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Photoinitiated free-radical crosslinking copolymerization of methyl methacrylate and ethylene glycol 
dimethacrylate has been investigated in toluene at a monomer concentration of 35w/v%. The 
photoinitiators used were benzoin, benzoin methyl ether, benzoin ethyl ether and 2,2-dimethoxy-2- 
phenyl-acetophenone. Conversion of monomer and pendant vinyl groups and the size of the pregel 
polymers were measured as a function of the reaction time up to the onset of macrogelation. Approximately 
30% of the pendant vinyl groups were found to be consumed by cyclization reactions. The fraction of units 
in cycles is independent of the EGDM concentration. As a result of the cyclization reactions, the 
accessibility of the radical centres and pendant vinyl groups for other polymer molecules is strongly reduced. 
Consequently, both termination and crosslinking reactions are controlled by the segmental diffusion of the 
polymer radicals. Calculations indicate a 1-2 orders of magnitude decrease in the average reactivity of 
pendant vinyls for intermolecular reactions compared to the monomeric vinyls. This drastic decrease in 
pendant reactivity is mainly responsible for the delay in the gel point. Contrary to gelation theories, the size 
distribution curves of the pregel polymers change from monomodal to bimodal distributions as 
polymerization proceeds. This finding confirms the coagulation-type gelation mechanism of compact 
primary particles and indicates the shape polydispersity of the pregel polymers. © 1997 Elsevier Science Ltd. 
All rights reserved. 
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I N T R O D U C T I O N  

Bulk photopolymerizat ion of multifunctional monomers  
is one of the most efficient methods of synthesizing 
strongly crosslinked polymers with a high mechanical 
strength and excellent resistance to solvent penetra- 
tion I 3. Such materials have found application as dental 
materials, aspherical lenses, nonlinear optical materials 
and coatings. To predict the final properties of  these 
materials, their structural characteristics are extremely 
important,  and these in turn depend on the history of  the 
network formation process. Previous researches indicate 
the existence of spatial inhomogeneities in such materials. 
For instance, the appearance of multiple glass trans- 

45 6 8  itions ' , the existence of trapped radicals - and residual 
unsaturation in the final networks 9 are indications of  
the presence of regions more crosslinked than the 
surrounding environment in the material. Such inhomo- 
geneities in the final materials are undesirable for 
applications because structural inhomogeneity results 
in a dramatic reduction in the strength of the crosslinked 
polymers. 

* To w h o m  correspondence  should  be addressed  

The reason for the inhomogeneous nature of  highly 
crosslinked networks is nonidealities in their formation 
process such as unequal vinyl group reactivity, cycliza- 
tion, and multiple crosslinking. For example, in chain- 
crosslinking copolymerization, the growing chains in the 
pre-gel stage are rich in divinyl monomer  (DVM) units 
because of  the higher reactivity of  the DVM. Further- 
more, these chains are highly diluted by the monomer  at 
low conversions so that cyclization predominates in the 
early stages of  the reaction. As a consequence, the 
growing chains become internally crosslinked and their 
structure approaches that of  microgels 1° 12. Thus, the 
appearance of  microgels during the network formation 
processes can be compared with the formation of 
primary molecules as intermediates in classical gelation 

13 theories . The interparticular reactions, namely cross- 
linking and multiple crosslinking, are responsible for the 
agglomeration of microgels leading to macrogelation. 
Previous experimental work from our group showed that 
a large number  of  multiple crosslinks form between two 
microgels after they link together in the reaction mixture 
by a single crosslink 14. Thus one may expect that, in the 
final network, the microgels, or their agglomerates 
formed by extensive multiple crosslinkages, are more 
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highly crosslinked than the later formed portions of the 
network. 

Whereas the properties of final networks or partially 
formed networks have been thoroughly investigated in 
the last decade, there have not been many reports on the 
pre-gel period of photopolymerization, i.e. the period in 
which highly crosslinked regions start to form. This is 
mainly due to the rapid polymerization of multifunc- 
tional monomers in bulk and the almost immediate onset 
of macrogelation. In the present work, conversion of the 
monomers and pendant vinyl groups as well as the 
molecular weight and size distribution of the soluble 
polymers were determined experimentally in the pre-gel 
regime of photocopolymerization of methyl methacryl- 
ate (MMA)/ethylene glycol dimethacrylate (EGDM) 
monomers. In order to focus on the pre-gel period of 
the reactions, we magnified this period by adding an inert 
diluent into the copolymerization system. Under these 
conditions, one may expect that the data obtained 
correspond to the early stages of bulk photopolymeriza- 
tion, where the unreacted monomers act as a diluent of 
the reaction system. U.v. photopolymerizations were 
carried out at 35w/v% monomer concentration in 
toluene, using 0.3 wt% of a photoinitiator. The photo- 
initiators used were benzoin (B), benzoin methyl ether 
(BME), benzoin ethyl ether (BEE) and 2,2-dimethoxy-2- 
phenyl-acetophenone (DMPA). These molecules are 
known to undergo or-cleavage to produce benzoyl and 
substituted benzyl radicals j5,~6, as shown in Scheme 1. 

