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Abnormal Acceleration of the Rate of Bulk Polymerization of Styrene* 

By Norio NISHIMURA 

(Received November 21, 1960)

It is well known that an acceleration in rate 
can be observed during polymerization reactions. 
In the early stage of this investigation, Tromms-
dorff et a1) ascribed this phenomenon to the 
increase in viscosity of the reaction system. It 
is now currently accepted that the increase 
in both rate and degree of polymerization is 
brought about by a decrease in termination con-
stant due to the gel effect (or Trommsdorff 
effect). In a viscous solution, the termination 
constant is affected first. Propagation and 
transfer reactions involving small monomer 
and catalyst molecules are less affected by 
viscosity. 

There have been some investigations on the 
.effect of viscosity on the reaction rate and the 
individual rate constants1-4)

Recently. Tobolsky et al.5) have shown that 
the limiting fractional conversion at infinite

time of a radical initiated vinyl polymerization 

could be predicted from a knowledge of the 

kinetic rate constants under certain conditions 

where the gel effect does not invalidate the 

theory. 

Experimental 

 Reagents.-Commercial 2, 2'-azobisisobutyro-
nitrile was recrystallized twice from ether solution
m.p,103～103.5℃. Styrene monomer was washed

with 10% sodium hydroxide and then with water. 
After drying over calcium chloride, the monomer was 

distilled and stored in the dark. Just before use, it 
was fractionated at 25 mmHg and the middle frac-
tion was used. Benzene was washed in turn with 

concentrated sulfuric acid, dilute sodium hydroxide 
and water. Then it was dried over calcium chloride, 
then over metallic sodium wire and distilled. n-
Butanol of reagent grade was used after distillation. 

Procedure.-All polymerizations were carried out 
in glass dilatometers, the type of which was similar 
to that used before6). After being filled with the 
requisite amounts of catalyst and monomer, the 

tubes were connected to a vacuum line and sealed 
off. The tubes were then held in a thermostat at 
60C. 
 The volume contraction of the solution was
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followed with a travelling microscope. At high 

conversion where dilatometric technique could not 

be applied because of high viscosity, the gravimetric 

method was used. In order to calculate the degree 

of conversion from the contraction of the solution, 

the densities of polystyrene in the monomer (solu-

tion polymer density) and styrene monomer at 

60•Ž were taken as 1.0563 and 0. 8697), respectively. 

Hence, for bulk polymerization of styrene, 100% 

conversion corresponds to a 17.7% contraction 

in volume of the original monomer. 

 The induction period could not be observed in 

every experiment. At specified times, the contents 

of the tubes were properly dissolved in benzene 

and then poured dropwise into a much greater 

quantity of ice-methanol. The precipitate was 

filtered off and dried in vacuo. 

 The intrinsic viscosities of the benzene solutions

of polystyrene were determined at 30+0.01C using
an Ostwald viscometer. The number average degree 
of polymerization was estimated from the following 

equations)

In order to obtain the distribution of the degrees 
of polymerization at high conversion, n-butanol was 
slowly added to the benzene solution of the polymer 
(about 1.5%). The addition of the n-butanol was 
stopped before precipitation of the polymer ap-
peared. By slow evaporation of the relatively 
volatile benzene, the solution becomes richer in 
less volatile n-butanol, and the precipitation of 
polystyrene results. After temperature equilibrium 
was attained in a thermost at 30C, the precipitate 
in a gel state was separated by decantation from the 
solution and the same procedure was repeated. 
The precipitate was then dissolved again in ben-
zene and poured into ice-methanol followed by 
drying in vacuo. This method is almost the same 
as that adopted by Chitani et al.9) 

 Theoretical 

Notation 
M-Number of moles of monomer, 

 P-Number of moles of polymer, 
 I-Number of moles of catalyst, 

 f-Catalyst efficiency, 
 kp-Rate constant for propagation, 
kt-Rate constant for termination, 

 kd-Rate constant for the first order decom-
 position of catalyst, 

 a--Total volume shrinkage for the complete 
 conversion of monomer to polymer, 

 Pn-Cumulative value for number average 
 degree of polymerization, 

 Pn-Instantaneous value for number average 
 degree of polymerization.

 It is well known that the rate of radical 

polymerization initiated by a catalyst is ex-

pressed as

(1)

where

(2)

If the decomposition rate of the catalyst is of 

the first order with respect to its concentration, 

then the conversion x at time t may be ex-

pressed by

(3)

where

(4)

The value of K can easily be obtained from 

the slope of the initial rate of polymerization 

against the square root of the catalyst concen-

tration. From Eq. 3 it may be seen that the 

fractional conversion x reaches a limiting value

xoo when t-oo.

