
4490 Macromolecules 1992,25, 4490-4500 

Nonidealities Exhibited by Cross-Linking Copolymerization of 
Methyl Methacrylate and Ethylene Glycol Dimethacrylatet 

Neil A. Dotson, Tim Diekmann,; Christopher W. Macosko,’ and 
Matthew Tirrell 
Department of Chemical Engineering and Materials Science, University of Minnesota, 
Minneapolis, Minnesota 55455 

Received October 15, 1991; Revised Manuscript Received April 30, 1992 

ABSTRACT: The predictions of classical theory for the establishment of a network by free-radical polym- 
erization have been tested under conditions for which those predictions should be simple, i.e., short pregel 
regimes in which the composition and chain length distribution of the primary chains should be nearly 
invariant and for a nearly equally reactive system (methyl methacrylatelethylene glycol dimethacrylate). At 
the moderate to high concentrations of cross-linker used, the classical theory is inapplicable, each of its 
predictions being disobeyed. Gelation occurs 1-2 orders of magnitude later than predicted, the gel point is 
relatively insensitive to the amount of cross-linker, the dependence on the primary chain length is weaker 
than the predicted inverse dependence, and the divergence of the weight-average molecular weight is more 
consistent with the percolation picture. All of these point to a violation of the mean-field picture, probably 
through cyclization and (size-dependent) reduction in the reactivity of the pendants. 

Introduction 
The theory of ideal network formation’ formulated by 

Flory and Stockmayer is based upon random reaction of 
functional groups, an assumption often divided into three 
facets: equal reactivity, independent reactivity, and the 
prohibition against cyclization in finite species. An 
equivalent restatement of these is that the nonlinearity of 
the reaction introduces no new reactions or reaction 
kinetics beyond those which would characterize a corre- 
sponding linear polymerization (not denying, of course, 
that the resulting structure is quite different). This 
broader definition permits nonidealities, such as unequal 
reactivity, not tied to the branching nature of the po- 
lymerization (as both substitution effect and cyclization 
would be). I t  also allows intrinsically nonrandom chem- 
istries, such as free-radical polymerization, in which po- 
lymerization is contingent upon initiation. In this par- 
ticular case, ideality requires that the pendant 
unsaturations behave in all ways like their monomeric 
counterparts, differing neither in reactivity nor in available 
reactions. The former would constitute a substitution 
effect; an example of the latter would be cyclization, which, 
although chemically identical to cross-linking, is topo- 
logically distinct and obeys a different rate law (based on 
intramolecular static or dynamic properties of the poly- 
mer). 

The actual behavior of cross-linking free-radical copo- 
lymerizations, however, diverges seriously from that 
predicted by these ideal models, a fact known since the 
work of Walling in 1945.2 This study exposed the dis- 
crepancy between the predicted and actual gel points for 
the systems methyl methacrylate (MMAVethylene glycol 
dimethacrylate (EGDMA) and vinyl acetate/divinyl ad- 
ipate. The years since have witnessed numerous studies 
addressing this and other differences between the actual 
and predicted behaviors, and thus the distance between 
the ideal theory and the realities of nonlinear free-radical 
polymerization is well appre~iated.~ 

What has not been consistently appreciated is that the 
ideal classical theory, as it is usually formulated, is far too 
idealized for the realities of even the corresponding l inear 
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Figure 1. Theoretical prediction for the behavior of a late-gelling 
system = l ) . 3 p 4  Monomer depletion is the sole source of 
conversion-dependent kinetics. Reaction involves a monoun- 
saturated monomer of molecular weight 100 and a diunsaturated 
monomer of molecular weight 200, the latter contributing 0.5% 
of the double bonds in the mixture. Initial degree of polymer- 
ization of the primary chains is DPw0(O) = 401; chains are ended 
by disproportionation only. 

free-radical copolymerization. These models, either in- 
trinsically or in implementation, assume that the com- 
position and chain length distribution of the primary 
chains produced are not functions of conversion. The first 
will obviously be wrong for an unequally reactive system 
for which the composition drifts. The drift in primary 
chain length, on the other hand, can result from changes 
in the relative rates of any of the numerous reactions 
occurring during a free-radical polymerization (conversion- 
dependent kinetics4). This may result from depletion of 
monomer, initiator, or transfer agent, the decrease in 
termination rate constant (Trommsdorff effect), propa- 
gation rate constant, or initiator efficiency, temperature 
changes, and so forth. A framework broad enough to 
account for the latter has been presented by Dotson et 
a1.,4 and the straightforward extensions for unequal 
reactivity have been recently made.5 

Because of these complications, if one wishes to compare 
experimental results with theory, either all of the con- 
version-dependent kinetics mentioned above must be 
thoroughly characterized or the aggregated effects on chain 
length and composition known. Failing this, the data may 
be misinterpreted. An example of this is given in Figure 
1, where we see the evolution of the weight-average mo- 
lecular weight M ,  predicted for an equally reactive system 
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which gels at  complete conversion, p = 1. Here, monomer 
depletion, the sole source of conversion-dependent kinetics, 
causes a linear decrease in the primary chain length with 
conversion; composition drift does not occur. Because of 
the decreasing primary chain length, when making a critical 
plot of M, versus t (a dimensionless distance to the gel 
point), an apparent critical exponent y of -1.8 is seen in 
the first two decades of e, before the true mean-field value 
of 1 is manifested. If this system could be realized 
experimentally, then, the results over the first two decades 
(and it is only here that experimental data could be 
obtained) would be attributed to non-mean-field behavior 
(specifically, percolation behavior6) when in fact something 
as mundane as monomer depletion was the cause. 

This should not be interpreted as a suggestion that 
observed non-mean-field exponents spring from such 
prosaic roots. What is being insisted upon, rather, is that 
in order to compare properly with theory, one needs either 
to characterize rigorously the effects of conversion-de- 
pendent kinetics or to work in regimes for which those 
effects are absent. Else, one runs the risk of attributing 
to the cross-linking aspect of the polymerization deviations 
from theory which in fact are common to the correspond- 
ing linear polymerization. Because of the difficulties in 
doing the former (even for linear polymerizations), in this 
paper we do the latter. The effects of drifts will vanish 
if the conversion interval is sufficiently short,7 so that 
essentially both average primary chain length and com- 
position do not change. This necessarily excludes the study 
of the entirety of the postgel regime; in this paper only the 
pregel regime is examined. 