It is the purpose of this paper to present new 
measurements which will enable us to estimate the 
magnitude of cyclization and reduced pendant reactivity 
depending on the reaction conditions. In this way, we 
hope to develop a deeper insight into the formation 
mechanism of globular structures in chain-crosslinking 
copolymerization and their influence on polymerization 
kinetics. 

KINETIC M O D E L L I N G  

There are several theories of network formation to 
describe the relations between the molecular weight of 
polymers and the conversion or reaction time during 
crosslinking. These theories include statistical iv 23 and 
kinetic methods 24 34, and simulation in n-dimensional 
space, such as the percolation method 35 37. In the past 
half century, statistical and kinetic approaches have been 
extensively used to describe polymeric gelation. These 
approaches consider the average properties of the 
reaction system and, therefore, they cannot deal exactly 
and directly with long-range correlations such as 
cyclization or with the resulting heterogeneities. On 
the other hand, the percolation theory that belongs to a 

non-mean-field theory can take heterogeneities into 
account, but at present the result of this theory is 
unrealistic due to the difficulty of introducing realistic 
mobilities. The critical region seems to be the main 
domain of application of percolation techniques to 
polymer networks. The experimental data obtained in 
the present study were organized and studied within the 
framework of a kinetic model which includes constants 
for cyclization and pendant reactivity. 

A kinetic scheme for chain-crosslinking photopolym- 
erization of vinyl/divinyl monomers can be written as 
follows. The polymerization system involves three types 
of vinyl groups: those on vinyl and divinyl monomers 
and those on polymer chains, i.e., pendant vinyls. 
Accordingly, the polymerization system can be consid- 
ered as a special case of terpolymerization in which one 
of the vinyl groups (pendant vinyls) is created during the 
course of the reaction when the vinyl on the divinyl 
monomer reacts. The pendant vinyl groups thus formed 
can then react by cyclization, crosslinking or multiple 
crosslinking reactions, or remain pendant. With cycliza- 
tion the cycle is formed when the macroradical attacks 
the pendant vinyl groups in the same kinetic chain, while 
with multiple crosslinking it is formed if the radical 
attacks double bonds pendant on other chains already 
chemically connected to the growing radical z5'38 (Figure 1). 
It should be noted that cyclization and multiple cross- 
linking were recently re-defined as primary and secondary 
cyclizations, respectively 28. In the following text the 
classical definitions will be used. 

The divinyl monomer can be found in the polymer as 
units bearing pendant vinyl groups, cycles, crosslinks or 
multiple crosslinks. Since, according to the classical 
theory of gelation 17, only one crosslink per weight- 
average primary molecule is necessary for the onset of 
macrogelation, the content of pendant vinyls is a highly 
sensitive indicator of the formation of cycles and 
multiple crosslinks in finite species. Here, we define the 
pendant conversion, x3, as the fraction of divinyl 
monomer units with both vinyl groups reacted, i.e., the 
fraction of fully reacted divinyl monomer units in the 
polymer, Theories neglecting cyclization predict that 
every divinyl monomer unit in the polymer should 
initially bear a pendant vinyl group, i.e., lim,._o .r 3 = 0 
where x is the monomer conversion. Since crosslinking is 
a second-order reaction, deviation from zero indicates 
the existence of cyclization. On the other hand, the rate 
of change of pendant conversion x3 with monomer 
conversion x or with reaction time t is a measure of the 
extent of multiple crosslinkages. The greater the slope of 
N 3 vs the x or t curve, the higher the number of multiple 
crosslinks formed per crosslink. Thus, the occurrence of 
multiple crosslinking will be reflected in a greater 
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Figure I Schematic picture of cyclization (a), crosslinking (b) and 
multiple crosslinking (c) in free-radical crosslinking copolymerization 
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decrease in polymer unsaturation as conversion proceeds 
than would otherwise occur. 

Let kcy c be the fraction of pendant vinyls in cycles at 
zero conversion and kmc be the average number of 
multiple crosslinkages per crosslink; then, based on the 
kinetic equations given previously 24-34, the following rate 
equations for the weight-average molecular weight Mw 
and the pendant conversion x3 can be written: 

d(xJlT/w) [ r21r32(1 -- X3)/~2 ( X ) J~w] 2 
aTx - ~ ;  1 + f T ~ 7 2 7 - - T ~ 2  kl - x} -~¢u] 

; 3~1w(0) = Mw,0 (1) 

; a}w(Xc) = 

d x 3 =  r2! [&(1 _-_x3)2f2 (x3 = kcyc)_], 

dx l + ( 2 r z l - 1 ) f 2  L ( l - x )  F2 x j '  

