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ABSTRACT: The radiation-induced bulk polymerization of acrylonitrile at 20°C was 
studied kinetically. The polymerization proceeded with precipitation of polymer from 
the liquid monomer and reached a steady state after an initial acceleration period. The 
dose rate exponent of the rate of polymerization at steady state was about 0.9. On 
the basis of the kinetic treatment of the polymerization which contained both first
and second-order terminations for the concentration of progagating radical, the rate 
constant of each elementary reaction was found to be: ki=2.90x10-11, kp=2.40, ktr= 
1.48 X 10-4, kn=6.33 X 10-4, kt2=2.27 X 102. 
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There have been several reported papers on 
the radiation-induced polymerization of acry
lonitrile in bulk in which the polymer pre
cipitated from the liquid monomer. For this 
heterogeneous polymerization it is known that 
the dose rate exponent of the rate of polymeri
zation lies between 0.5 and 1.0, and there is an 
acceleration period in the earlier stages of the 
reaction.1- 4 

It has also been reported that, in the hetero
geneous polymerization of acrylonitrile with use 
of radical initiators, the initiator concentration 
exponent and the existence of an acceleration 
period were similar to those in the radiation 
induced polymerization. s-s 

Bamford, et al., have explained the difference 
between the initiator-concentration exponent in 
homogeneous polymerization and that in hetero
geneous polymerization by considering a uni
molecular termination by occlusion of propagat
ing radical in a clump of polymer molecules. 
Evidence for the existence of this radical has 
been discovered by a reaction with a, a-diphenyl
j3-picryl hydrazyl9 and by ESR techniques. 10 - 11 

Kinetic treatment in the steady state with the 
use of radical initiators in bulk6 and in benzene7 
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was carried out based on the mechanism in 
which a first-order termination by radical occlu
sion and a second-order temination by radical 
recombination take place simultaneously. How
ever, the rate constant for each elementary re
action in these heterogeneous polymerizations 
has seldom been determined. 

Taking information from the acceleration 
period in the earlier stages, a kinetic treatment 
to determine the rate constants for the radiation
induced polymerization of ethylene (which is a 
heterogeneous polymerization and contains both 
first- and second-order terminations) has been 
reported elsewhere. 12 

In this paper, based on information from the 
acceleration period, the results of radiation in
duced polymerization of acrylonitrile in bulk at 
20°C and the kinetic treatment derived based 
on a reaction mechanism containing both first
and second-order terminations 7 are reported. 
Using the present kinetic treatment, the rate 
constant for each elementary reaction is deter
mined from the relationship between the amount 
of polymerized monomer and the number of 
polymer chains and the reaction time. 



Radiation-Induced Heterogeneous Polymerization 

EXPERIMENTAL 

Acrylonitrile obtained from Kanto Chemical 
Co. Inc., was used for the polymerization after 
distillation. Aliquot of distilled acrylonitrile 
pipetted in a glass ampoule, was degassed five 
times by repeated freezing-pumping-thawing 
cycles using a vacuum line and sealed off under 
vacuum. The polymerization was carried out 
in a temperature-controlled bath using cobalt 60 
or cesium 137 as a r-radiation source. After 
the irradiation, the polymerization was stopped 
by placing the ampoule in liquid nitrogen. The 
polymer obtained was separated from the mono
mer with a glass filter, washed well with acetone 
on the filter, dried at 80°C for 24 hr and 
weighed. 