For polymerization of equally reactive monomers form- 
ing long primary chains, the general equations4y5 for the 
weight-average molecular weight of the polymer simplify 
to give several key predictions, if the pregel regime is 
short. First, M, diverges from its initial value M,(O) as 
follows: 

M, = Mw(0)e-l (1) 

where the dimensionless distance to the gel point, e, is 
given from the conversion, p ,  as 

and the critical double-bond conversion is 

p c  = l / a 4  DP; (3) 

where a4 is the fraction of double bonds in the comonomer 
mixture contributed by the cross-linker and DPWo is the 
weight-average degree of polymerization of the primary 
chains. From eq 3 we note that the gel point should exhibit 
the following scalings: 

P c  a a4-1 (4) 

p C  a (DP;)-' (5 )  

if DPWo is not itself a function of u4. As is clear from eq 
1, the molecular weight itself diverges as follows: 

M ,  0: t-' (6) 

which is expected to hold over the entire pregel regime 
(0 I e I 1) for short pregel regimes (contrary to Figure 1). 
This is a result of the high functionality of the primary 
chains; the same is seen for Af step homopolymerization 
as f - w. Finally, the pendant double-bond conversion 
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(at low conversions) is half the overall conversion of double 
bonds: 

P p  = PI2 (7) 
These simple predictions can be tested provided we have 

a chemical system which conforms to the restrictions 
mentioned. Fulfilling the requirement of equal reactivity 
is the most difficult since the reactive characteristics of 
monomer pairs are not easily varied. In this work, a system 
often considered equally reactive, but which is probably 
only nearly so, is used: MMA/EGDMA. Establishing 
conditions under which the primary chains are long and 
the pregel regime short is relatively straightforward, 
because long chains and moderate amounts of cross-linker 
should necessarily give early gelation, as eq 3 shows. The 
production of long primary chains is favored by small 
amounts of initiator and low temperatures. In this study 
the common thermal initiator 2,2'-azobis(isobutyronitrile) 
(AIBN) was used for bulk polymerization at  the relatively 
low temperature of 40 O C .  The somewhat extreme po- 
lymerization conditions-low temperatures and small 
amounts of initiator-were required to ensure that the 
pregel regime was short with respect to conversion but 
long with respect to time, so that the evolution of M, 
could be easily resolved. These conditions required that 
a transfer agent, 1-dodecanethiol (lauryl mercaptan, LM), 
be used to control the length of the primary polymer chains. 
Moderate to high cross-linker content was ensured by 
working at  volume fractions EGDMA, UEGDMA, between 
0.10 and 0.80, corresponding to 0.111 I a4 I 0.819. 

Under these conditions, then, the predictions expressed 
in eqs 3-6 should apply to the system MMA/EGDMA. 
How well the experiments conform to these predictions is 
the subject of this paper. 

Experimental Section 
Preparation of Reagents. MMA and EGDMA (Aldrich) 

were nominally 99% and 98% pure and were inhibited with 4- 
methoxyphenol (methyl ether of hydroquinone, MEHQ) at 10 
and 100 ppm, respectively. Some EGDMA (Monomer-Polymer 
and Dajac Laboratories) was nominally 99% pure (dental grade) 
and inhibited with hydroquinone. Inhibitor was removed from 
these by extraction with a 10 wt % KOH solution (twice for 
MMA and thrice for EGDMA), followed by a rinsing with distilled 
water three times. Both monomers were then put over molec- 
ular sieve and stored in a refrigerator ( - 5 "C) to remove remaining 
water. Monomer, when dried, was taken off sieve, filtered through 
a 0.02-pm filter to remove dust from the sieve, and then stored 
in a freezer (--12 "C) until use. One small batch of EGDMA 
was further purified by vacuum distillation, performed between 
70 and 80 "C, in the presence of CuCl to prevent polymerization. 

The initiator, AIBN (Kodak), was purified bytwice crystallizing 
from methanol and then stored in the freezer (--12 "C) until 
use. The chain-transfer agent, LM (Aldrich), was nominally98% 
pure and was used as supplied. The inhibitor, MEHQ (Aldrich), 
was 98-99% pure and likewise was used as supplied. 

Polymerization. Polymerizations were performed according 
to two different formulations: (a) 0.0188% by weight AIBN, 
0.1 % by weight LM, 40 "C; and (b) 0.3% by weight AIBN, 0.5% 
by weight LM, 40 O C .  PMMA made by recipe a was found to 
have an M, of 528K f 12K, whereas that made by recipe b has 
an M ,  of 122K & 3K. (Error bars here, as elsewhere, indicate 
95 % confidence intervals.) Chain transfer largely determines 
the resulting molecular weights in these polymerizations; PMMA 
made under these two formulations but without the transfer agent 
are more than an order of magnitude longer (7380K and 1980K, 
respectively). This is to  be expected from such a strong transfer 
agent; we estimate that C, for the system MMA/LM is between 
0.6 and 0.7,5 somewhat higher than suggested by the Russian 
literaturess9 and data obtained from polymerizations in the 
presence of a solvent.10 Previous studies indicate that this transfer 
agent is ideal.11J2 
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loop rather than dire~t1y.l~ Angles between 25.41 and 154.59' 
were used in data analysis. The source was a He-Ne laser from 
Melles Griot (k, = 632.8 nm). Dark currents were measured 
from the detectors with the laser source off; solvent offsets were 
measured on solvent alone. Normalization was done by measuring 
the excess scattering from a solution containing an isotropic scat- 
terer, a 17 500 polystyrene standard (Pressure Chemical). Ab- 
solute calibration of the instrument was done with pairs of solvents 
of known Rayleigh ratio; solvents used were toluene, methyl ethyl 
ketone (MEK),tetrahydrofuran (THF), acetone, andmethanol.16 

Light scattering was done from five solutions in MEK of nearly 
equally spaced concentrations, prepared by successive dilution. 
The concentration of the mother solution was chosen according 
to the anticipated molecular weight, but such that the lowest 
concentration sample would scatter sufficiently and the mother 
solution would be as far from the overlap concentration c* as 
possible. The solvent had been thrice filtered through a 0.02-pm 
filter to remove dust. Solutions were stored at -12 "C until ready 
for scattering. Solutions were filtered through two filters (either 
0.2 or 0.45 pm, again depending upon the anticipated molecular 
weight) upon entering the loop and once more through a filter 
of the same pore size on-line before the cell. All scattering was 
done a t  25 "C. 

Data were analyzed by the standard Zimm plots, the concen- 
tration dependence always being fit linearly and the angular de- 
pendence quadratically, the curvature arising from polydisper- 
sity." Consistency of results was checked with PMMA samples, 
for which molecular weights by light scattering in both MEK 
and THF agreed well with those from size exclusion chroma- 
tography (calibrated with PMMA standards). 