(5)

Tobolsky10) showed this relationship and com-
pared it with experimental results. In the 
previous paper6), which describes the polymeri-
zation of vinyl acetate in the benzoyl peroxide-
iron (II)-benzoin redox system, the same con-
cept of the limiting conversion was proposed 
by us. Later Tobolsky et al.5) proposed a 
modified form of the kinetic expressions. The 
equations derived above have not been corrected 
for a net volume shrinkage of the system. If 
the volume shrinkage is taken into account, 
then the effective monomer and catalyst con-
centrations are

(6) 

(7)

respectively. From Eqs. 1, 6 and 7, one obtains

(8)

Integration of Eq. 8 leads to

(9)

where
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Eqs. 8 and 9 are somewhat different from 

the similar expressions derived by Tobolsky 

et al.s) 

 It is rather complex to calculate the limiting

conversion x∞ from Eq.9. But if the corre-

sponding value of Y is expressed by y∞, then

from Eq.9,

(11)

or taking the logarithm,

(12)

Therefore, if the values of K and kd are ac-
curately known, it is possible to draw an x-t 
curve over the whole course of polymerization 
and compare it with the experimental curve. 
And if a deviation between them is seen, it 
might be explained as indicative of a change 
in circumstance such as gel formation. In a 
case where no such deviation occurs, one can 
obtain K and kd directly by applying Eq. 12. 
In Eq. 12, if In Z is plotted against time t, a 
straight line should be obtained and the slope 
and the intercept will give (1/2)kd and In A, 
respectively. 
 The number average degrees of polymeri-

zation of a polymer instantaneously formed 
and cumulatively formed are related to each 
other by Eq. 13.

(13)

Applying Eq. 13, one can calculate Pn from 

the Pn-x curve which can be obtained experi-
mentally. Eq. 13 was derived by Schulz et al.11) 
and Wall et al.12), independently. 

 It is of great interest to note that according 
to Eq. 13, the value of the instantaneous degree 
of polymerization will become infinitely large 

when the value of (x/Pn)• (dPn/dx) approaches

unity・ So, one can tentatively refer Pn→ ∞

as a measure of gel formation. 

 In a bulk polymerization of vinyl monomer , 
if chain transfers to monomer and initiator are 

both neglected, Pn may be expressed as

(14)

for combination termination.

 In a case where volume shrinkage can be 

neglected,

(15)

Taking the volume shrinkage into account, it 

follows that

(16)

It was pointed out by Robertson13) that the 
catalyst efficiency f started to decrease rapidly 
as bulk polymerization proceeded in the case 
of styrene and methyl methacrylate. In thiss 
case, remembering that Pn is a cumulative 
value for the number average degree of poly-
merization, the catalyst efficiency f in Eq. 14 
must also be a cumulative one. Then, rear-
ranging Eq. 14 and inserting f instead of f,

(17)

The true value of f at conversion x may be 
expressed by

(18).

It is well known that an abnormal explosive 

reaction is followed by an increase in the 

degree of polymerization. Hence, the compari-

son of the experimental molecular weight dis-

tribution with the theoretical one will offer 

interesting information. 

 According to rigorous kinetics, the molecular 

distribution for combination termination is 

given by")

(19)

where Mr is the number of moles of a poly-
mer having r monomer nuits, d a quantity 
approximated to kt1/2/kp and R1 the rate of 
initiation. 

 Results and Discussion 

 The bulk polymerizations of styrene catalyzedd 
by 2, 2'-azobisisobutyronitrile were carried out 
at 60C, and the fractional conversion x was

11) G. V. Schulz and G. Harborth, Makromol. Chem ., 1, 1
06 (1947). 
12) F. T. Wall and L. F. Beste, J. Am. Chem., Soc ., 69, 1761 (

1947).

13) E. R. Robertson, Tsans. Faraday Soc., 52, 426 (1956). 
14) E. F. Herrington and A. Robertson, ibid., 40, 236 

(1944); G. M. Burnett, "Mechanism of Polymer Reac-
tions", Interscience Publishers, New York (1954), p. 106.
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Fig. 1. Fractional conversion x vs. t for the

 bulk polymerization of styrene at 60℃, using

 2,2'-azobisisobutyronitrile as initiator.

--○--experimental -calcd . by Eq.9

---by Eq .3[I]0×102mol./l.: 1,5.00;

 2,2.00;3, 1.00;4,0.36

plotted against time t over the whole course 
of polymerization as shown in Fig. 1. 

