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The order of initiation in monomer in 
thermal polymerization of styrene was re
ported to be a second order by Schulz. 1 The 
second-order initiation is related to the for
mation ofbiradical. However, Mayo2 reported 
a third-order initiation rate, where the for
mation of monoradicals through Diels-Alder 
adducts is important for the thermal initia
tion.2 The difference between the second
order and third-order was related to the con
centration of monomer, where Rth oc[MP at 
[M]<2moldm- 3 and R1h oc[MF at [M]> 
2.2·4- 6 For the thermal polymerization of 
styrene in diethyl adipate, it was found that 
R1h oc [MF at [M] > 0. 77 In the other 
papers, 8 - 11 R1h oc [MF or [MP was used on the 
basis of the above. However, in the above 
experiments, the respective order of initiation 
was estimated from the data obtained using 
appropriate solvents. Usually, the viscosity 
of polymerization system varies with the 
fraction of solvent and the molecular weight of 
polymer formed depends on the concentra
tion of monomer.12 •13 These are related to 
termination rate, as k1 ocg (rJ,n) =g([M]), as 
shown in ref 14. Then thtt order observed 
in monomer should be deviated from Rpth oc 
[M]<1 H/2l. In spite of such deviations, the order 
of R1h in [M] has been calculated by R1h 
g([M])(Rpthf[M])2. That is, the polymeriza-

tion rate is quite sensitive to the concentra
tion of monomer. Accordingly, it may be dif
ficult to examine the difference between [M]2 

and [M]3 using solvents. In the present paper, 
the order of initiation in [M] is determined in 
the absence of solvents. Thus, the order ob
tained is independent of the above difficulties. 

The rate of polymerization initiated by both 
the primary radicals formed by decomposition 
of the initiator and those formed thermally 
is given by: 

RP =(2fkd[C] +kth[M] ")112(kp/k1112)[M] (1) 

The x-t curve observed at 100.ooc in the 
presence of 2-phenyl-azo-2,4-dimethyl-4-
methoxyvaleronitrile (PADMV) as an initiator 
[C]0 = 15 mM dm-3) is shown in Figure 1. In 
the absence of the initiator ([C] = 0), eq 1 is 
reduced to: 

Rpth = (kp/k/ 12)(k1h[M] ")112[M] (2) 

The x-t curve observed in the absence of the 
initiator is also shown in Figure 1. As stated 
previously, because of k1 ocg(n)= g([M]) a valid 
estimation of a may be impossible when un
reactive polymers are formed by termina
tion.14 Especially, at high conversion, the 
dependence of k1 on n is quite marked. How
ever, when transfer predominates, the de
pendence is negligibly small. 15 On the pre-
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Figure I. The x-t curves obtained at I00.0°C where 
(e): [C]0 =15mMdm- 3 and (0): [C]=O. Polymeri
zation was carried out by the previously described." 
Conversion was measured by gravimetry. 

dominant transfer, we obtain: 

2/pw = CtrM + CtrP[P]/[M] (3) 

To estimate Pw' we can use: 14 

(4) 

The relationship between P wx and x is shown 
in Figure 2. The Pw of polymer formed in the 
initial stage is found to be 6200 when [C] = 0 
and 4800 when [C]0 = 15mMdm- 3 . In the 
initial stage, g( 4800) is approximated to 
g(6200), because the dependence of k1 on n is 
not marked. 14 Both the Pw for 0 x 
0.1 when [C]=O and that for when 
[C]0 = 15 increase with increasing x. The 
value of Pw remains 6800 for 0.1 
when [C]=O and for when [C]0 

= 15, as estimated from the slopes of the 
lines in Figure 2. Above x=0.9, Pw increases 
with increasing x where the value of Pw 
when [C]=O is equal to that when [C]0 = 15, 
and CtrM is comparable to CtrP[P]/[M]. 
Thus, the value of k1 when [C]=O agrees 
very much with that when [C]0 = 15 in the 
whole range of conversion. Such agreement 
was also observed in the polymerization 
of methyl methacrylate when the initiation 
rate was very lowY The values off and .kp 
should also be constants in nearly the whole 
range of conversion. 15 •16 Then, eq 1 and 2 
yield: 
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Figure 2. Relationship between molecular weight and 
conversion where (e): [C]0 = 15 mM dm -J and (0): [C] 
= 0. The molecular weight was measured by the light 
scattering method. 15 
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Figure 3. Relationship between RP/ Rpth and [M]. 

ln[(Rp/Rpth)2 -1]/[C]= In(2fkct/k1h) 

- O" In [M] (6) 

The relationship based on eq 6 is shown in 
Figure 3. Here, [C] is calculated by: [C] = 
[C]0 exp (- 0.0083 t). 17 The linearity of the 
relationship is quite good. We obtain O"= 

2.9±0.2 from its slope and 2fkct/k1h=810 
from the intercept. The value as b = 2.9 is 
very close to 3. It is evident that the order 
of thermal initiation in monomer is third
order. In the past, to treat the kinetics at high 
conversion, both the second order6 and third 

Polymer J., Vol. 18, No. II, 1986 



Thermal Polymerization of Styrene 

order11 were used. Based the present results, 
the third-order initiation is better. 

Applying eq 4 to the data in Figure 2, we 
obtain: CtrM=2.9 X 10-4 , Which is in agree
ment with 1.83 x 10- 4 . 18 The increase in Pw 
with increasing x shows that the radical 
transfers to the polymer which repropagates. 
The polymer transfered becomes larger. This 
phenomenon will be .discussed in the near 
future following more experimental work. 

NOMENCLATURE 

R,h thermal initiation rate 
RP polymerization rate 
Rpth thermal polymerization rate 
t time in hour 
x conversion 
1J viscosity 
n degree of polymerization 
[M] monomer concentration 
[C] initiator concentration 
[P] polymer concentration shown in 

monomer unit 
a order ofthermal initiation in mono

mer 
f initiator efficiency 
kd initiator decomposition rate con-

stant 
kP propagation rate constant 
k1 termination rate constant 
k,h thermal initiation rate 
Pw instantaneous weight-average de

gree of polymerization 
P w integrated weight-average degree of 

polymerization 
C1rx tramsfer constant to X (X= M or P) 
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