Differential Refractometry. A Brice-Phoenix type differ- 
ential refractometer with a He-Ne laser source (b = 632.8 nm) 
was used to measure the refractive index increments of the 
polymers. Calibration of the instrument was regularly performed 
with two KCl/H20 solutions of concentrations of approximately 
0.04 and 0.1 g of KCl/g of HzO, the refractive index differences 
(An = n - nH20) of which were known from extrapolation from 
data a t  lower  wavelength^'^ by the Cauchy dispersion relation. 
Determination of polymer dnldc values was made with five 
solutions of concentrations between 0.002 and 0.01 g1mL. Because 
of the drift in zero values, the slope of the plot of An versus c was 
used as dnldc, rather than the intercept of a plot of Anlc versus 
c. The data gathered, while suffering from scatter, do suggest 
that the polymer dnldc is related to the initialcomonomer volume 
fraction UEGDMA by the f~llowing:~ 

dnldc [mLIgl = 0.113 + 0.006uEGDMA (8) 
This relation, used in interpreting all light scattering results, is 
in rough agreement with past results from PMMAI8 and poly- 
(EGDMA).Ig 

Experimental Tests of Equations 3-6 
Gel Points. From eq 3, we may predict the gel points 

for t h e  systems studied. We assume that the system is 
equally reactive, so that the copolymer composition FB is 
given by  the comonomer composition ad. We do not, 
however, assume that the primary chain length DPwo is 
independent of a4 but instead calculate this from the initial 
molecular weight found by  extrapolation of the molecular 
weight data t o  e = 1. The predicted gel points, in terms 
of both the  conversion of double bonds p and the mass 
yield x, are listed in Table I. Also listed are the  measured 
gel points in  terms of mass yield, calculated from the 
kinetics and from gel t ime measurements (or in the cases 
a4 = 0.629 and 0.819, estimations from molecular weight 
data20). As expected,2 the actual gel points exceed those 
predicted by 1-2 orders of magnitude. 

Scaling with ad. From eq 4, we would expect an inverse 
dependence of the gel point on a4. This will not hold here, 
however, since DP,O has been seen to be a function of a4 
as well (see Table I). However, a plot of the theoretical 
and experimental values of x c  versus a4 will address whether 
t he  dependence is as expected. From Figure 2, we note 

In preparation for polymerization, monomers and transfer 
agent were pipetted into a round-bottom flask, either in a 100- 
mL batch into a 250-mL flask for recipe a or in a 40-mL batch 
into a 100-mL flask for recipe b. The amounts of the two 
monomers added were then more precisely determined by 
weighting the flasks. The appropriate amount of AIBN was then 
added. To eliminate oxygen from the system consistently, five 
freeze-pump-thaw cycles were used (bubbling nitrogen through 
the monomers to displace oxygen was found to be insufficient). 
A cycle comprised the reaction mixture being frozen in liquid 
nitrogen, removed and evacuated with a vacuum pump for 
approximately 4 min, and then warmed mildly. After the last 
thaw, reaction flasks were allowed to equilibrate in the freezer 
(--I2 "C) for at least 45 min before reaction. For most 
polymerizations, no gas was added to the flasks after the final 
thaw, so that the polymerizations were done under the vapor 
pressure of the monomer. 

The reactions were carried out in a water bath at 40 OC. 
Because of the jump of over 50 "C there was a thermal lag of 
approximately 5 min (while swirling), during which negligible 
reaction should occur because of the large activation energy of 
the initiation step. Reactions were quenched by removal from 
the water bath, releasing the vacuum, adding MEHQ, and then 
cooling rapidly in liquid nitrogen (again while swirling). The 
solution was then precipitated dropwise into an agitated solution 
of cold (--12 "C) methanol: -850 mL containing -0.7 g of 
MEHQ for the 100-mL batches and -450 mL containing -1 g 
of MEHQ for the 40-mL batches. The precipitated solution was 
then stored at -12 "C. 

The gel point was always determined experimentally as the 
midpoint between the last time a t  which a soluble polymer was 
obtained and that a t  which the mixture was not soluble in toluene. 
Before doing such experiments with toluene, however, an upper 
bound on the gel time was found by the bubble rise method. For 
these polymerizations, reaction was done under argon at ap- 
proximately 1 atm. Since activation volumes for the relevant 
reactions are on the order of 10 mL/mo1,13J4 changes in pressure 
in the range of 1 atm should thus have little effect on polym- 
erization (note that this also implies that the change of pressure 
with a4 should have negligible effect as well). 

It should be noted that these polymerization conditions are 
not particularly robust, but are sensitive to small amounts of 
impurities not removed in the caustic wash (nor by vacuum 
distillation). This is especially true for recipe a, for which use 
of certain batches of monomer (generally EGDMA) caused 
reduced yield, the kinetics generally exhibiting an inhibition time 
beyond the 5-min thermal lag. That impurity, rather than poor 
technique, was the source of the problem was indicated by the 
correlation with certain batches of monomer. These problems 
are not of concern in this paper, as no data from polymerizations 
exhibiting an inhibition time are used. 

Purification of Polymer. Polymer precipitated from the 
original reaction mixture was redissolved in a small amount of 
toluene, precipitated into cold methanol, again dissolved into 
toluene, and precipitated once more. Separation of the precip- 
itated polymer from the liquid was usually done through a coarse 
sintered-glass filter. The polymer was finally put into benzene 
to form a 2-5% solution and then freeze-dried for 1-2 days. The 
mass yield of polymer was then determined by weight (with 
corrections for losses during filtering). That the purification 
resulted in neither a loss of the low molecular weight tail by 
inadequate precipitation nor an increase in the high molecular 
weight tail by cross-linking was shown by comparison of size 
exclusion chromatographs before and after purification. If these 
foams were merely stored as was, eventually the polymer would 
become insoluble, presumably due to oxidation. I t  was thus 
decided to store the polymers in inhibited MEK solution at a 
polymer concentration between 0.01 and 0.05 g/mL. Even then, 
a polymer stored for a sufficiently long time (months) would 
show a noticeable increase in molecular weight. Thus it was 
desirable to characterize the polymer as described below as soon 
as possible. 