The intrinsic viscosity of the polymer in di
methyl formamide at 35°C was measured. The 
molecular weight of polymer was determined 
from the intrinsic viscosity by use of equation 
(1), which was itself determined by measurement 
of the osmotic pressure for polymer samples 
produced by radiation polymerization. 13 

[r;]=2.10.Mn0.625 ( 1) 

RES UL TS AND DISCUSSION 

Figure 1 shows the time-conversion curves at 
various dose rates. It was found that the rate 
of polymerization increased with time in the 
earlier stages of the reaction, but, after this in
itial acceleration, the curves became virtually 
strnight lines, indicating the existence of a steady 
state. The steady state was reached earlier at 
higher dose rates. This initial acceleration has 
been observed in the heterogeneous polymeri
zation of acrylonitrile by radical initiators. s-s 
Bamford, et al.,5 have shown, on the basis of 
the results from polymerization of the monomer 
recovered by distillation from polymerized system, 
that the acceleration period in the earlier stages 
was not an induction period. Therefore, it is 
considered that the acceleration is due to the 
accumulation of the propagating radical. 

The rate of polymerization at steady state Rs 
was plotted against the dose rate in Figure 2. 
As shown in this figure, the rate of polymeri
zation obeys the relationship 
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Figure 1. Time-conversion curves in radiation
induced bulk polymerization of acrylonitrile at 
20°C. Dose rate x 10-4 (rad/hr): ~. 15.0; (), 7.0; 
0, 4.8; e, 3.0; '-• 1.6; 0, o.68; CD, 0.46. 
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Figure 2. Effect of dose rate on the rate of poly
merization at steady state. 

( 2) 

where I is dose rate. 
Prevot-Bernas and Sebban-Dannon3 have 

reported that the initial and the limiting rates 
at 20°C were as follows. 

( 3) 
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Berstein1, also, has found the dose rate depen- s 1-----------------~ 
dency of the conversion at 2680 r was neither 
0.5 nor 1.0. 

Such dose rate dependencies different from 
those in homogeneous polymerization indicate 
that the termination reaction is composed of 
neither the first- nor the second-order reaction 
for the concentration of propagating radical 
alone, but of both the first- and second-order 
reactions in bulk polymerization of acrylonitrile. 

Figure 3 shows the plot of molecular weight 
against conversion into polymer. It was found 
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Figure 3. Molecular weight of polymer vs. con
version into polymer at various dose rates. Dose 
rates and symbols are the same as in Figure 1. 

that the molecular weight increased with a de
crease in the dose rate. The molecular weight 
had a tendency to increase gradually in the 
earlier stages of the reaction and levelled off to 
a constant value with the progress of the reac
tion. 

On the other hand, the number of polymer 
chains increased almost linearly with the reaction 
time after an acceleration period in the earlier 
stages as shown in Figure 4. 

On the basis of these results the reaction 
mechanism was considered to be as follows 

Initiation 

R;=k;[M]I 
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( 4) 

( 5) 
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Figure 4. Number of polymer chains vs. reaction 
time at various dose rates. Dose rates and symbols 
are the same as in Figure 1. 

Propagation 

Chain transfer to monomer 

Chain transfer to polymer 

Rn·+Pm-----+ Pn+Rm· 

Rtrp=ktrp[R, ][P] 

First-order termination 

Second-order termination 

( 6) 

( 7) 

( 8 ) 

( 9) 

(10) 

( 11) 

(12) 

(13) 

(14) 

(15) 

where M is monomer, Rn· is propagating ra
dical composed of n-monomers and P n is poly
mer composed of n-monomers. R;, Rp, Rtr, Rtrp, 
Rt1, and Rt2 are the rates of initiation, propaga
tion, chain transfer to monomer, chain transfer 
to polymer, first-order termination, and second
order termination, k;, kp, ktr, ktrp, ku, and kt2 
are the corresponding rate constants. 
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As previously described, 12 the following re
lationships were found among the rate of poly
merization at a steady state Rs, the ordinate 
intercept obtained by extrapolating the linear 
portions at the steady state in the time-conver
sion curve b, the rate of increase in the number 
of polymer chains at steady state e, and the 
dose rate I on the basis of the reaction mech
anism described above 

or 

or 

where 

Rs=c(~J-d 

~=(J_)(~+l) Rs C Rs 

b=( kp[M]) In (---3__{!_+_~) 
k12 l+,v1+4cJ/d2 

; = u( ~s)+h 

d=·kpkt1[M] 
k12 

2k1r[M]+k11 
g=- 2kp[MT 

k;[M] 
h=----~-

2 

(16) 

(16') 

(17) 

(18) 

(18') 

(19) 

(20) 

(21) 

(22) 

The plot of eq 16 using the data from this 
experiment failed to produce a straight line (as 
shown in Figure 5). These termination reactions 
were therefore not simple competitive reactions. 

