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ABSTRACT: A new time scaling procedure is applied to data on kinetics of free radical polymerization. 
Superposition of data at different temperatures and initiator concentrations and from different laboratories 
is achieved a t  low conversion with this scaling. Autoacceleration due to  the Trommsdorff effect produces 
deviations from this master curve. The point in scaled time where this deviation occurs depends upon one 
parameter only: the mean molecular weight of the polymer produced in the reaction mixture up to that point. 
These scaled kinetic data thus provide the best context for examining the dependence of the onset of 
autoacceleration on the molecular weight of the polymer. Examination of several sets of data in the literature 
shows that the transition from normal to accelerating kinetic behavior is sharp when the molecular weight 
of the polymer being produced is high and more diffuse when the mean molecular weight in the polymerizing 
medium is lower. Parallels are found between this observation and studies of the concentration dependence 
of solution viscosity and mutual diffusion coefficient a t  various molecular weights. From several sets of scaled 
data we extract the molecular weight dependence of the critical concentration, c**, for the onset of the 
Trommsdorff effect. We find c** - N-0.24. This is different from either the molecular weight dependence 
of the critical concentration for molecular overlap [c* - N-0.6 to c* - N4.8] or the molecular weight dependence 
of the critical concentration for entanglement [c** - N-'.']. An explanation for the discrepancy is suggested. 

Introduction 
Numerous have attempted to establish the 

relationship between the onset of autoacceleration of rate 
in free radical polymerization (the secalled Trommsdorff" 
or "gel" effect) and solution properties of the monomer- 
polymer system, particularly by association with the onset 
of "entangled" behavior observed in polymer rheological 
properties.12J3 The general conclusion of these studies has 
been that within the accuracy of current experiments the 
polymer concentration at  which autoacceleration is initi- 
ated depends primarily upon the molecular weight of the 
polymer produced in non-cross-linking systems. Addi- 
tionally, the "critical" concentration for the onset of ac- 
celeration, ccrit, is found to fit an equation of a form 

where ATc,, is a cumulative molecular weight average. 
Reported values of the exponent b range from -0.25 to 
1.0, depending on the monomer and the range of conditions 
investigated. 

In a recent p~blication, '~ kinetic data in the literature 
have been reexamined, with a strong focus on the rela- 
tionship between diffusion limitations in free radical ki- 
netics and current theories of macromolecular diffusion. 
In particular, a kinetic model based on the idea of repta- 
tion15 for polymer diffusion was developed. This model 
successfully describes the variation of conversion and 
molecular weight during autoacceleration in bulk methyl 
methacrylate polymerization to about 70% conversion. In 
this model a temperature-dependent parameter K,  

(2) 

was used to describe the onset of reptative diffusion at  a 
critical concentration, c**, in the presence of a dead 
polymer of number-average degree of polymerization N**. 
In the present work we look more closely at  the depen- 
dence of the onset of the gel effect upon the characteristics 
of the polymerizing medium. By using a new time scaling 
procedure, we are able to collapse to a single "master curve" 
low-conversion kinetic data for methyl methacrylate po- 
lymerization at different temperatures and initiator con- 
centrations. Deviations of the data from this curve at 
higher conversions show a systematic dependence of the 
onset of autoacceleration on a single parameter, the average 
molecular weight of the polymer generated. The kinetic 

K,  = c**N**0.5 
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Scheme Ia  
Kinetic Scheme for Free Radical Chain Growth 
Polymerization in the  Presence of a n  Initiator 

initiation I --+ 2R. 
k d  

h i  

kP 

P,. + P,. + D, + D, 
k t  

R *  t M -+ P,* 

propagation 

termination 

P,. + M --+ P,+l. 

I = initiator, R = initiated radicals, P, = growing 
polymer chain of length n, D, = dead polymer of length 
n,  and M = monomer. 

model of our previous paper14 is used to quantify this 
relationship between the critical concentration for onset 
of reptation during polymerization and the average mo- 
lecular weight of the polymer produced. 