Static Light Scattering. Static light scattering was per- 
formed on a commercial multiangle light scattering photometer 
from Wyatt Technologies. The instrument had been modified 
by Kent to allow for temperature control and injection from a 
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Table I 
Predicted and Exwrimental Gel Points for Conditions Studied 

~~~~~~ ~ ~ ~~ ~ 

MJO)  x 10-3 UECDMA a4 pred p c  (%j pred x C  (% ) actual x c  (% ) 

Recipe a 
796 90 0.10 0.111 0.126 0.014 0.140 0.016 2.27 f 0.08 
964 * 151 0.20 0.218 0.0580 * 0.0091 0.0706 k 0.0111 2.05 f 0.13 

1370 f 110 0.40 0.427 0.0244 f 0.0020 0.0348 f 0.0028 2.17 f 0.23 
1600 f 90 0.60 0.629 0.0162 f O.OOO9 0.0264 f 0.0015 2.03 f 0.22 
1750 f 190 0.80 0.819 0.0127 f 0.0014 0.0231 f 0.0025 1.93 f 0.34 

Recipe b 
152 f 32 0.10 0.111 0.66 f 0.14 0.73 f 0.15 6.58 f 0.20 

0 1 ]  P 
1 0 

P 
0 02 P 

0 0  0 2  0 4  06 08 I O  

a4 

Figure 2. Critical yield, xc, versus a4 for recipe a: (0) 
experimental; (0) predicted. Error bars indicate 95% confidence 
interval (as in all other figures). 

that gelation is largely insensitive to the amount of cross- 
linker in the comonomer mixture over the range studied, 
rather than exhibiting the slightly greater than inverse 
dependence expected. Thus, the distance between theory 
and experiment increases with increasing amounts of cross- 
linker. 

This widening gap was first noted by Walling2 for both 
the system studied here and for the system vinyl acetate/ 
divinyl adipate. The remarkable feature of a gel point 
invariant with the amount of cross-linker has been noted 
before and seems to be a feature manifested only at 
sufficiently high amounts of cross-linker. For example, 
in the work of Landinl2 on the same system as here (though 
under different reaction conditions), between U E G D ~  = 
0.01 and 0.05, the gel point is seen to be a strong function 
of ~ 4 .  This distinction in behavior a t  low and high amounts 
of cross-linker is also seen by comparing the works of Sto- 
reyF1 Malinsk9 et al.,22 and Okasha et dZ3 for the system 
styrene/divinylbenzene. It is seen as well for styrene/ 
dimethacrylate systems, as seen by comparing the work 
of Shah et for which invariance is seen as low as 2 
mol % cross-linker in these solution polymerizations in 
toluene, and that of Vijayakumar and Finkz5 in which the 
expected dependence was found up to 3.5 mol % EGDMA. 
Perhaps even more dramatic is the data for the aqueous 
system acrylamide/methylenebisacrylamide,26 where a 
minimum in the gel point at -7 wt  7% bisacrylamide and 
a plateau past -18% are seen. This stands in contrast 
to the data a t  lower concentrations of cross-linker for this 
system2e or for the related acrylamide systems studied by 
Ulbrich et a l . n 1 2 6  A strong dependence at  low cross-linker 
(up to 7.5 mol % cross-linker) was also seen by Wesslaum 
for styrene cross-linked by bis[4-(methacryloxy)benzyli- 
denel-1,2-diaminoethane. The rule of a vanishing depend- 
ence at higher amounts of cross-linker is not without 
exceptions; e.g., Ito et d 3 0  observed a strong dependence 
for the system styrene/poly(diallyl phthalate) up to u4 = 
0.5. 

Scaling with DP,O. From eq 5, we expect an inverse 
dependence of the gel point on the primary chain length. 
Because polymerizations at a4 = 0.111 have been performed 

J J I  
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Figure 3. Reduced molecular weight versus reduced conversion 
for a4 = 0.111: (0) recipe a; (0) recipe b. 

according to the two different recipes and have very 
different primary chain lengths as seen in Table I, we 
should be able to begin to answer the question of how the 
gel point changes with the primary chain length. The 
easiest way to visualize the answer is to prepare a plot of 
M,/M,(O) (a reduced molecular weight) versus xM,(O), 
which should be universal at a given u4. Figure 3 clearly 
shows that this universality is not the case and that the 
polymerization with the shorter primary chain length 
(recipe b) gels a t  an earlier reduced conversion than that 
with the longer chain length. Put another way, the de- 
pendence of the gel point on the primary chain length is 
much weaker than the inverse dependence predicted; a 
difference of primary chain length of a factor of 5.2 yields 
a difference in the gel point of 2.9. The polymerization 
with the shorter chain length thus exhibits less of a 
deviation from the ideal predictions. 

This dependence of the gel point on primary chain 
length, weaker than expected, is in agreement with the 
recent results of Matsumoto et aL3' on the same system, 
where a factor of 76 in primary chain length led to only 
a factor of 4 with respect to the gel point (here, though, 
the conversion range is much broader, and thus conversion- 
dependent kinetics confuse the interpretation). The only 
other investigations of the effect of primary chain length 
are at lower concentrations of cross-linker, and the results 
stand in contrast to these results. Vijayakumar and Fink26 
found the expected dependence on primary chain length 
for the system sytrene/EGDMA up to 3.5 mol % EGDMA, 
except a t  high dilution. Landin,12 using the same system 
studied here, found that a fourfold decrease in primary 
chain length led to approximately a fourfold increase in 
gel point for UEGDMA = 0.01 and 0.02. We may suppose 
that the weak dependence exhibited by our data is a 
characteristic of moderate to high concentrations of cross- 
linker, as was the weak dependence on a4. 

Divergence of M,. From eq 6, we see that M, should 
diverge as c1 (Le., exhibit a critical exponent y = 1) over 
the entire pregel regime. Because we know the gel points 
for a number of systems, we can easily determine the 
apparent exponents by which M, diverges. The critical 
parameter, e, was calculated on the basis of yield, x .  
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Figure 4. M, (0) and (s2),'/* (0) versus c for 
0.111. In MEK at 25 OC. 
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Figure 7. M, (0) and ( s ~ ) , ' / ~  (0) versus c for recipe a, a4 = 0.427. 
In MEK at 25 "C. 
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Figure5. M w ( 0 )  and ( s ~ ) , ' / ~  (O)versuscforrecipea,a4=0.111. 
In MEK at 25 OC. 

5 95 i14 
log E 

Figure 6. M, (0) and ( s ~ ) , ' / ~  (0) versus t for recipe a, a4 = 0.218. 
In MEK at 25 OC. 

The best set of data is that made under recipe b at  a4 
= 0.111, for which the molecular weights measured span 
approximately 2 orders of magnitude. From Figure 4 we 
find that we do see an apparent power law divergence, but 
with an exponent y much closer to the p e r c o l a t i ~ n ~ ? ~ ~ * ~ ~  
(or kinetic gelation34.35) value of 1.74 than to the classical 
value of 1. Moreover, as also shown in the figure, the 
radius of gyration ( ~ 2 ) , ' / ~  (in MEK at 25 "C) also diverges 
in a power law fashion and again with an exponent v closer 
to the percolation value of 0.88 than to the classical value 
of 1/2. Figures 5-7 show that the same behavior is seen for 
polymerizations performed under recipe a, a4 = 0.111, 
0.218, and 0.427. In all of these, the classical exponents 
are well outside the error bars, and values closer to 
percolation are seen. The rather large errors of these 
exponents are primarily a result of uncertainty in the gel 
point, which results in an uncertainty in e as noted by the 
error bars; there is some contribution from the scatter of 
the data as well. Because both M, and ( s ~ ) , ' / ~  diverge 
according to a power law, the latter is related to the former 
by a power law as well; Figure 8 illustrates this for recipe 
b, a4 = 0.111. Similar plots for recipe a polymerizations 
yield similar exponents. 

I l J . .  , . , . . . , . , . . , , I  

1% M, 
( n  5 5  60 6 5  7 0  

Figure 8. ( s ~ ) , ~ / ~  versus M, for recipe (b), a4 = 0.111. In MEK 
at 25 "C. 