X 3(0) = kcy c (2) 

where rzl is the reactivity ratio of vinyls on divinyl to -!  
monovinyl monomers, r32 and r32 are the actual and 
apparent reactivity ratios of pendant vinyl to monomeric 
vinyl on divinyl monomer, respectively f2 and ,e 2 are the 
accumulated mole fractions of divinyl monomer in the 
reaction mixture and in the copolymer, respectively, a4 u 
is the molecular weight of the repeating unit, Mw is the 
weight-average molecular weight of the primary chains 
and Xc is the critical conversion at the gel point. It should 
be noted that the apparent reactivity ratio of  pendant to --/ 
monomeric vinyl r32 includes both the contributions 
of crosslinking and multiple crosslinking reactions, and 
is related to the actual reactivity ratio through the 
equation 

' (1 + kmc ) (3) r 32 z r32 

The mole fraction of the divinyl monomer in the 
reaction mixture f2 is given by the Skeist equation39: 

df2 f2 - F2 
- - -  ; f 2 (O)  = f 2 o  ( 4 )  dot" 1 - x 

where f20 is the initial mole fraction of the divinyl 
monomer in the monomer mixture. 

Moreover, the instantaneous and accumulated mole 
fractions of the divinyl monomer units in the copolymer, 
F 2 and F2 respectively, can be calculated from the 
following equations: 

2r21f2 
r 2 = (5) 

1 + ( 2 r 2 1  - -  1)f  2 

F2 = 1 {f20 -- (1 -- x)f2] (6) 
X 

The independent variable conversion x in the above 
equations can be replaced with time t using the rate 
equation 

d x  = kp (R i / k t ) °5 (1  - x)  (7) 
dt 

where kp and k t are the instantaneous rate constants for 
propagation and termination respectively, R i is the rate 
of initiation which, for a photopolymerization, can be 
expressed as 4° 

Ri = 2010(1 - e -e[Alb) (7a) 

where 0 is the quantum yield of the initiator, e is the 
extinction coefficient of the initiator, b is the thickness of 

the reaction vessel, [A] is the concentration of the 
photoinitiator and l0 is the incident light intensity in 
terms of light quanta per unit volume and time. 

The instantaneous propagation rate constant kp 
relates to the propagation rate constant for the homo- 
polymerization of MMA, kpl, through the equation 

kp = kpl [l + (2r21 -- 1)f2] (7b) 

In chain-crosslinking polymerizations it is known that 
the propagation rate constants of the elementary 
reactions are reaction controlled up to about 80% of 
the monomer conversions 41'42. Thus, it is reasonable to 
assume a constant kp in the pregel regime. However, the 
termination rate constant kt becomes diffusion con- 
trolled right down to zero conversion 43. For a constant 
initiation rate, the ratio of the termination rate constant 
of macroradicals at conversion x to that at x = 0, kt/kto,  
can be calculated from equation (7) as follows: 

kt ( (dx /d t )o  ) 2  
ktZ = \ ( d x / d t ) / ( 1  - x )_  (8) 

Moreover, the termination rate constant of zero conver- 
sion polymeric radicals, kt0, may also be not constant and 
may depend on the crosslinker content in the monomer 
mixture. In order to extract kt0 from the initial rates, we define 
a relative initial termination rate constant kt0 ' re143 . T h i s  is the 
ratio ofkt0 for the crosslinking polymerization to that for the 
linear polymerization at the same reaction condition, kto, re~ 
can be calculated from equations (7) and (7b) as 

(dx /d t )o , ,~2  
_ kto _ [1 + (2r21 - 1)f20] (dx/dt)0 J (9) kto, rel kto~ 1 

where the subscript 0,1 indicates the initial rates for linear 
polymerization. 

Due to the depletion of the monomer and the initiator 
and the diffusion controlled termination reactions, the 
weight-average molecular weight of the primary chains 
Mw is not constant but a function of conversion. The 
variation of 3~r w with conversion can be calculated for a 
constant initiation rate as follows44: 

M ~  _ ( d x / d t )  
Mw, 0 (dx/dt)0 (10) 

where the subscript 0 denotes the initial values at the 
start of the reaction. 

Up to the gel point, all the molecules present in free- 
radical crosslinking copolymerization are finite. Thus, the 
equations given above can be solved for the molecular 
weights and pendant conversions if the rate constants and 
kinetic parameters are known. In this study, we used the 
above equations to calculate the average reactivity of the 
pendant vinyl groups as follows: since M w diverges at the 
gel point, the value of r32 satisfying Mw(xc) = oc was 
obtained numerically using simultaneous solution of 
equations (1)-(6). The drift in the primary chain length 
was included into the calculations by fitting equation (10) 
to experimental time conversion data. 

Note that the derivation of the equations given above 
makes the following assumptions: (1) steady-state 
approximation for the concentration of each radical 
species; the reactivities are independent of the type of 
radical end; (2) cyclization, crosslinking and multiple 
crosslinking reactions occur at constant rates; (3) every 
polymer radical possesses only one radical centre; and (4) 
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the mole fraction of  pendant vinyl groups is independent 
of the chain length of the polymer molecules. 