Theory Development 
Given the kinetic scheme in Scheme I (i.e., neglect of 

chain transfer, termination by disproportionation only), 
the species balance equations give rise to the following 
conservation equations for the fractional conversion, x, 
initiator concentration, I ,  and the moments of the radical, 
Ah,  and dead polymer, &, chain length  distribution^:'^ 

dx - = k , ( l  - x ) X O  
dt 

(3) 

(4) 

(1 - ~ ) ( 2 X 1  + b) - ktXoX, + dA2 MO _ -  
dt - kpG 
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The moments Ah and jLh are defined as 
m 

= CnkPn (11) 
n-0 

m 

Irk = z o n k D n  (12) 

where Pn and D, are the concentrations of radicals and 
dead polymer chains of length n, respectively. t is the 
parameter which is included to account for the dependence 
of reaction volume on fractional conversion [ V = V(x = 
0)(1 - a)]. 

Under the assumptions of (1) the quasi-steady-state 
approximation (QSSA), (2) the long-chain hypothesis (zero 
consumption of monomer by initiation), (3) constant rate 
constants, (4) no volume change on polymerization, and 
(5) invariant initiator concentration with time, eq 3-10 
simplify considerably and may be combined to yield 

This equation suggests a natural dimensionless time for 
free radical polymerization 

2fkJ0 ‘I2 
= (,> kPt 

and corresponding dimensionless concentrations, A * 
2fkJ0 -lI2 

A* = A( x) 
where A = A,,, A,, A2, p,,, pl, and k. k,, is the (approximately 
constant) termination constant prior to the gel effect onset. 
When the enumerated assumptions are valid, these 
equations may be solved explicitly: 

x = 1 - e-‘ (16) 
N’ = M,kp(l - X)/(2fkdIoktO)l/2 (17) 

Nwf 2” (18) 
where N and N, are number- and weight-average degrees 
of polymerization, respectively, and the prime refers to the 
growing radical distribution. Therefore, when the scaled 
dimensionless time, 7, is used, plots of 3t vs. 7 should su- 
perpose on the curve described by eq 16 for any temper- 
ature or initiator concentration. The effects of temperature 
and initiator concentration are to adjust the instantaneous 
degree of polymerization of the polymer produced. It 
should be noted that prior to the obvious manifestations 
of the gel effect some deviations from eq 16 are to be 
expected due to possible effects of volume change on po- 
lymerization, initiator depletion, or variation of the ter- 
mination rate constant prior to the onset of marked ac- 
celeration as discussed pre~ious1y.l~ These deviations are 
typically small, however, as will be seen subsequently. 
Manifestations of the Gel Effect 

The foregoing discussion has illustrated the superposi- 
tion of data expected in the absence of large variation in 
the rate constants governing polymerization. The strong 
diffusional limitations imposed upon the termination step 
at  the onset of autoacceleration will result in a marked 
deviation from the classical kinetics exemplified in eq 16. 
The value of interpreting and studying data in terms of 
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Figure 1. Fractional conversion vs. time data for bulk polym- 
erization of MMA initiated by AIBN on real time coordinates. 
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Figure 2. Fractional conversion vs. scaled time for bulk polym- 
erization of MMA initiated by AIBN, illustrating data superpo- 
sition a t  low conversion. 

the scaled time 7 may be seen in Figures 1 and 2. In both 
figures three sets of experimental data at different tem- 
peratures and initiator concentrations are compared to 
curves calculated from classical kinetics without the gel 
effect. In Figure 1, where the fractional conversion is 
plotted as a function of real time, it is difficult to evaluate 
the dependence of the onset of acceleration on the char- 
acteristics (molecular weight, temperature) of the polym- 
erizing medium. The relative sharpnesses of the transitions 
to accelerating kinetics are also masked by the intrinsically 
different rates of polymerization at  low conversion in the 
three experiments, a result of the strong dependence of 
reaction rate on temperature and initiator concentration 
at  low conversion. In Figure 2, where the same data are 
plotted as conversion vs. 7, the systematic deviation of the 
data from the superposed dilute-solution data illustrates 
the dependence of the critical conversion, x * * ,  on the 
degree of polymerization of the polymer created. In this 
scaled time the increasing sharpness of the transition from 
classical to accelerating kinetics with increasing degree of 
polymerization of the polymer being formed may be seen 
clearly. Thus, the reaction conditions which produce the 
highest molecular weight polymer also produce the 
sharpest gel effect onset in scaled time. This observation 
parallels quite closely data on transitions to “entangled” 
behavior observed in studies of the concentration depen- 
dence of solution viscosityls and mutual diffusion coeffi- 
c ienPm in polymemlvent systems. In these experiments 
the crasover to entangled behavior is found to span a very 
narrow concentration range at high molecular weight, while 
for low molecular weight the transition occurs over a much 
wider range of polymer concentration. 
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Figure 3. Constant-temperature data super osition used to 

data from Balke and Hamielec.lB 
extract the effective rate constant (2fkdkp2/ka)' P '. Experimental 
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Figure 4. "Master curve" for the gel effect indicating low-con- 
version data superposition and systematic variation of onset of 
acceleration. 