It may be argued that studies in such small ranges of e 
(a decade at  moat) provide no measure of critical exponents, 
because the critical regime has not yet been approached. 
Indeed, other cases are known where higher apparent 
exponents yield to mean-field values as t - 0, both 
e~perimental3~ and theoretical (see Figure 1). Even so, 
such observations are still in quantitative disagreement 
with the theory since a value y = 1 should be realized over 
the entire pregel regime. The nearness of the observed 
exponents with percolation values instead suggests non- 
mean-field behavior. The fact that the apparent exponents 
are somewhat lower than percolation values further 
suggests that we may be in a crossover regime to percolation 
behavior. That the critical regime may be quite broad is 
in agreement with recent results on an epoxy system37 and 
by analogy with the cross-linking of long linear performed 
chains, for which the critical regime is expected to be quite 
small (and scale as N-1/3) in the melt but depend strongly 
on concentration in the semidilute regime and be quite 
broad near c* (very nearly our case near the gel point).% 

For free-radical systems, the literature is not unanimous 
in supporting either classical or percolation behavior but 
is more heavily weighed toward the latter. For the same 
system as studied here, Whitney and B u r ~ h a r d ~ ~  found 
fairly classical values for both y and Y, although some 
doubts were raieed about the determination of the gel point, 
so that a maximum value of y of 1.5 was stated. On the 
other hand, the Strasbourg group, studying the system 
styrene/divinylbenzene, found exponents of y = 1.8 and 
v = 0.91.4 The only remaining relevant literature on free- 
radical systems concerns other critical exponents, and thew 
as well support the percolation view. For example, for a 
polyacrylamide system, the gel fraction has been shown 
to grow with an exponent B of 0.5;41 the expected 
percolation value is 0.4, while the classical value is 1 . 6 , 3 2 p 3 3  

Values for y and Y for other gelling systems are also split 
between percolation and classical values. Supporting the 
percolation viewpoint, Adam et al.42 found y = 1.71 and 
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Figure 9. Kinetics of polymerization for recipe a: (+) a4 = 0; 
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Figure 10. Rate of polymerization versus a4 for recipe a. 
Y = 0.86 for a polyurethane system; Patton et al.43 found 
y = 1.8 and v = 1.19 for a polyester system, and Adolf et 
al.M found y = 1.7 and v = 1.4 for an epoxy system ( u  is 
a function of swelling both in the reaction bath and in 
subsequent dilution). On the other hand, for an epoxy 
system, KoilBk et al.46 found y = 0.97 and v = 0.50. Ka- 
jiwara et a1.a found for a polyurethane system classical 
exponents in bulk (over a small range of e, though) but 
percolation exponents in dilution. Exponents much higher 
than those expected from percolation have been measured 
for sol-gel systems, for which y = 2.7 and Y = 1.53.47 On 
the balance, then, nonclassical behavior seems to be the 
dominant result. 

Other Features of MMA/EGDMA 
Polymerizations 

We have found in the discussion above that all the 
theoretical predictions have been consistently frustrated. 
Before attempting an explanation of this, we first point 
out some other unusual features manifested by this 
chemical system. 

Increase in Rate of Polymerization with ad. Figure 
9 shows a plot of the mass yield, x ,  versus time for recipe 
a polymerizations. We see an increase in the rate of po- 
lymerization with increasing amount of cross-linker; this 
is made even clearer in Figure 10, in which dx/dt is plotted 
versus a4. Here, a factor of almost 6 separates the rate for 
a4 = 0 and that for a4 = 0.819. The same trend is noted 
as well for recipe b, where for a4 = 0, dxldt = 0.0387 & 
0.0026%/minJ while for a4 = 0.111, drldt = 0.0440 f 
0.0017 %I /mine This further pointa to the curious feature 
that the enhancement in rate appears to be dependent on 
the recipe or, we would suppose, chain length. This is 
seen by comparing the ratio of the rate d d d t  for a4 = 
0.111 to that for a4 = 0 for recipes a and b. For recipe a, 
this ratio is 1.44 f 0.20, while that for recipe b is 1.14 f 
0.08. 

Enhancement of the rate of polymerization is a common 
observation in cross-linking free-radical systems. It is seen 

a4 

Figure 11. M,(O) versus a4 for recipe a. 
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in the earlier results of Hayden and Melville's and of Ho- 
rie et 81.49 and also in the more recent results of Li et al.60 
(although the effect is not as large here). Such enhance- 
ment in rate can even be observed even in the rather 
moderate range of &lo% cross-linker. This occurs for 
styrene cross-linked by dimethacrylates,24161v62 for example, 
as well as in the system acrylamide/methylenebisacryla- 
mide.53 It should first be noted that this enhancement in 
rate occurs from the beginning of the polymerization and 
so is qualitatively different from the increase in rate with 
cross-linker at higher conversions due to shifting of the 
Trommsdorff effect to lower conversions because of ge- 
lation (an effect which can be seen in the range 0-l% 
c r o ~ s - l i n k e r ~ ~ ? ~ ~ ) .  

Increase in Primary Chain Length with 84 .  The 
second unusual feature is that, like the rate of polymer- 
ization, the primary chain length, as obtained from the e 
= 1 intercept in the critical plots, also increases with a4. 
This we have already noted in Table I, but in Figure 11 
this is shown more clearly. The effect is sufficiently large 
that the increase cannot be attributed merely to the 
increase in average monomer mass (which is also true of 
the increase in the rate). The rate and primary chain 
length do not, however, increase proportionally, as seen 
in Figure 12. The increase in M,(O) is more modest. 

Recently, there have been a number of works from the 
Osaka group supporting an increase of primary chain 
length with cross-linker for a number of reasons. For both 
MMA and styrene, cross-linking with oligo(ethy1ene glycol) 
dimethacrylates of successively longer oligo(ethy1ene 
glycol) bridges leads to progressively longer primary chain 

Similarly, for MMA cross-linked by trimeth- 
ylolpropane trimethacrylate, an increase is seen in primary 
chain length as we11.s The explanation in these cases is 
that the cross-linker allows cycles to form which sterically 
suppress termination. Steric hindrance for the transfer 
to monomer reaction was suggested as the reason for longer 
primary chains in the polymerization of triallyl isocy- 
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Figure 13. (s~),~/~(O) versus a4 for recipe a. In MEK at 25 "C. 
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Figure 14. Reduced (DPwo(0))112 and ( s ~ ) , ~ ~ O )  for recipe a: 

(S~)~~/~(O)I",,,/(S~)~~/~(O)~O. In MEK at 25 "C. 

anurate as compared to those of triallyl cyanurate.57@ In 
the copolymerization of tetraallylammonium chloride with 
diallylammonium chloride, increasing the amount of the 
latter (a monomer of lower functionality) increases the 
primary chain length, the cause simply being a higher k,.59 

Lack of Concomitant Increase of Primary Radius 
of Gyration with Primary Chain Length. Despite the 
strong increase in primary chain length with a4, we find 
that the radius of gyration of the primary chains does not 
exhibit an accompanying increase. In Figure 13 the radius 
of gyration of the primary chains, found, like Mw(0), by 
extrapolation to e = 1, is plotted versus a4. The radius of 
gyration is almost constant despite a fourfold increase in 
Mw(0), which implies at least a factor of 2 in DPwo. This 
observation is substantiated by noting that the location 
of the peak in size exclusion chromatography (SEC) traces 
