse sequence with a 45° pulse, 2s delay time, and
2.05s acquisition time; approximately 100 acquisitions
were obtained per spectrum; quadrature detection was
used and the spectral window was 4000 Hz). A typical
n.m.r. spectrum of the region from 4 to 6.5 ppm is shown
in Figure 4. The pendent vinyl conversion p,, ie. the
fraction of EGDM units with both vinyl groups reacted,
was measured from a comparison of the pendent
methylene peaks at 5.65 and 6.2 ppm with the ethylene
glycol peaks at 4.2 to 44 ppm. Pendent conversion was
calculated as:

| Acp,=/2
AOCHZ/4

where Acy.=— and Agcy, are the areas under the peaks.
Note that p, =0 corresponds to linear polymers in which
all EGDM units bear pendent vinyl groups.

Measurement of pendent conversion in the MMA/
EGDM system was also carried out by bromometry using
pyridine sulfate dibromide (PSDB) reagent in glacial
acctic acid solution. From various titration methods,
bromination with PSDB in the presence of mercury
acetate catalyst is reported to be capable of very accurate
results?®. The method is based on the reaction of pendent
vinyl groups with bromine produced in situ from the
PSDB reagent and back-titration of the excess bromine.
For the calculation of pendent conversion, the reactivities
of monomeric vinyls were assumed to be equal®??,

Py= 2

RESULTS AND DISCUSSION

Extent of cyclization

Landin and Macosko?® attempted to measure the
pendent double bonds in MMA/EGDM copolymers by
the 'H n.m.r. technique. They obtained linear pendent
conversion versus monomer conversion relations in
a series of experiments with varying amounts of
EGDM (0.57-1.70 mol%) and monomer (25-100 vol% in
toluene). Unfortunately, they reported only a few data
points for each system studied and did not mention the
reproducibility of their data. More recently, Dotson
et al.'® reported that 'H n.m.r. measurements result in
negative pendent conversion values for a series of highly
branched MMA/EGDM copolymers. They explained
these anomalies by the decreased mobility of protons in
such highly intramolecularly crosslinked structures.

In the present work, we have also tried to measure
the pendent vinyl group content of MMA/EGDM co-
polymers by 'H n.m.r. For this purpose,a MMA/EGDM
copolymerization was conducted in a 500 ml reactor and
22 samples were taken during the course of the reaction.
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Figure 4 'H n.m.r. spectrum (4-6.5 ppm region) of a MMA/EGDM copolymer sample with 102 x p,=0.75
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The monomer concentration, ¢, was 220gl1~ ! and the
crosslinker concentration p, was 0.75 x 10~ 2. No macro-
gelation was observed under the reaction conditions. The
samples were analysed for fractional conversion x and
for pendent conversion p,. The results are given in Figure
5A. Large scatter in the pendent conversion data indicates
that the "H n.mur. technique is inadequate for such
measurements. This is probably due to the low EGDM
concentration and/or due to the broad ethylene glycol
peaks of the EGDM unit. In order to characterize
accurately the pendent double bonds, an analytical
titration method using PSDB reagent was tried. Again,
no reproducible data were obtained at low crosslinker
contents. However, by increasing the EGDM concen-
tration in the reaction mixture, the technigue of bromina-
tion with PSDB proved satisfactory and has been used
throughout. In Figure 5B, the results are shown for the
crosslinker concentrations p,=0.126 and 0.256. The
critical monomer conversions at the gel point were 0.149
and 0.135, respectively. The solid lines in Figure 54 and
B are drawn through the pendent conversion data points
by using a least-squares fit. By extrapolating this line to
zero conversion, we obtain a limiting value for pendent
conversion of about 0.5, indicating that nearly half of the
pendent double bonds are consumed by cyclization at
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Figure 5 Variation of the pendent vinyl conversion p, with the
fractional conversion x in MMA/EGDM copolymerization at 60-C:
¢=220gl7" (A) X{*=4x10% py=075x10"2 (B) X;*=1x10%
Po=0.126 (A), 0.256 (@). Measurements of pendent vinyl conversion
were carried out by 'H nm.r. (A) and by bromometry using PSDB
reagent (B). Experimental data points are shown as symbols. The solid
lines represent least-squares fit to pendent conversion data
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zero monomer conversion; this value seems to be
independent of the crosslinker content.