The utility of time scaling suggests a procedure both for 
empirical correlation of the gel effect data and for ex- 
tracting information relevant to mechanistic understanding 
of the phenomenon. Integration of eq 13 yields 

By plotting -In (1 - x )  vs. Io% for data a t  a single tem- 
perature, the slope of the line at  low conversion yields the 
effective rate constant (2fkdk,2/kta)1/2 involved in the time 
scaling. The use of such plots to superpose data a t  dif- 
ferent initiator concentrations has been reported previously 
by Crosato-Arnaldi et al. for suspension polymerization of 
poly(viny1 chloride).21 An illustration of the application 
of this procedure to the data of Balke and Hamie1ec"j is 
seen in Figure 3. The ability of the time scaling procedure 
to superpose data from different laboratories under very 
different conditions is illustrated in Figure 4 for repre- 
sentative data. An Arrhenius plot for the effective rate 
constant is presented in Figure 5. 

Quantification of Gel Effect Onset 
In order to quantify the dependence of the gel effect 

onset on the molecular weight of the polymer produced, 
the kinetic model developed previously14 was used. The 
primary aspect of this model is the concentration and chain 
length dependence of the termination rate constant 

a t  polymer concentrations greater than a critical concen- 
tration, c**, for the onset of reptative diffusion. In the 

k ,  N 1 / N ' 2 ~ 1 . 7 5  

5 . 0 5  
2.70 2.80 2.90 3.00 3.10 3.20 

I IT x io3 
Figure 5. Arrhenius plot for polymerization of MMA initiated 
by AIBN. 

present work, values of the critical concentration, c**, were 
adjusted to allow fit of experimental conversion vs. r data 
for each data set. 

In dimensionless form eq 3-10 become 

t(1 - x )  kto -g(xJvpf)Al*Xo* + &*AI*- 
k ,  1 - tX 

(23 )  

where I* = 1/10, kk* & ( 2 f k d l o / k ~ ) ) - ~ / ' ,  and pk* = 
p&?fkd10/kta)-1/2 for k = 0,1, 2. Here the termination rate 
constant has been factored in a form 

k ,  = k&(xfl',lV) (28 )  
where the dimensionless function g contains any depen- 
dence of the termination constant on fractional conversion 
and number-average degree of polymerization of the rad- 
icals, N', and dead polymer, N, which results from the gel 
effect. Since it has been shown that the effect of diffu- 
sion-controlled termination on fitting conversion-time data 
a t  low conversion is quite small, the following form of the 
termination constant is used (see ref 14): 

k ,  = k,( l  + gmh) c < c** (294 

c > c** (29b) 
(N;2:*1.75 

lzt = lZta 12 1.75 
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Table I 
Kinetic Parameters for 

Methyl Methacrylate Polymerization 

T, 
"C 
50 
70 
90 
50 
60 
60 
60 
45 

- 
kp,  L/ 
(mol s )  

558 
828 

1178 
558 
684 
684 
684 
501 

kto, 
L/(mol s )  

3.50 x 107 
3.67 x 107 
3.83 x 107 
3.50 x 107 
3.59 x 107 
3.59 x 107 
3.59 x 107 
3.45 x 107 

k d ,  s - ~  

2.14 X 
3.40 x 10-5 
3.98 x 10-4 
2.14 X 
8.89 x 
8.89 X 
8.89 x 
1.02 x 

f ref 

0.50 
0.49 
0.50 
0.42 
0.49 
0.51 
0.51 
0.46 

16 
16 
16 
23 
23 
22 
24 
17 

45 1.096 0.8327 9.13 
50 1.102 0.8350 9.07 
60 1.115 0.8399 8.95 
70 1.128 0.8448 8.83 
90 1.154 0.8546 8.58 