Corresponding to the primary chains is invariant with a4, 
within experimental error. These data indicate that the 
primary chains become denser with increasing a4. This 
is made even clearer by comparing the radius of gyration 
with (DPw0(0))1/2, where the latter is calculated from 
Mw(0) assuming equal reactivity (as was done for the 
theoretical predictions in Table I). The results are shown 
in Figure 14 for recipe a. Although for a4 = 0.111 the 
increase in size and mass correspond, this is not the case 
at  the higher concentrations of cross-linker; there the 
chains show a noticeable, although not extreme, densifi- 
cation. 

Such densification with cross-linker is also a common 
observation from intrinsic viscosity measurements. Prob- 
ably the earliest indication of such behavior is found in 
the work of Zimm et al.,so in which the molecular weight 
dependence of the intrinsic viscosity was found to be quite 
weak. Perhaps more conclusive are data indicating that 
the intrinsic viscosity of the branched copolymer at low 
conversions far from the gel point is less than that of the 
corresponding linear polymer. The largest body of data 
of this type is from the Manchester group; such behavior 
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Figure 15. Az(0) versus a4 for recipe a. In MEK a t  25 "C. 
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Figure 16. A2 versus M, for recipe b, a4 = 0.111. In MEK at 
25 "C. 

was noted for styrenelp-divinylbenzene,81 styrene/4,4'- 
divinylbiphenyl,62 styrene/4,4/-dii~opropenylbiphenyl,6~ 
and styreneldimethacrylate ~ystems.5~ It has been noted 
in the polymerization of commercial divinylbenzene mix- 
ture@ and in the reaction of linear poly(4-vinylsty~ene).~ 
In most of these cases, reaction was performed in solution 
so as strongly to encourage cyclization, but this behavior 
is not limited to solution polymerizations. It has also been 
noted in the bulk polymerization of EGDMAlg and in the 
bulk polymerization of MMA/EGDMA.12 Data on the 
radius of gyration are not as plentiful, but for the copo- 
lymerization of MMA and EGDMA in dioxane the striking 
feature of decreasing radius of gyration with increasing 
molecular weight during a polymerization has been noted 
by Matsumoto et al.31 From Figures 4-7 it is clear that 
those data manifest no such extreme effect. 

Strong Decrease in Second Virial Coefficient with 
ad. The second virial coefficient for these polymers in 
MEK at 25 "C decreases with increasing a4, as seen in 
Figure 15, in which the initial second virial coefficient 
A2(O) is plotted versus a4. Note only does the second vir- 
ial coefficient diminish with 04, but it also decreases more 
strongly with molecular weight than it would for a linear 
polymer. For polydisperse PMMA, we find5 that A2 scales 
as Mw4.24h0.02, nearly the scaling predicted by theory 
(N-1/5).6 The branched copolymers, on the other hand, 
exhibit a more drastic dependence. In Figure 16, we see 
that A2 scales as Mw-0.69M~09 for polymers made from recipe 
b, a4 = 0.111. This stronger dependence, however, is in 
good agreement with the waling prediction of Daoud and 
Leibler66 for branched polymers, in which A2 0: Mw-5/8. 
Similarly, strong dependences are observed for polymers 
made from recipe a; for a4 = 0.111, the exponent is 0.50 
f 0.11; for a4 = 0.218, the exponent is 0.64 f 0.15; and for 
a4 = 0.629, the exponent is 0.66 f 0.10. (Data for a4 = 
0.427 and 0.819 are too noisy to allow for reliable calculation 
of this exponent.) Such a strong decrease in the second 
virial coefficient has also been seen in other experimental 
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works. For MMA/EGDMA copolymers, this effect has 
been noted by three different g r o ~ p s . ~ ~ @ * 6 ~  It has also 
been seen in stepwise  system^^^^^^ and in sol-gel systems.@ 
Thus, this is expected both from past experience and from 
theory and does not necessarily indicate any preculiarity 
as the decrease with a4 might. 

Discussion 
The experimental results contradict the predictions of 

the ideal network theory on all four points: the absolute 
location of the gel point, the dependences thereof on both 
the amount of cross-linker and the primary chain length, 
and the divergence of M,. These four points of disagree- 
ment, taken together, can onlymean that the assumptions 
of ideality do not hold or, equivalently, that the pendant 
unsaturations do not behave like their monomeric coun- 
terparts. This conclusion could not be reached from the 
first two deviations alone. For those, an explanation can 
be constructed within the framework of the ideal theory 
itself-an explanation neither satisfactory nor credible, 
though, but still best mentioned and discarded at  the 
outset. 

Misapplication of the ideal theory in narrow conversion 
intervals could only come from two sources: use of 
improper chain length or unequal reactivity. The primary 
chain length, though, has been measured from M,(O), and 
there is no basis for suspecting a rapid diminution of the 
primary chain length by orders of magnitude, which is 
what would be required from a delay in gel point and 
observation of an apparent y > 1. (It is also difficult to 
think of a mechanism for this at  such low conversions.) 
Hence, the only remaining source is a false assumption of 
equal reactivity, which indeed has not been substantiated 
in any way (e.g., by measurement of the copolymer 
composition). 

If unequal reactivity were the explanation, it would 
require that the copolymer composition FB be constant or 
decrease somewhat as a4 increases in the range 0.111 < u4 
< 0.819 and that MMA be essentially homopolymerizing 
(FB = 0) with no reaction of EGDMA even up to a4 = 
0.819. This would be an extreme case of unequal reactivity, 
strange for a system often considered to be equally 
r e a ~ t i v e . 1 ~ ~ ~ ~  Experimental data suggest that the reactivity 
ratios for this system at 70 "C are not so extreme? ?'A = 
1.34 f 0.14, rB = 0.75 f 0.11 (based on double bonds or 
equivalents). Thus radicals of both monomers do prefer 
to react with MMA, but to a much lesser extent than this 
explanation demands. Moreover, 'H and 13C NMR spectra 
insist that a large amount of EGDMA is present in the 
copolymer. For reasons to be discussed below, these NMR 
results are not quantitative, but still do not allow FB = 0. 
This explanation is thus rejected. 

Thus, all four deviations, together or apart, insist that 
the basic assumptions of the theory are disobeyed. The 
pendants either differ in reactivity or engage in other 
reactions; more specifically, the reactivity of the pendant 
is r e d ~ c e d ~ ~ J O  or pendants are wasted in cy~l izat ion~1-~~ 
(or both).12 Either would delay gelation. Either might 
lead to an invariant gel point, depending upon how the 
reduction in reactivity or extent of cyclization depends on 
a4. Either might yield an anomalous dependence on the 
primary chain length, although a size-dependent reactivity 
(Le., a physical "substitution effect") is more believable 
here. Either might be an expression of non-mean-field 
behavior, cyclization obviously so and reduced reactivity 
if it were ~ize-dependent'~ (and there is evidence for this39). 
How do the other features of this polymerization fit with 
these suggestions? 
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That cyclization is occurring is consistent with both the 
evidence for denser coils seen from the radius of gyration 
data of Figure 14 and the decrease in the second virial 
coefficient seen in Figure 15, It is well-known that cycles 
or branching leads to decreased radius of gyration a t  the 
same molecular weight,76 and since here the zero- 
conversion polymer is being examined, the possibility of 
branching is nearly eliminated. Thus, cycles would be 
implicated as the cause of this slight densification, which 