E X P E R I M E N T A L  

Materials  

Commercially available methyl methacrylate (MMA), 
ethylene glycol dimethacrylate (EGDM) monomers, and 
the photoinitiators benzoin (B), benzoin methyl ether 
(BME), benzoin ethyl ether (BEE) and 2,2-dimethoxy-2- 
phenyl-acetophenone (DMPA) were purified by usual 
methods. The polymerization solvent toluene (Merck 
p.a.) was twice distilled before use. 

Methods" 

Photoinitiated copolymerization of MMA and EG D M 
was carried out in toluene at 27 ± 0.1°C. The initiators 
used were B, BME, BEE and DMPA. The conversion of 
the monomers up to the onset of macrogelation was 
followed by dilatometry. The dilatometers, constructed 
in this laboratory, consisted of a blown glass bulb, 
approximately 25ml in volume, connected to a 30cm 
length of 1.5 mm precision-bore capillary tubing with a 
ground-glass joint. The thickness of the dilatometers was 
less than 6 mm to ensure the applicability of the thin-film 
approximation and uniform light intensity across the 
sample. The reaction mixture was flushed with nitrogen 
20 min prior to the polymerization. Polymerization was 
initiated with u.v. light of intensity 3.8 × 10 _9 einsteins 
generated using a medium mercury lamp. The meniscus 
of the polymerizing solution was measured throughout 
the experiment with a millimetric paper to 0.2 mm. The 
polymerization technique used has been described in 

45 detail elsewhere . The reproducibility of the kinetic data 
was checked by repeating the experiments. The deviation 
in the initial slopes of time vs conversion data between 
two runs was always less than 3%. Different series of 
experiments were carried out using the photoinitiators 
listed above. In each series, the initial concentrations of 
the monomers and the initiator were held constant at 
3.5M (35w/v%) and 0.3wt% (with respect to the 
monomers) respectively, while the crosslinker concentra- 
tion was varied over wide range. 

The polymer samples for pendant vinyl group measure- 
ments were obtained by a gravimetric technique. For  this 
purpose, a 15ml three-neck flask of 0.7ram thickness 
containing a magnetic stirrer bar fitted with a nitrogen 
inlet and pipette outlet was filled with the liquid mixture. 
After degassing of  the mixture, polymerization was 
initiated with the u.v. light of the mercury lamp at 
27 ± 0.1~C. After predetermined polymerization times, 
the content of the flask was poured into 100ml of 
methanol and allowed to settle. The precipitated polymer 
was filtered and dried in vacuo to constant weight. 
Measurement of the number of pendant vinyls on MMA/ 
EGDM copolymers was carried out using a bromination 
method with pyridine sulfate dibromide (PSDB) reagent 
in the presence of mercury acetate as catalyst 46. The 
method is based on the reaction of pendant vinyl groups 
with bromine produced in situ from the PSDB reagent and 
back-titration of the excess bromine. For the calculation 
of pendant conversion, the reactivities of monomeric 
vinyls were assumed to be equal 2s'47. 

Gel point measurements were carried out using two 
different methods. First, the gravimetric technique was 
used to follow the polymerization reactions; the gel point 

was determined as the midpoint between the last time at 
which a soluble polymer was obtained and that at which 
the polymer was not soluble in toluene. For ascertaining 
the insoluble gel component of samples, the latter were 
treated with an approximately 50-fold excess of toluene 
at room temperature. The formation of insoluble polymer 
was detected visually from the appearance of gel particles in 
toluene. Second, dilatometers containing a steel sphere of 
4.8 mm diameter were used for the gel point measurements. 
The midpoint between the last time at which the sphere 
moved magnetically and that at which it stopped moving 
was taken as the gel point. We found remarkable consistency 
in the gel points determined using both methods. Each gel 
point reported in this paper is an average of at least four 
measurements. Standard deviations were 7%. 

Apparent molecular weights and the size distribution 
of the pregel polymers were obtained by size exclusion 
chromatography (Waters, Model M-6000A), equipped 
with a refractive index detector, using two polystyrene 
gel columns (500, 10 000 A) at a flow rate of 1.0 ml min 4 
in T H F  at 40°C, and using polystyrene standards. 