 The initial rates of the reaction R0 obtained 

from the figure were plotted against the square 

root of the initial concentrations of the catalyst, 

giving a straight line as expected from Eq. 1. 
This is shown in Fig. 2. From the slope, the 

value of K was found to be 0.86x10-4 

mol-(1/2 11/2 sec-1, which is in good agreement 

with the value obtained by Tobolsky et at.8) 

The spontaneous decomposition of 2, 2'-azobis-

isobutyronitrile has been widely studied and 

various values for the rate constant kd have 

been reported. Using the 14C labelled 

initiator, Bevingtonl5) proposed the value of 

1.20x10-5 sec-1 as the best. Using this value 

together with the above-mentioned value of 

K, one can calculate the whole course of the

Fig. 2. Initial rate of conversion (dx/dt)0 

vs. [I]01/2.

TABLE I. EXPERIMENTAL VALUES OF x, Pn AND f

TABLE II. CALCULATED VALUES OF x AND Pn 

 APPLYING EQS. 3 AND 15*

* K=0 .86×10-4mol-(1/2)11/2 sec-1, kd=1.20

 ×10-5 sec-1 and f=0.70 was used.15) J. C. Bevington, Trans. Faraday Soc., 51, 1392 (1955).
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polymerization by Eq. 3 or, exactly, by Eq. 9. 
Some experimental and calculated values of x 
at various times are listed in Table I and 
Table II, and predicted x-t curves are also 
shown in Fig. 1, a=0.177 being used in Eq. 9. 

As seen in the figure, these two calculated 
curves coincide with each other almost perfectly 
below 20% conversion, and above it, they sepa-
rate gradually. At high convertion, the difference 
becomes fairly appreciable. Such a fact must 
be taken into account when polymerization, are 
followed by large valume shrinkage as seen in 
the bulk polymerization of vinyl acetate. Com-
paring the predicted and experimental values of 
x in each catalyst concentration, it seems that, at 
very low conversion, these values agree fairly 
well. In the second step, however, there appears 
a clear deviation between them which seems to 
appear at lower conversion in lower initial 
catalyst concentration. The accelerated poly-
merizations proceed almost linearly with respect 
to time. Then, there is a third step where 
the rate of the polymerization becomes explo-
sive, and at the beginning of the step, produc-
tion of gas bubbles was always seen. It made 
the dilatometric analysis impossible. Above 
90% conversion, the viscous solution changed 
into hard plastic and the reaction ceased few 
percent less than perfect conversion. Since 
this anomalous rate acceleration cannot be 
considered as associated with change in kd, it 
must be owing to change in K. The values of 
K at any fractional conversions can be calcu-
lated by Eq. 8, in which the slope dx/dt at x 
may be obtained from Fig. 1, the value of kd 
being taken again as 1.20x10-5 sec-1 and as 
constant at any conversions. It must be noted 
that in deriving the values of K from Eq. 8, 
it was tacitly assumed that the steady state for 
radicals holds even at the explosive step. 

Remembering that K=kpkd1/2f1/2/kt1/2, the 
values of f1/2kp/kt1/2 were plotted against x as 
shown in Fig. 3. The form of the curves in 
the figure is quite similar to one which was 
reported by other investigators5,13). 

From Fig. 3, it is obvious that the values 
of f1/2kp/kt1 2 are almost constant up to 20-
30% conversion in every initial catalyst con-
centration. They increase gradually and then 
rapidly as x increases. It is clear that the 
increase in f1/2kp/kt1/2 occurs at lower fractional 
conversion the lower the initial catalyst con-
centration is. The reasonable explanation is 
as follows: As has been pointed out by some 
investigators, the termination constant kt in-
cluding two large growing polymer chains is 
first diffusion-controlled. The lower the cata-
lyst concentration, the greater becomes the 
degree of polmerization and hence the viscosity 
of solution. If kt is affected first, the increase

Fig. 3. f1/2kp/kt1/2 determined from the rate 
 of polymerization data (Eq. 8) vs. x.  
[I]0x102mol./l.: 1, 5.00; 2, 2.00; 3, 1.00; 