is not so extreme, however, as to warrant the term "mi- 
c r ~ g e l " . ~ ~ J ~  The second virial coefficient is also known to 
diminish in the presence of cycles,76 but it must be stress 
that neither of these proves cyclization. The decrease in 
coil size, as well as the decrease in second virial coefficient, 
could result from MEK simply being a poorer solvent for 
the copolymer; light scattering from an analogous polymer 
without cycles, such as poly(MMA-methylene glycol 
methacrylate trimethylacetate), could answer this ques- 
tion. 

The increase in the rate of polymerization with a4 
suggests a possible effect of the polymer structure on the 
kinetics. This could, however, merely be through com- 
position, in one of two ways. First, it may be the result 
of unequal reactivity, so that the pseudo-kinetic rate 
constant k, is a function of composition. That this would 
be the sole cause of suchan extreme effect is not believable, 
however, for systems nearly equally reactive, such as this 
or a~rylamide/methylenebisacrylamide~~ and for another 
reason to be mentioned below. The second possibility is 
that because the termination reaction is diffusion- 
controlled,79 the initial termination rate constant should 
depend on the inverse of the viscosity of the comonomer 
solution, p-1, thus increasing the rate of polymerization as 
p1I2. An increase in viscosity of a factor of -3 is seen from 
a4 = 0 to a4 = 0.819 a t  40 "C, giving a factor of -3lI2, which 
even with the factor of 2 resulting from the inequality of 
x and p cannot account for the sixfold increase in the rate 
of polymerization. Most importantly, the increase in rate 
of polymerization is a function of chain length, which 
eliminates both the unequal reactivity explanation and 
the simple explanation of a changing kt through the 
viscosity. 

The chain length dependence of the rate of polymer- 
ization at  a4 = 0.111 appears to be peculiar to the cross- 
linking system. Our results for MMA polymerizations with 
different amounts of transfer agent (which lead to dif- 
ferences in molecular weight of well over an order of 
magnitude) show no discernible effect of chain length on 
rate of p~lymerization,~ while the polymerizations at  a4 = 
0.111 do. Thus, the difference above must be specific to 
the copolymerization (or the cross-linking), and most 
probably through kt, since only this should be strongly 
chain length dependent. The usual explanation for this 
is that the presence of the cross-linker allows cyclization 
to occur and a heterogeneous structure to develop, which 
discourages termination. For some modeling purposes, 
authors have even completely neglected termination.WB2 
While this is too extreme a point of view,83 the accumu- 
lation of radicals which it implies has been seen experi- 
mentally for the system MMA/EGDMA.w?85 

The suggestion that the cross-linking sterically sup- 
presses termination cannot be the the cause of the chain 
length enhancement, since these systems are transfer- 
dominated and thus termination is a relatively insignificant 
route by which chains are ended. This line of reasoning 
also disposes of the explanation that the increase might 
be due to a shift toward a "false combination" mechanism 
wherein cross-linking occurs between two growing chains 
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before terminating. Similarly, a decrease in the transfer 
to monomer reaction cannot explain the enhancement, 
because even for MMA transfer to monomer is an 
insignificant reaction under these conditions: the fact that 
we could make 7380K PMMA indicates that CMis probably 
much less than 2.7 X It is not as easy to dismiss the 
suggestion that the enhancement is caused by an increase 
in k, with the amount of cross-linker. Figure 12 shows 
that if changing k, were the cause of the enhancement in 
chain length (along with the increase in average monomer 
molar mass, related to the inequality of p and x ) ,  then the 
additional enhancement in the rate seen in the figure could 
be adequately explained by the viscosity increase. If this 
were the case, though, the enhancement in both for u4 = 
0.111 is due solely to the increase in k,, which must 
therefore be chain length dependent since the rate was 
shown in the previous section to be chain length depend- 
ent. A strongly chain length dependent propagation 
constant, though, is difficult to imagine. The coincidence 
of the two reduced quantities at  u4 = 0.111 in Figure 12 
must be coincidental in the other sense of the word. 

An alternate explanation is that transfer to the thiol is 
discouraged with increasing u4. This explanation is 
preferred, because it is easier to envision a mechanism for 
decreasing transfer than a mechanism for a chain length 
dependent propagation rate constant. Two mechanisms 
may be proposed. First, it may be that a radical residing 
on an EGDMA monomer abstracts a proton at  a lower 
rate than that on an MMA (probably for very local steric 
reasons). Second, it may be that the heterogeneity allows 
for some larger steric hindrance or preferential solvation. 
Which of these is the case cannot be determined from 
these results, and furthermore it must be kept in mind 
that there is no direct evidence here for a decrease in kt,. 
Further experiments would be needed to elucidate these 
two phenomena and determine whether the thiol indeed 
becomes a less efficient transfer agent as the fraction of 
EGDMA increases. Support for this explanation, though, 
can be found in the recent work of the Osaka group,31 
which suggests a lower value of Cs for EGDMA polymer- 
izations (0.15-0.30) than found in this work (0.6-0.7). 

That termination is discouraged because of inaccessi- 
bility may indicate an inaccessibility on the part of the 
pendants themselves, leading to an apparent reduced 
pendant reactivity. These together might also explain 
the other deviations from theory, for example the lack of 
dependence on u4 and the much weaker dependence on 
DPWo. Two possibilities may be raised for these two weak 
dependences. First, what if the gel point were better 
correlated with coil overlap concentration c*? In this case, 
one would expect a lack of dependence on u4 and a weaker 
dependence on DPwo than that of eq 5, e.g., an inverse 
square root dependence if the radius of gyration of the 
primary chains exhibited @point scaling (which is con- 
sistent with our experimental data). Second, what if the 
gelation occurs by reaction of pendant vinyls on the surface 
of microgels, as has been suggested in the l i t e r a t ~ r e ? ~ ~ , ' ~  
Contrary to the first suggestion, one would still expect a 
dependence on u4, but again a weaker dependence on the 
primary chain length (e.g., an inverse square root depend- 
ence if the radius of gyration of the primary chains, even 
though called microgels, exhibited @-point scaling). Of 
these two, our data are more consistent with the first 
picture. 

All of this discussion merely shows consistency with the 
ideas of cyclization or reduced pendant reactivity; what 
is more desirable is direct experimental evidence of one 
or the other. This essentially would involve an experi- 
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mental test of eq 7. If only cyclization were to occur, then 
the pendant conversion pp would be greater than that 
predicted by the theory (-p/2), whereas if only reduced 
pendant reactivity were to occur, then the pendant 
conversion p, would be less than -PIP. A combination 
of the two may of course yield intermediate results. A 
measurement of the composition of the polymers (both 
the copolymer composition and the pendant conversion) 
would shed light on this, even though it cannot strictly 
separate the two. 

Measurement of the composition and pendant conver- 
sion was attempted by NMR, first by 'H as in the work 