RESULTS AND DISCUSSION 

Monomer  conversions 

Figures 2A and 2B show plots of fractional monomer 
conversion, x, vs polymerization time, t, up to the onset 
of macrogelation for different crosslinker concentrations. 
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Figure 2 Monomer conversion x vs time histories in MMA EGDM 
copolymerization in the presence of benzoin (A) and 2,2-dimethoxy-2- 
phenylacetophenone (B) as the photoinitiator. EGDM tool% = 0 (O), 
3.6 (O), 6.4 (1), 9.3 (A), 12.1 (V), 15.1 (V), 25 (E), 50 (O) and 75 (+) 
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Figure 3 Monomer conversion x versus time histories in MMA- 
EGDM copolymerization for the photoinitiators benzoin (O), benzoin 
methyl ether (©), benzoin ethyl ether (A) and 2,2-dimethoxy-2- 
phenylacetophenone (A). The EGDM concentrations were 0 and 
25 mol% 

The initiators used were benzoin and 2,2-dimethoxy-2- 
phenyl acetophenone ( D M P A )  respectively. Acceleration 
o f  the rate o f  polymerizat ion with increasing E G D M  
content  can be seen f rom the figures. Moreover ,  com- 
pared to benzoin, higher rates were achieved with 
D M P A  as the photoini t ia tor  o f  copolymerizat ion.  
Figure 3 compares  conversion vs time data  for the 
initiators benzoin (B), benzoin methyl  ether (BME), 
benzoin ethyl ether (BEE) and D M P A .  Polymerizat ion 
rate increases in the order  B < BME  or BEE < D M P A .  
Since quan tum efficiencies for initiation by the initia- 
tors used do not  differ to any significant extent, higher 
rates o f  polymerizat ion are, according to equat ion (7a), 
due to the greater amoun t  o f  light absorbed under  
photolysis conditions, and to the increase in the rate 
constants  for the c~-cleavage by substitution in c~ 
posit ion 48. In this connect ion it should be pointed 
out  that  benzoyl and benzyl radicals formed according 
to Scheme 1 are equally effective as initiators in the 
polymerizat ion o f  methyl  acrylate and M M A  49 
Since benzoyl  radicals are generated in the case of  
each initiator, the different reactivities may be attri- 
buted to the enhanced reactivity o f  nucleophilic benzyl 
radicals by substitution, i.e. increased reactivity in the 
order  

P h C H O H  < P h C H O M e  or 

P h C H O E t  < PhC(OMe)2  

By using the numerical  fit o f  the experimental t ime-  
conversion data,  the reduced initial rates, (dx/dt)o / 
(dx/dt)o,t, were calculated and are shown in Figure 4 
for the photoini t ia tor  benzoin as a function o f  the 
E G D M  concentrat ion.  The reduced initial rates are 
defined as the ratio o f  the initial rate in the presence to 
that  in the absence o f  the crosslinker under  the same 
experimental conditions. Calculated results for E G D M  
contents higher than 20% were not  included in the 
figure because o f  the large scatter in the data points, 
p robably  due to the high polymerizat ion rates. A 
significant rate enhancement  can be seen at zero 
m o n o m e r  conversion. Since the initial concentrat ions 
o f  both  the monomers  and the initiator were fixed in 
the experiments, the reduced initial rates are equivalent 
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Figure 4 Variation of the reduced initial rate (dx/dt)o/(dx/dt)o,l (0) 
and relative termination rate c o n s t a n t s  kt0,  rel (O)  with EGDM 
concentration. The photoinitiator was benzoin 
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Figure 5 Variation of the weight-average molecular weight of the 
pregel polymers ~¢w with the monomer conversion x in MMA EGDM 
copolymerization in the presence of benzoin. EGDM mol% = 0 (O), 9.3 
(©) and 50 (zX). The curves for crosslinked systems were calculated 
using the kinetic model for a = 0 (solid curves), 2 (dashed curves) and 5 
(dotted curves). The parameters used in the calculations were r21 = 1, 
kcy c = 0.3 and r~2 = r3°2 

to the reduced molecular  weight o f  the pr imary chains, 
i.e. 

(dx/dt)° 2(/Iw'° (11) 
(dx/dt)o,t Mw,o,j 

where 2~w, 0 and 2hrw, 0,1 are the weight-average molecular  
weights o f  the pr imary chains at zero m o n o m e r  conver- 
sion in the presence and absence o f  the crosslinker 
respectively. Thus, the increase o f  the initial rates shown 
in Figure 4 also indicates an increase o f  the initial 
pr imary chain length with increasing crosslinker con- 
centration. Similar results were also obtained for the 
other initiators used. This indirect evidence o f  the 
variat ion o f  the initial pr imary chain length with 
crosslinker concentra t ion was examined with the mole- 
cular weight averages obtained from the g.p.c, curves. In 
Figure 5, weight-average molecular weights obtained 
f rom g.p.c, curves are given as a function o f  the 
m o n o m e r  conversion x for different crosslinker concen- 
trations f rom 0 to 50mo1% E G D M .  The curves for 
crosslinked systems were calculated using the kinetic 
model as discussed in the following sections. By 
extrapolat ing to zero m o n o m e r  conversion,  the apparent  
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molecular weights of the primary chains were estimated. 
Although the g.p.c, curves cannot be treated to give 
quantitative estimates of the molecular weights, the 
results indicate an increase of the molecular weight with 
the crosslinker content and, thus, support our previous 
finding. 