Here, prior to the onset of reptative diffusion control of 
termination at  c** a constant rate constant is used to 
describe termination. At  polymer concentrations greater 
than c** the control of termination by reptation results 
in the strong concentration and chain length dependence 
of the termination rate constant described in eq 29b. 
ktogmh is a minimum value of the termination constant 
introduced to account for termination by any small fraction 
of small, nonreptating radicals present in any chain length 
distrib~ti0n.l~ 

When a single critical concentration for the onset of 
reptative behavior is used, the model loses some ability to 
fit data precisely near the upswing in rate of polymeriza- 
tion. The overall fit during acceleration, however, is good. 
Values of rate constants used in eq 20-27 were extracted 
from various literature data.16J79n-24 The expressions used 
are 

kd = 8.46 X 1014 exp(-30439/RT[ (s-l) (30a) 

k, = 4.92 X lo5 exp{-4353/RTj (L/(mol s)) (30b) 

k, = 7.93 X lo7 exp(-525/RTj (L/(mol s)) (30c) 

Using these expressions, values of the initiator efficiency, 
f ,  were used to correct each data set to match the effective 
rate constants reported in Figure 5. The actual values used 
are found in Table I. The type of fit to data attained with 
the model is illustrated in Figure 4 for a part of the data 
studied. A complete list of the critical concentrations and 
degrees of polymerization for the data studied is presented 
in Table I1 and Figure 6. 

Discussion 
From the values in Table I1 several things are imme- 

diately evident. First, within data sets from a single lab- 
oratory there is a systematic variation of the critical con- 
centration with average degree of polymerization. Com- 
parison of data between laboratories shows that some 
minor discrepancies occur; however, the general trend of 
decreasing c** with increasing N** remains intact. Also, 
the data do not indicate any direct temperature effect on 
c**. A least-squares fit of the data in Figure 6 to a power 
law 

(31) 

yields an exponent of a = 0.24 with a standard deviation 
of the exponent equal to 0.007. 

K = @*R**a 

A 
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Figure 6. Plot of log c** vs. log N** according to eq 30. 

Table I1 
Dependence of the Critical Conversion and Critical 

Polymer Concentration for Onset of Reptative Chain 
Termination on Number-Average 

Degree of Polymerization 

50 0.02780 
50 0.02172 
50 0.01665 
70 0.02706 
70 0.01620 
90 0.02630 
90 0.01575 

50 0.05 
60 0.05 

60 0.06090 

60 0.06090 
60 0.01827 
60 0.01218 
60 0.00609 

45 0.2 
45 0.1 
45 0.05 
45 0.025 
45 0.0125 
45 0.00625 

0.247 
0.237 
0.326 
0.301 
0.395 
0.374 

0.263 
0.302 

0.325 

0.316 
0.267 
0.256 
0.241 

0.275 
0.261 
0.242 
0.227 
0.211 
0.193 

T,"C I,,mol/L x * *  c**, g/cm3 fl** ref 

0.2477 3093 16 0.256 
0.2384 
0.2282 
0.3148 
0.2887 
0.3814 
0.3589 

0.2549 
0.29 27 

0.3169 

0.3074 
0.2564 
0.2451 
0.2298 

0.2688 
0.2542 
0.2345 
0.2192 
0.2029 
0.1847 

3519 16 
4044 16 
1099 16 
1448 16 

441 16 
588 16 

2513 23 
1347 23 

1172 22 

1178 24 
2225 24 
2750 24 
3943 24 

1513 17 
2159 17 
3089 17 
4411 17 
6303 17 
9017 17 

Rheological theories and experiments have established 
that the onset of "entangled" polymer dynamic behavior 
obeys a power law of the form of eq 31; however, in 
rheological measurements values of the exponent range 
from 0.5 to 1.0. The value obtained from the kinetic data, 
therefore, is significantly different. A plausible explanation 
for this difference may be developed by considering the 
diffusive processes which occur on a microscopic level in 
the different experiments, particularly when viewed within 
the framework of reptation theory. The basic premise 
underlying the idea of reptation is that the motion of a 
given macromolecule is confined within a virtual "tube" 
defined by the locus of its intersections with adjacent 
molecules. Under the assumption that the tube is essen- 
tially stationary on time scales over which diffusion within 
the tube occurs, the familiar results of reptation theory are 
derived. Klein2' has tested the validity of the fixed-tube 
assumption by analyzing the interactions between a 
macromolecule and the "environment" chains surrounding 
it. By recognizing that the "environment" chains which 
form the tube around a given macromolecule are them- 
selves reptating in similar tubes, Klein has applied a 
self-consistency relation to determine the dominant modes 
of motion in a multichain system. For a monodisperse 
polymer system this analysis predicts that a sharp, coop- 
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erative transition between a rapid Rouse-like28 relaxation 
mode and a slower reptative mode will occur at a con- 
centration which depends upon chain length in a simple 
power law form, with an exponent of 0.8 for very good 
solvents in the “semidilute” concentration regime.27 For 
the general case of the onset of reptation in a polydisperse 
polymer system, Klein’s approach does not lend itself to 
simple quantitative analysis. Qualitatively, however, the 
analysis points out an intrinsic difference between the 
observed variables in kinetic and rheological experiments. 