 4, 0.36

in viscosity will result in the decrease in kt. 
The increase in f1/2kp/kt1/2 may also be re-

flected on the fact that the experimental con-
versions were higher than the predicted ones 
in each experiment with one exception. Ac-
cording to Eq. 5, as A and hence f1/2kp/kt1/2 
increase, the value of x approaches unity. 
 The explosive polymerization is usually 

followed by an increase in the degree of poly-
merization. In the polymerization of styrene, 
the chain transfer to monomer is small and 
so, its contribution to the degree of polymeri-
zation may be neglected if catalyst concentra-
tion is properly chosen. 
 Since chain termination by combination is 

exclusive in the polymerization of styrene, the 
cumulative number average degree of poly-

merization Pn may be expressed approximately 

by Eq. 14. In Figs. 4 and 5, Pn is plotted 
against x. 
 Applying Eq. 14 (f=0.7 was used), the 

theoretical plots of Pn vs. x are expressed by 
curves I and I' in each figure, the volume 
shrinkage being neglected for simplicity. As 

seen in the figure, the predicted value of Pn 
is not so much affected by the fractional con-
version unless the catalyst concentration is 
extremely small or very large. The experi-

mental plots of Pn vs. x which are denoted 
by curves II and II', show that the values of 

Po in each run agree fairly well with the pre-
dicted value up to 20-30% conversion. With 
[I]0=0.0036 mol./l., the deviation is the greatest. 
However the value of Pn increases gradually 
thereafter, then more rapidly toward the last. 

 According to Eq. 14, Pn is a function of
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Fig. 4. Cumulative and instantaneous average 
 degree of polymerization Pn and Pn vs. x. 

-theoretical (Eq. 15)-experimental 

 plots of Pn;----experimental Pn (Eq. 13) 
 I, II and III for [I]0=0.05, I', II' and III' 
 for [I]0=0.02mol./l., respectively

 Fig. 5. Cumulative and instantaneous average 

 degree of polymerization Pn and Pn vs. x. 
-theoretical (Eq. 15)-experimental 

plots of Pn;----experimental Pn (Eq. 13) 
 I, 11 and 111 for [I]0=0.01, I', II' and III' 
 for [I]0=0.0036 mot./l., respectively 

monomer and catalyst concentrations and cata-
lyst efficiency. Accordingly, the (cumulative) 

catalyst efficiency f can be obtained on inserting

the experimental values of Pn, [M] and cal-
culated values of [I] into Eq. 17. In Table I 
are listed some values of f which were cal-
culated by Eqs. 15 and 16, the volume shrink-
age being taken into account in the latter 
equation. As may be seen in Fig. 6, the values 
of f are plotted against x. The average value 
of Tat low conversion is about 0.7, which is 
very close to the value obtained by Tobolsky 
et al.5) It is of interest to note that the cata-
lyst efficiency f seems to depend only upon 
conversion and not upon the initial concen-
tration of the catalyst. The instantaneous 
catalyst efficiency f which was calculated by Eq. 
23 may also be seen in Fig. 6.

Fig. 6. Apparent dependence of cumulative 
 and instantaneous catalyst efficiency 7 and f 

 upon x.

○ calcd. by Eq.15; ○ calcd. by Eq.16

The shape of the curves is similar to but 

somewhat different from that obtained by 

Robertson13). This true value of catalyst effici-

ciency at any x decreases rapidly with increasing 

conversion. There is a doubt as to whether or 

not the catalyst efficiency is much affected by 

change in environment such as an increase in 

viscosity. Since the dimensions of the catalyst 

and the monomer are very small compared 

with the dimension of the polymer, it is un-

likely that those molecules suffer an effect of 

diffusion in such a low conversion step. Hence 

it is very doubtful whether the catalyst 

efficiency is diffusion controlled. In deriving 

Eq. 16, it was tacitly assumed that the chain 

transfer to polymer does not take place and 

hence each polymer produced is a long chain 

molecule which has two catalyst fragments at 

its ends. If this is not so and the chain 

transfer to already dead polymers might occur
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considerably Eq. 16 would no more be applied. 
If the chain transfers to polymers occur in 
such a manner as to cross-link together the 
polymers previously formed, a rapid increase 
in the average degree of polymerization will 
result. The apparent decrease in f might be 
owing to this fact. 

The instantaneous degree of polymerization 

Pn at any conversion may be calculated by Eq. 