Variation of the initial rates or molecular weights of 
the primary chains with the EGDM concentration 
suggests that the termination rate constant of zero 
conversion polymer radicals, kt0, should depend on the 
crosslinker content of the initial monomer mixture. The 
relative initial termination rate constant of the radicals, 
kt0. rel, calculated using equation (9), is also shown in 
Figure 4 as a function of the EGDM concentration. For 
calculations, the reactivities of the monomeric vinyls are 
taken as equal 2847. kt0, rel decreases continuously as the 
amount of crosslinker in the reaction mixture increases. 
Since we are dealing here with zero-conversion polymer 
radicals, i.e., the polymer radicals in the absence of 
preformed polymers, the variation of kt0 with EGDM 
content can be possible only by a change of the 
macroradical coil dimensions, which may occur as a 
result of a first-order intramolecular reaction such as 
cyclization. 

In Figure 6A, the rate of polymerization, dx/dt, 
calculated using a polynomial fit of the experimental x 
vs t data, is shown as a function of the monomer 
conversion x. In Figure 6B, the rates have been converted 
to the termination rate constants using equation (8). No 
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gel effect can be seen in the absence of the crosslinker up 
to 10% monomer conversion. As the amount of cross- 
linker increases, the decrease in kt with conversion 
becomes more dominant as a result of the increasing gel 
effect. 

@clization 
Figure 7 shows the plot of pendant conversion x3 

versus monomer conversion x for different crosslinker 
concentrations. Some scatter of the data points origi- 
nates from the uncertainty of the method of measure- 
ments, which is estimated to be ±0.1. We obtain a 
limiting value for pendant conversion of about 0.3, 
indicating that 30% of pendant double bonds are 
consumed by the cyclization reaction. The fraction of 
units in cycles is independent of the EGDM concentra- 
tion. However, since increasing EGDM concentration 
also increases the number of divinyl monomer units on 
the polymer molecules, the higher the EGDM content, 
the higher is the number of cycles on polymer chains, and 
therefore the more compact are the primary particles. It 
is difficult to derive the extent of multiple crosslinkages 
from the experimental data in Figure 7 because of the 
experimental error involved in the data points. However, 
the slight change in polymer unsaturation with conver- 
sion indicates that the multiple crosslink reactions are 
not important under the experimental conditions. The 
results on cyclization are in accord with the reaction rate 
data of the previous section. Increasing crosslinker 
content increases the compactness of the structures 
formed; this will result in a decrease in the mobility of 
chain segments and therefore suppresses diffusion- 
controlled termination of radicals owing to steric 
reasons. These phenomena are reflected in the enhance- 
ment of the rate of polymerization shown in Figure 2. 

Previous percolation-type simulations, called kinetic 
gelation models 6'5°, predicted zero pendant vinyl group 
conversion at zero monomer conversion. This means 
that there is no cycle formation at the start of the 
reaction; as the reaction proceeds, the number of cycles 
increases rapidly and, after passing a maximum, 
decreases again. However, our experimental results 
show that these predictions are incorrect. In fact, since 
cyclization involves only the reactions of a polymer 
radical with its own chain, it is reasonable to expect 
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maximum cycle formation at zero monomer conversion. 
Indeed, our present results show that the extrapolated 
value of pendant vinyl conversion to zero monomer 
conversion is always not zero, indicating the existence of 
cycles in the first-formed primary molecules. 

Gel points 
Experimentally determined gel points, in terms of  both 

the reaction time t c and monomer conversion Xc are 
collected in Figures 8A and 8B, respectively, as a function 
of the EGDM concentration. The initiators used were 
benzoin (B), benzoin methyl ether (BME), benzoin ethyl 
ether (BEE) and 2,2-dimethoxy-2-phenyl acetophenone 
(DMPA). The expected inverse dependence of the gel 
point on crosslinker concentration is seen for E G D M  
contents less than 40%. At higher E G D M  contents, the 
gel point becomes insensitive to the amount of cross- 
linker in the initial monomer mixture. Moreover, 
gelation with respect to time occurs earlier if the 
initiators are changed in the order B < BME or 
BEE < DMPA, i.e., increasing the rate of polymeriza- 
tion. Experimental data also suggest that the critical 
conversion at the gel point x c is independent of the type 
of photoinitiator, within the limits of experimental error. 
This is actually expected due to the fact that, according 
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Figure 8 Gel points in terms of  the reaction time t~ (A) and monomer 
conversion xc (B) shown as a function of the EGDM concentration. 
The photoinitiators used were benzoin (O), benzoin methyl ether (&), 
benzoin ethyl ether (V) and 2,2-dimethoxy-2-phenylacetophenone (11). 
The dotted curve in (B) was calculated using the kinetic model for equal 
vinyl group reactivity. Cyclization and drift in the chain length were 
taken into account. Parameters used in the calculations were 
r21 = r32 -- 1 and kcy c = 0.3 

to equation (1), the weight-average molecular weights do 
not depend on the rate of initiation. 