In the kinetic context a very complex problem is pre- 
sented: dual populations, radicals and dead polymer, each 
polydisperse but of different average sizes, are present. A 
relatively small number of radicals of average size N’ are 
diffusing in tubes formed by the predominant environment 
(dead) chains of average size N .  In such a system the 
macroscopically observed variable k, is dependent upon 
the diffusion behavior of the radical species. In general, 
the diffusion coefficient of a radical depends upon its own 
length, as well as the total concentration and size distri- 
bution of the dead polymer chains in whose environment 
it moves.14 In the formulation of the present kinetic model 
the dependence of the diffusion coefficient of a particular 
radical on its own size has been decoupled from any de- 
pendence on the size distribution of the dead polymer 
chains surrounding it. It has been assumed that (1) the 
mode of dif fusion (equivalently, the mode of radical ter- 
mination) is determined primarily by the concentration 
and average size of the dead polymer, while (2) the average 
termination rate constant for the radicals in a reptating 
system depends upon some average radical size and is 
independent of the size distribution of the dead polymer. 
The success of the kinetic model in fitting experimental 
data during acceleration indicates that the second part of 
this assumption appears valid. Additionally, diffusion 
experiments on systems in which reptation is the dominant 
relaxation mechanism have also shown that the diffusion 
coefficient of a “tagged” macromolecule depends upon its 
own length and is virtually independent of the size dis- 
tribution of the environment in which it  move^.^^^^^ 

The first assumption above corresponds to a supposition 
that the transition to a fixed tube around the radicals 
occurs a t  a concentration c** which depends upon the 
average size of the dead polymer chains only. As the en- 
vironment chains undergo a transition from a Rouse-like 
to a reptative motion (as would be observed in a rheological 
measurement), the mode of motion of the radicals will most 
certainly be affected also. However, in the application of 
a self-consistency relation to the motion of a radical in a 
dual-population system, the transition to reptation for the 
radical should depend upon the sizes of both the radical 
and the dead polymer. Though the data examined in this 
report indicate that a good correlation of the kinetic 
manifestation of reptation to a power law form (eq 31) 
based on the dead polymer molecular weight can be made, 
the effective exponent of 0.24 obtained from this correla- 
tion reflects the complications involved in analyzing the 
onset of reptation for a “tagged“ molecule as its environ- 
ment is changed. This makes a simple, direct corre- 
spondence between rheological and kinetic results incon- 
sistent in the sense that the sensitivities to the various 
chain lengths involved are fundamentally different in the 
two experiments. If the view we have presented here is 
correct, then we might expect to observe a consistent ex- 
ponent if it was possible to perform both the kinetic and 
rheological experiments with strictly monodisperse poly- 
mers. 
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Conclusion 
In this report we have presented a procedure by which 

the onset of the gel effect for a variety of experimental 
conditions may be studied in a systematic manner. By 
using a previously developed kinetic model, we have 
quantified the dependence of this onset on the average size 
of the polymer generated. Due to the complexity of the 
interactions present in the dual-population, polydisperse 
kinetic situation, a simple power law fit to experimental 
data yields an exponent which is inconsistent with rheo- 
logical measurements and theoretical developments de- 
signed for monodisperse systems. Given the current level 
of theoretical understanding, a systematic experimental 
study of the relationship between kinetic and rheological 
manifestations of polymer entanglement under controlled 
conditions appears in order. In particular, for the present 
application it would be interesting to know how the self- 
diffusion coefficient of a “tagged” chain of length N’ 
changes with increasing concentration of an “environment” 
chain of length N .  
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