Initial termination rate constant (K,q)

Invoking the steady-state approximation for radicals,
the expression for the rate of polymerization in homo-
geneous, free-radical crosslinking copolymerization before
the gel point is given by:

dx/dr =k, [R*](1 —x) (3)
[R*1=2f ks[11/k)°* (3a)

where x is the fractional conversion, f is the initiator
efficiency, k, is the decomposition rate constant of the
Initiator, k, and k, are the pseudo-kinetic rate constants
for propagation and termination, respectively*° and the
other symbols have their usual meanings. The expression
for the initial rate of polymerization follows from
equation (3) as:

(dx/d1)o = kyo[ R* T o

[R*]o =(2fokdo[1]0/k:0)0'5 (4a)

where the subscript 0 holds for the initial values.

Since p,«1 in the present study, it is reasonable to
assume a constant k,, in each series of experiments
(constant initial concentrations of the total monomer and
the initiator). Additionally, f; and k,, should also remain
constant in each series because of the fixed solvent
concentration. Thus, from equation (4) and assuming that
ky, is constant, we would expect the initial rate to be
independent of the amount of crosslinker. This will not
hold here, however, since the initial rate (dx/dt), has been
seen to be a function of p, (Figure 3). At low crosslinker
contents, the initial rates are slow compared with the
linear polymerization. As the amount of crosslinker
increases, an enhancement in the rate is observed in all
series of experiments. Thus, the dependence of the initial
rate on p, can be described by a curve with a minimum
at a certain crosslinker concentration. The enhancement
of the rate of polymerization with increasing p, has
also been observed previously for moderate to high
crosslinker concentrations®!7-1%:31-32 However, reduced
polymerization rates at low crosslinker contents are
reported for the first time here. According to equation
(4), the variation of the initial rates with p, must be due
to the change in the initial termination rate constant of
the polymer radicals, k.

In order to extract k,, from the initial rates, we define
here ‘relative initial termination rate constant’, k. . It
is the ratio of k,, for the crosslinking polymerization to
that for the linear polymerization at the same reaction
conditton. k., can be calculated from equation (4) as:

& _ <(dx//d[)o,1>2
ko (dx/dr),

where the subscript | denotes linear polymerization.

In Figure 64 and B, k,, ., versus p, data are given on
a double logarithmic scale. The initial termination rate
constant decreases continuously as the amount of
crosslinker in the reaction mixture increases. At low
crosslinker contents, the termination rate constant of
macroradicals is higher than that of the macroradicals
present in the linear system.

Since we are dealing here with zero-conversion polymer
radicals (i.e. the polymer radicals in the absence of

(5)

ktO,rel =
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Figure 6 Variation of the relative termination rate constant at zero
conversion, k.. with the crosslinker concentration in free-radical
MMA/EGDM (A) and AAm/BAAm copolymerizations (B). Sec legend
lo Figure 3 for the reaction conditions. The horizontal dotted lines
represent k., of linear polymerization

preformed polymers), the chain length and the chain
length distribution of the polymer radicals must be the
same in each series of experiments; hence, the deviation
of ki from unity cannot be explained by the chain
length dependence of the termination rate constant. Also,
the low concentration of the crosslinker and its similar
thermodynamic property to monovinyl monomer exclude
a possible change of the viscosity and the solvating power
of the medium, through which the polymer radicals must
diffuse. Thus, the only remaining possibility is that the
zero-conversion polymer radicals exhibit different struc-
tures depending on p,, which affects their termination
process.

At the beginning of the reaction, the individual polymer
radicals dissolved in monomer-solvent mixture are
isolated from each other; hence, the local concentration
of pendent vinyls inside a macroradical coil is much
higher than their overall concentration in the reaction
system. Consequently, cyclization should happen pre-
dominantly in the carly stage of the copolymerization
leading to decreased coil size at the same molecular
weight. Indeed, experimental data also show this
trend''+?2. In smaller coils, the segmental diffusion of the
radical centre out of the coil to encounter another radical
becomes easier, or in other words, the chain end will be
found more easily by the other chain end?3-3* (Figure 7).
Thus, the reduction in the macroradical coil size due to
cyclization increases k, at low crosslinker contents and
thereby decreases the overall rate of polymerization.
However, as p,, further increases, the local concentration
of pendent vinyls within a coil should increase. Thus, the
polymer radicals would tend to form more cycles and

cxhibit more compact structures, as schematically illus-
trated in Figure 7. This results in a decreased mobility
of segments and suppresses the diffusion-controlied
termination due to steric reasons.