Pendant reactivity 
Using the gel point data, the reactivity of pendant 

vinyl groups can be calculated. The value of 532 satisfying 
Mw = ec at x = xc may be obtained numerically by 
simultaneous solution of equations (1)-(6). In the 
calculations the drift in the primary chain length was 
taken into account using equation (10), and the weight- 
average molecular weights of the primary chains at zero 
conversion ~tw, 0 were calculated from the x = 0 inter- 
cept of experimental Mw vs x plots. 

Taking into account cyclization reactions but assum- 
ing that the reactivity of pendant vinyl groups is the same 
as that of the vinyl groups on the EG D M molecule, that 
is assuming 532 = 1 (no substitution effect), the model 
predicts the gel points shown in Figure 8B as a dotted 
curve. It seems that the actual gel points exceed those 
predicted for 532 = 1 by 1-2 orders of magnitude. The 
ratio of experimental to theoretical gel points for r32 = 1 
increases with increasing amounts of crosslinker. The 
model predicts actual gel points if the reactivity ratio/'32 
is much less than unity. The calculated r32 values 
are shown in Figure 9 as a function of the EGDM 
concentration. The average reactivity of pendant vinyls 
strongly depends on the crosslinker concentration and 
decreases as the crosslinker concentration increases. At 
5-15 mol% EGDM, the average pendant reactivity is 1- 
2 orders of magnitude lower than the monomeric vinyl 
reactivity. At higher EG D M contents, pendant reactivity 
becomes insensitive to the amount of crosslinker. Thus, 
although both cyclization and reduced pendant reactiv- 
ity coexist in free-radical crosslinking copolymerizations, 
the latter is mainly responsible for the delay in the gel 
point. The consumption of nearly 30% of the pendant 
vinyl groups by cyclization reactions and the drastically 
reduced reactivity of the residual vinyl groups suggest the 
formation of compact, mutually impenetrable microgel 
particles as intermediates in free-radical M M A - E G D M  
copolymerization. 

It must be pointed out that the kinetic model assumes 
constant rates for cyclization, crosslinking and multiple 
crosslinking reactions throughout the copolymerization. 
This assumption may not be valid in free-radical 
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Figure 9 Variation of the average reactivity ratio of pendant to 
monomeric vinyls for intermolecular reactions, ~32, with EGDM 
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The curves were calculated using the kinetic model for a -  0 (solid 
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the calculations were r21 = 1, kcsc 0.3 and r~ 2 = r~  

polymerizations due to the conversion dependence of the 
relative contributions of cyclization and multiple cross- 
linking reactions. One may expect that kmc is zero at zero 
monomer conversion and increases as the reaction 
proceeds because multiple crosslinking becomes more 
probable the larger the molecules formed. Furthermore, 
an increasing number of multiple crosslinkages would 
lead to the formation of compact structures; thus the 
pendant reactivity represented by/=32 should decrease as 
the reaction proceeds owing to the increasing extent of 
shielding of pendant vinyl groups. Accordingly, an 
increase in krnc would lead to a decrease of the pendant 
reactivity/:3:. In order to account for decreasing pendant 
reactivity and increasing rate of multiple crosslinking 
reactions during the polymerization, the following 
empirical equation was recently proposed51 : 

r32 r ~  exp( -ax)  (12) 

where r:°2 is the reactivity ratio of pendant to monomeric 
vinyl at zero monomer conversion and a is an adjustable 
parameter. In order to evaluate the unknown parameters 
r°2 and a, the model equations can be solved together 
with equation (12) to provide a best fit to the experi- 
mental M w vs x data. Figure 10 shows the variation of 
Mw and Mn with monomer conversion x at 6.4% EGDM 
concentration and in the presence of the photoinitiator 
DMPA. The curves were calculated using the kinetic 
model for a = 0, 2 and 5 (solid, dashed and dotted curves 
respectively). The curves in Figure 5 also compare the 
calculation results with the experimental data. It seems 
that the calculations for a = 0 provide good agreement 
with the experimental data and the additional equation 
(12) is not necessary for the present copolymerization 
system. This is in contrast to the polymerization system 
of 1,4-DVB in dilute solutions H'5', where both pendant 
reactivity and multiple crosslinking are strong functions 
of conversion. In the latter system, 1,4-DVB concentra- 
tion was less than 5% (present monomer concentration is 
35%). Under these reaction conditions, it was found 
that on average, 100 800 multiple crosslinkages occur 
per intermolecular crosslink formed. 4 Thus, compared 
to the present system, 1,4-DVB polymerization leads to 
the formation of denser structures, probably because of 
the higher degree of monomer dilution. 