15. In Figs. 4 and 5, Pn is plotted against x 
as shown in curves III and III'. As seen in 

these figures, each value of Pn increases steeply 
toward infinity as x increases. Above 4050% 

conversion, the value of Pn takes a negative 
value in each experiment. 
 This interesting phenomenon was first ob-

served by Wall et al.12) According to them, 
the formation of cross-linking of polymer mole-
cules not only increases the average molecular 
weight, but simultaneously, diminishes the 
number of polymer molecules, thus accounting 
for the observed results. It is clear from the 

definition Pn=-dM/dP that Pn takes a nega-
tive sign when dP is negative. 
 On account of the fact that any polymers 
produced by chain reactions must have a certain 
dispersion of molecular sizes, the study of size 
distribution in polymers is of great importance 
in connection with the kinetic mechanisms of 
polymerizations. Among several experimental 
techniques for the fractionation of polymers, 
those based on solubility are most generally 
used. However, the fractions obtained in any 
experimental techniques are always heterogene-
ous with respect to molecular weight and, so 
far, the problem of the overlapping of the 
polymer species has never been overcome. 
 The fractionations of two samples were carried 

TABLE III. FRACTIONATION RESULTS OF POLYMERS

out in order to obtain the distribution of 
molecular sizes at high conversion, and the 
results are listed in Table III. As an approxi-
mation, the degrees of polymerization in each 
fraction were calculated from the data of visco-

sity measurements, using the relation Pn=1770 
[n]1.41 which was applied for the unfractionated 
polymers. 
 The integral weight distribution curves were 

obtained by plotting the weight of each frac-
tion as a function of the degree of polymeriza-
tion, adding the weight of each fraction to the 
weight of the preceding fraction. The smooth 
lines drawn in Fig. 7 are the integral and.

 Fig. 7. Molecular weight distribution. 

-integral,----differental weight distri-
 butions 

1: [I]0=0.02 mol./l., x=0.941, Pn=3123 

2: [I]0=0.0036 mol./l., x=0.903, Pn=6853

differential weight distribution curves. The 
latter lines were obtained by taking the slope 
of the integral weight distribution curves as a 
function of the degree of polymerization. 

 It was pointed out by Guzman16) that this 
classical method of approaching the problem 
about molecular weight distribution is rather 
imperfect because there is an inevitable source 
of error such as the overlapping of polymer 
species. He compared the results obtained by 
the classical procedure with those obtained 
statistically, based on the same experimental 
data, and showed that there was a considerable 
difference between them. In spite of being 
more logical and reasonable, the statistical ap-

proach involves a great labor of mathematical. 
computation and is not easy to handle. 

 Instead, the size distribution curves of the 

polymer at conversion x=4% were drawn as 
shown in Fig. 8 in accordance with Eq. 21 
which was derived from the kinetic mechanism 
of the initial polmerization step alone. 

16) G. M. Guzmin, J. Polymer Sc,., 19, 519 (1956),
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Fig. 8. Theoretical differential weight distri-
 butions (Eq. 19) at x=0.04.  

1: [I]0=0.02; 2: [I]0=0.0036 mol./l.

It is clear from Figs. 7 and 8 that there is 
;a considerable difference between experimental 
.and calculated differential weight distributions. 
The shape of the corresponding curves up to 
the maximum weight fraction is very similar. 
However, beyond this, the experimental curves 
fall much less rapidly and unsymmetrically 
than do the calculated ones. 

It may reasonably be assumed that the experi-
mental molecular weight distribution consists 
of two parts, normal and abnormal distributions 
of molecular species. The part of the normal 
distribution may correspond to that which can 
be obtained from the initial stage of poly-
merization, while the part of the abnormal 
distribution may arise from the explosive poly-
merization. The kinetic treatment of such 
abnormal weight distribution may be complex. 
Nevertheless, it is of great interest that the 
result of explosive polymerization is reflected 
,on such weight distribution. 

From the study of the molecular weight dis-
tribution, it seems that the abnormal increase

of the degree of polymerization at high con-
version is not owing to the chain transfer to 
the already dead polymers, but is, probably, 
owing to the burying of the growing polymer 
radicals, because the produced polymer at high 
conversion involves a considerable part of low 
molecular weight. 

Summary 

The bulk polymerization of styrene initiated 
by 2, 2'-azobisisobutyronitrile was carried out 
up to high conversion at 60C. The compari-
son of the experimental conversion-time data 
with calculated ones showed that there was a 
considerable deviation between them. The 
rate of the polymerization became explosively 

great toward the last. 
 Assuming the combination termination, the 

cumulative degree of polymerization was 
calculated and the values were compared with 
those obtained experimentally. The deviation 
at high conversion might be owing to the 
decrease in the catalyst efficiency as suggested 
by Robertson. However, the assumption that 
the polymer molecules have been produced 
only by combination is very doubtful. 
 The study of the molecular weight distri-

bution suggested that the abnormal increase 
in the rate and the degree of polymerization 
seemed to be owing to the burying of the 

growing polymer radicals in themselves in the 
highly viscous solution. 
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