On the other hand, Imoto, et al. 7, found that 
the rate of polymerization at steady state was 
well explained kinetically by assuming that the 
ratio of the radicals terminated by first-order 
reaction to those terminated by second-order re
action was a constant depending on reaction 
conditions but independent of reaction time. 
However, the relationships between b, e, f, and 
I have not been discussed. In this report, a 
further development of the kinetic treatment 
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Figure 5. Plots of Rs vs. I/Rs. 

was considered on the basis of the same assump
tion for the termination scheme. 

When the fractions of the propagating radicals 
terminated by first- and second-order reactions 
are shown as p and a (or 1-p), the concent
ration of the propagating radicals which are 
terminated by these reactions, [R1 ·] and [R2 - ], 

are expressed by eq 24 and 25, respectively7 

d[R!"] k MI k dt-- = p i[ ] - t1[R1 ·] (24) 

d[::·] =aki[M]l-k12[R2 - J2 (25) 

where 

[R1 · J+[R2 · ]=[R·] (26) 

Integration of eq 24 and 25 gives the concent
ration of the propagating radical as follows 

[R· ]=A{l-exp (-kt1t)}+B tanh (Bk12t) (27) 

where 

A pki[M]I 
kt! 

(28) 

(29) 

Accordingly, the amount of polymerized mono
mer and number of polymer chain are given by 

Mp= ~:kp[R- ][M]dt 

=kp[M] [ A(t-_!.=-ext:kt1t) )+Bt 
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+ In [{l +exp (-2Bkt2f)}/2]] 
kt2 

Np=(k;[M]I+k,r[R· ][M] - kt2[~2 • J2)dt 

=k1[MJI( 1- )t 
+k,r[M]A(t- 1-exp (-k,1t)) 

ku 

+ B( ktr[M]t + _t_a.11_ll_r-1't2t2) 
+ ktr[M] ln [{1 +exp (-2Bkt2f)}/2] 

k,2 

When the steady state is reached 

Mp=Rst-b 

Np=et-f 

where 

b=pI+q 

f=-Cmb+sio.s 

Rearranging eq 34, 36, and 37 leads to 

Rs=mI-o.s+n 
I 

where 
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=Cm( ~s)+r 
Jr0 · 5 =-Cmbr0 · 5 +s 

q= kp[M] In 2 
k,2 

C _ktr 
m- kp 

(30) 

(31) 

(32) 

(33) 

(34) 

(35) 

(36) 

(37) 

(34') 

(361) 

(371) 

(38) 

(39) 

(40) 

(41) 

(42) 

(43) 

_ (k;[M])°· 5 
s ~-~-----

- 2kt/· 5 
(44) 

The values of Rs, b, e, and / at various dose 
rates are given by the plots of Mp against t and 
NP against t based on eq 32 and 33. 

The plots of Rs/I against r 0 · 5 gave a straight 
line as shown in Figure 6. The slope and the 
intercept of this straight line gave m=0.93 x 10-a 
mol rad0 · 5 /l hr0 •5 and n=2.35 X 10-5 mol// rad on 
the basis of eq 34'. 
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Figure 6. Plots of Rs/I vs. J-o. 5 on the basis of 
eq 34'. 
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Figure 7. Plots of b vs. I on the basis of eq 35. 