Size distribution of sol molecules 
Figure 11 shows a representative set of gel-permeation 

chromatograms (g.p.c.) for reaction products isolated at 
different reaction times up to the close vicinity of the gel 
point. The initial concentrations of EGDM were 0, 1, 6 
and 9mo1% for series A, B, C and D respectively. As 
the polymerization time in M M A - E G D M  copolym- 
erization increases, the polydispersity ratios increase and 
the distribution curves change from single peaks to 
wider, bimodal distributions. The shape of the large 
elution volume peaks is essentially the same, irrespective 
of the polymerization time, while small elution volume- 
peaks are increased significantly as the reaction proceeds. 
Increasing crosslinker concentration results in strongly 
bimodal g.p.c, curves in the immediate vicinity of the 
gel point. For  free-radical systems, bimodal distributions 
have been observed previously 5x53, but also, in some 
studies, monomodal g.p.c, curves have been reported 54'55. 
Calculations using statistical 56 or kinetic 57'58 theories 
predict, however, monomodal weight-chain length 
distributions, which are fundamentally equivalent to 
the elution curve in the g.p.c. Calculated results for the 
sol phase near the gel point give flat curves extending 
across the molecular weight (elution volume) axis toward 
infinity. However, as shown in Figure 11, the actual 
behaviour is completely different. It is known that the 
molecules are separated in the g.p.c, columns according 
to their hydrodynamic volume. Thus, the molecules 
with the same molecular weight but different hydro- 
dynamic volumes, i.e., those with shape polydispersity, 
are eluted at different times. Since the mean field 
theories only consider the molecular weight polydis- 
persity, the difference between theory and experiment 
can be attributed to the shape polydispersity of the 
molecules present during the polymerization. One may 
expect that the large shape polydispersity due to the 
increasing extent of cyclization at high EGDM contents 
results in the observed strongly bimodal curves. Thus, 
the single peaks that appear at low conversion corre- 
spond to the microgels while their aggregates appear as a 
second peak in the small elution volumes side of the 
microgel peak. 

CONCLUSIONS 

Approximately 30% of the pendant vinyl groups are 
consumed by cyclization reactions during the pregel 
regime of the photoinitiated copolymerization of MMA 
and EGDM in toluene solutions. The fraction of units in 
cycles is independent of the EGDM concentration. 
However, since increasing EGDM concentration also 
increases the number of divinyl monomer units on the 
polymer molecules, the higher the EGDM content, the 
higher the number of cycles on polymer chains, and 
therefore the more compact are the 'primary particles' 
formed. Due to the cyclization reactions, the accessibility 
of the radical centres and pendant vinyl groups for 
other polymer molecules is strongly reduced. As a 
result, both termination and crosslinking reactions are 
controlled by the segmental diffusion of the polymer 
radicals. Variations in the polymerization rate and 
the molecular weights of the primary molecules with 
the EGDM concentration reflect the decrease of the 
diffusion-controlled termination rate constants with 
increasing crosslinker concentration. Since cyelizadon 
is a first-order reaction, the termination rate constant 
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Figure 11 G.p.c. chromatograms of the pregel polymers isolated at different reaction times in MMA EGDM copolymerization. The initiator was 
benzoin. EGDM concentration = 0 (A), 1 (B), 6 (C) and 9 mol% (D) 

of zero conversion polymer radicals also depends on 
the crosslinker content of the monomer mixture. 

Because of the sensitive dependence of the gel point on 
the average reactivity of pendant vinyl groups repre- 
sented by ~32, the set of equations (1)-(6) of the kinetic 
model are convenient for determining the value of r-32 
once the cyclization parameters have been found by 
using equation (2). Calculations indicate a 1-2 orders of 
magnitude decrease in the average reactivity of pendant 
vinyls for intermolecular reactions compared with 
monomeric vinyl. In accord with our previous results 14, 
this drastic decrease in pendant reactivity is mainly 
responsible for the delay in the gel point. Thus, the 
discrepancy between the observed and calculated gel 
points, reported in the literature already as early as 

59 1945 , is mainly due to the reduced reactivity of pendant 
vinyl groups. 

Contrary to the gelation theories, the size distribution 
curves of the pregel polymers change from monomodal 
to bimodal distributions as polymerization proceeds. 
The position and shape of the large elution volume peak 
corresponding to polymers with small hydrodynamic 
volumes remain essentially unchanged during the reac- 
tions, while a second peak corresponding to small elution 
volumes appears as the polymerization time approaches 
the gelation time. This finding confirms the coagulation- 
type gelation mechanism of compact primary particles 
and indicates the shape polydispersity of the pregel 
polymers. It must be noted that by modifying the 
termination and crosslinking reaction rate constants to 
include their dependence on the structure of the reacting 
molecules, one may incorporate the size and structure 
dependent kinetics into the mean field model calculations. 

The experimental data obtained in the present study 
were studied within the framework of a kinetic model. 
The model takes into account all the kinetic features of 
the copolymerization reactions. It is to be noted that as 
the mean-field theories neglect excluded volume effects 
and concentration fluctuations, which should play an 
important role in the vicinity of the gel point, these 
kinetic equations may be used up to the critical region. 
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