Variation of the termination rate constant (k,) with
conversion

Owing to the low monomer concentration used in the
present study, we assume that f and k, remain constant
during the course of the copolymerization. Dividing
equation (3) by equation (4) and solving for k/k,, gives:

k, _[(dx/dr)/(l —x)
ko L (dx/de),

where k/k,, represents the ratio of the termination rate
constant of macroradicals at conversion x to that at x=0.
Using a numerical fit of the experimental time—conversion
data, the variation of the average termination rate
constant with conversion can be calculated from equation
(6). Here, we have assumed k,=0 (constant initiator
concentration) and 0.85x 10 *s~ ! for AAm/BAAm and
MMA/EGDM systems, respectively*®. The results are
shown in Figures 84-D. In linear MMA or AAm
polymerizations (curves 0), the termination rate constant
decreases slightly with increasing conversion, indicating
that the rate of the termination process is governed by
segmental diffusion. The steeper decrease of k, in MMA
polymerization at x> 0.80 can be interpreted as the result
of a change from segmental diffusion to translational
diffusion, being the rate-controlling process®®. The figures
also show that, at low crosslinker contents, the conversion
dependence of k, in crosslinking polymerization is weaker
than that in linear polymerization, in accord with our
explanations in the previous section. In fact, at very small
crosslinker contents or at a high degree of dilution, k,
seems to increase with increasing conversion. However,
as the amount of crosslinker increases, the decrease in k,
with conversion becomes more dominant due to the
increase in the degree of branching, which leads to the
formation of larger macroradical coils.
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Figure 7 Schematic representation of the structural changes of macro-
radical coils with increasing concentration of crosslinker. The curve
represents the resulting variation of the initial termination rate constant
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Figure 8 Variation of the relative termination rate constant k/k,, with conversion x. (A) MMA/EGDM system, ¢=230gl™", X *=4x 102,
107 % py =01(0) 0.15 (1) 0.375(2): 0.75(3); 1.50 (4); 3.6 (5).(B) MMA/EGDM system. ¢ = 100 g1, X;*=1x 10%, 10> x p,=0(0); 0.01 (1); 0.15(2); 1.5 (3).
(C) MMA/EGDM system., ¢ =100g17". X;*=4x10% 10> x po =0 (0); 3.4 (1) 7.6 (2). (D) AAm/BAAm system. ¢ =35g17 ", [K,5,04]=[Na,8,0;]

=[NaHCO,]=1x10"*moll ', 10 x p, =0 (0)x 4 x 1077 (1); 3.85(2)

CONCLUSIONS

The pregelation period of free-radical MMA/EGDM and
AAmM/BAAm copolymerization reactions was studied.
Copolymerizations were carried out in dilute solutions
to ensure that strong cyclization occurs during the
reactions. Indeed, it was found that in solution MMA/
EGDM copelymerization, nearly half of the pendent
double bonds are consumed by cyclization at zero
conversion. The following conclusions were drawn from
the kinetic data:

1. The average termination rate constant of macro-
radicals at zero-conversion, kg, first increases but then
decreases continuously with increasing concentration
of crosslinker in the reaction mixture (p,).

. The variation of k, with p, is not universal and
depends on the type of comonomer system.

3. The termination rate constant of macroradicals be-

comes less sensitive to conversion in the presence of
a small amount of crosslinker. An increase in k, with
conversion 1s even observed in several reaction
systems.

[§9)

All of these phenomena can be explained in terms of
cyclization. Cyclization has two opposite effects on the
termination rate of macroradicals. First, it decreases the
coil size of macroradicals and thereby increases k.. Thus,
this effect seems to be similar to the effect of decreasing
solvating power of the polymerization solvent, which
shrinks the macroradical coils and enhances the rate of
diffusion-controlled termination®’. Second, it produces
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crosslinks inside the macroradical coil, which decrease
the mobility of segments and therefore decrease k,. The
combination of these two opposite effects determines the
average termination rate of macroradicals controlled by
segmental diffusion.
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