As shown in Figure 7, the plots of b against 
I also produced a straight line and values of 
p= 1.03 x 10-5 mol hr// rad and q=0.11 mol// were 
given by this line. 

Furthermore, from the plots of e/I against 
Rs/I (as shown in Figure 8), the values of Cm= 
6.2x 10-s and r=0.42x 10-9 mol// rad were ob
tained on the basis of the relationship of eq 36'. 

On the other hand, as the value of/ obtained 
from Figure 4 was less reliable due to the ex
perimental error in the molecular-weight mesure-
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Figure 8. Plots of e/I vs. Rs/I on the basis of eq 
36'. 

ment, the plot of the relationship of eq 371 was 
therefore not shown. 

On the basis of the kinetic treatment as de
scribed above, the individual rate constants 
(except k1rv) can be determined by calculation 
from these constants obtained from Figures 6, 7, 
and 8. The individual rate constants and the 
values of p and a are summarized in Table I. 

Table I. Rate constant for each elementary 
reaction 

ki, kp, ktr, k11, k,2, 

rad-1 l/mol l/mol sec-1 l/mol p a 
sec sec sec 

2.90x 2.40 l.48x 6.33x 2.27x 0.907 0.093 10-11 lQ-4 lQ-4 102 

The values of/, calculated by using the values 
of b, I, and rate constants, were of the order 
of 10-5 mol//, which were consistent, within the 
limits of experimental error, with the result 
shown in Figure 4. 

Gr value of the monomer was found to be 
0.53 on the basis of ki=2.9Ox 10-11 rad-1. Bens
asson14 obtained the Gr value as 5.0±0,3 by the 
reaction with a, a-diphenyl-/3-picryl hydrazyl. 
However this Gr value appears to be very much 
larger than expected, considering the highly con
jugated structure of the acrylonitrile molecule. 

Both values of kv and kt2 are much smaller 
than those obtained by Bamford, et al., 15 namely 
1960 and 7.83 x 108 at 6O°C for the homogeneous 
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polymerization in dimethyl formamide. The 
substantial differences between the values of kv 
and k,2 for heterogeneous and homogeneous 
systems must be due to differences in the envi
ronment of the propagating radical. This seems 
to be because the mobility of the propagating 
radical in the heterogeneous polymerization 
seems to be much less than in the homogeneous 
one and because the steric hindrance due to the 
cluster of the partially crystallized polymer in 
the heterogeneous polymerization is much larger 
than in the homogeneous equivalent. 

The present value for the transfer constant to 
monomer was found to be 6.2x ro-5, which 
agrees with that obtained by other authors (of the 
order of 10-4 to ro-6,3·8·10 ·16- 18) and means that 
the effect of physical factors such as the mobility 
of the propagating radical and the steric hin
drance of the solid polymer on the chain-trans
fer reaction is similar to the effect on the pro
pagation reaction. 

Moreover the concentration of the radical 
terminated by the first-order reaction is about 
IO times larger than that by the second-order 
reaction. 

Table II. Rates of first- and second-order termi
nations calcuated from the constants 

shown in Table I 

I, [R· ]s, Rt1, R,2, Rt1/R,2 rad/hr mol/l mol// sec mol// sec 

103 4.00x 10-7 2.29x 10-10 3.13xl0-13 732 
104 2.47x 10-s l.42x 10-9 1.19 X 10-11 119 
105 1.98 X 10-5 1.14 X 10-8 7. 70x 10-10 14.8 

The rates, Rn and R,2 at the steady state, 
calculated from the values of kn, k,2 , p, a, and 
[R· ]s are summarized in Table II where the 
concentration of the propagating radical at the 
steady state [R· ]s was given by eq 45 obtained 
from eq 27. 

[R· ]s=A+B (45) 

As shown in this table, it is concluded that the 
first-order reaction is more important than the 
second-order termination in this polymerization. 
However, it was found that the ratio Rt1! R, 2 

decreased with increasing dose rate. 
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