of Landin.l2VM (For a more complete discussion of all NMR 
work, see ref 5.) These measurements consistently re- 
vealed a polymer with an apparent negative pendant 
conversion. 'H spectra did not exhibit the sharp mono- 
meric peaks indicative of unreacted EGDMA i m p ~ r i t y , ~ J ~  
confirming that the technique for purifying the polymer 
was sound and that impurity could not be the source of 
this error. Similarly, the negative pendant conversion 
cannot be explained by inadequate interpulse delay, and 
so forth. This suggested that some nuclei possess such 
small TZ values (caused by immobility) that the resulting 
broad lines escape detection. In fact, this has been for 
styrene/EGDMA  copolymer^,^' and in that case 13C NMR 
proved to be quantitative. Thus 13C NMR was tried, but 
again apparent negative pendant conversions were mea- 
sured.@ Although quantification is more difficult in this 
case, it appeared that the restrictions of uniform irradiation 
profile and sufficient interpulse delay were met. Again 
we speculate that the explanation for these anomalies is 
immobile regions yielding specific nuclei with very short 
T2 values. We emphasize, though, that in no way have we 
demonstrated this; it is merely consistent with our 
observations and not unexpected. Because of this, we 
cannot offer definite comments about the amount of cy- 
clization other than following. The large amount of 
pendant double bonds indicated by both lH and l3C NMR 
suggests that the pendant conversion is not terribly large, 
consuming perhaps 10 or 20% of the pendants, but 
certainly not the 90-99 % required to explain the delay in 
gelation. Instead, we must conclude that a reduced 
reactivity of pendants, probably for steric reasons, is a 
major contributor as well. 

Conclusions 

The cross-linking copolymerization of MMA and EGD- 
MA at 40 "C is very nonideal in the presence of large 
quantities of the cross-linker (0.111 I u4 5 0.8191, 
contradicting the ideal network theory on all points. The 
absolute gel point is 1-2 orders of magnitude later than 
that predicted by the ideal network theory, the difference 
becoming more severe as the amount of cross-linker 
increases. The gel point moreover is relatively insensitive 
to the amount of cross-linker, rather than exhibiting the 
inverse dependence expected, such that under the specific 
formulations used, gelation always occurred near 2 % mass 
conversion. The gel point also exhibits a weaker depend- 
ence on the primary chain length DPwO than the expected 
inverse dependence, perhaps more closely following an 
inverse square root dependence. Lastly, M, diverges with 
an apparent critical exponent y in the first decade of t  of 
approximately 1.5, while the ideal network theory for these 
polymerizations insists on an exponent of unity over the 
entire range 0 I E 5 1. This exponent is more in line with 
percolation theory than with classical theory. In addition, 
the scaling of the radius of gyration also supports a 
percolation viewpoint. 
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In addition to these contradictions of classical theory, 
a number of other unusual features were noted. Both the 
rate of polymerization and primary chain length increase 
with ad, which together suggest a decrease in both the 
termination and the transfer rates with increasing a4, 
perhaps due to steric reasons given a heterogeneous 
structure. While the primary chain length increases with 
04,  the primary radius of gyration experiences no accom- 
panying increase, so that the coils are becoming denser 
with increasing a4. Cyclization could be the source of this. 
Finally, the solvent methyl ethyl ketone becomes a 
progressively worse solvent for chains with increasing cross- 
linker, as seen through the second virial coefficient. 

These results point toward cyclization and reduced 
pendant reactivity as sources of the deviation. Measuring 
the extent of cyclization, however, was not possible due 
to nonquantitative spectra possibly resulting from broad, 
undetectable signals. However, given the large signals in 
both lH and 13C NMR due to resonances associated with 
unsaturations, it has to be concluded that a large number 
of pendant double bonds remain in the polymer so that 
the delay in gel point cannot be solely attributed to cy- 
clization. Thus, reduced pendant reactivity must also 
contribute, in agreement with past work.12 

The most obvious gap in these experiments is the lack 
of knowledge as to the composition of the copolymers. 
The anomalous NMR results should be confirmed and 
studied, but given the difficulties encountered, it may be 
preferable for the purposes of determining composition 
to employ other analytical techniques not as sensitive to 
mobility. For example, the polymer composition could 
be found by gas chromatography on the remaining 
monomer, as is commonly done in copolymerization 
studies. It might also be advisable to choose a different 
monomer suited for a particular technique. Elemental 
analysis, for example, while useless for this system because 
of the similarity in elemental composition between the 
two monomers, could be used with monomers such as bis- 
[4-(methacryloxy)benzylidenel-1,2-diaminoethane.~~ The 
fact that pendant conversion is determined by a difference 
is also the second difficulty encountered in the lH and 13C 
NMR analysis, since the doubly reacted cross-linker has 
no distinguishable resonance of its own. It would be 
preferable, then, to find a cross-linker which, doubly 
reacted, exhibits a distinguishable resonance. A candidate 
would be methylene dimethacrylate, the synthesis of which 
is described by HwaSgo This monomer, like bis[4-(meth- 
acryloxy)benzylidenel-1,2-diaminoethane, also has the 
attractive feature of undergoing hydrolysis, so that the 
cross-links may be "cut" and the primary chain length 
and cyclization examined as done in other studies.'29JOJ1373@ 

In addition to elucidating the composition of these 
copolymers, this research strongly suggests other exper- 
iments. The dependence of the gel point on the primary 
chain length, weaker than expected, is an unexplored trait 
of these systems. Two points are hardly sufficient data 
to evaluate competing hypotheses, and so data over an 
order of magnitude would be preferable, and with changing 
a4, so that the crossover to the expected behavior at small 
a4 can be noted. Interpretation of these results, however, 
will be more complicated since the shorter the primary 
chains, the longer the pregel regime, and thus the more 
important the effects of conversion-dependent kinetics. 
Accounting for the possible compositional drift and the 
change in DPw0, which may have to be measured exper- 
imentally with a hydrolyzable cross-linker, would then be 
necessary. The use of a hydrolyzable cross-linker, though, 
may be advisable in any event, as it would eliminate the 
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extrapolation to zero conversion made in this work. 
Experiments at  smaller primary chain length would also 
allow for the determination of critical exponents over a 
larger range of c than possible in this work in which the 
initial molecular weight itself was so high. 

These more difficult experiments, over broader pregel 
regimes, are also necessary if by choosing conditions under 
which the predictions were simple, we necessarily chose 
conditions in which the situation is highly nonideal. When 
the ideal gel point is much lower than the coil overlap 
concentration c*, the impenetrability of the polymer coils 
may be a main contributor to the apparent reduction in 
pendant reactivity and may explain the invariance of the 
gel point with a4. This can be avoided by examining more 
extensive pregel regimes, with the requisite attention to 
the drifts in primary chain length and composition. 
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