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The gamma-radiation-induced polymerization of ethylene was carried out/over the wide
range of temperature from 30 to 200℃ at pressure ranging from 100 to 400 kg./cm2 and at dose

rates from 2×103 to 4×105 rad./hr, It was shown that the rate of polymerization is rapidly ac-

celerated at 30℃, that the degree of acceleration decreases with an increase in the reaction tem-

perature, and that above 100℃  the rate is independent of the time. It was correspondingly

shown that the molecular weight of the polymer increases with the reaction time, at 30℃, that

its increment for a unit of time decreases with an increase in the temperature, and that the mo-

lecular weight is independent of the time above 100℃. By means of a kinetical discussion it

was concluded that the rate of the termination reaction, which is almost eliminated  at 30℃, in-

creases with the temperature and attains a value comparable to that of initiation  above 100℃.

The dose rate exponents of the polymerization rate and molecular weight were shown to vary with

the reaction temperature. Namely, the exponents were evaluated as 0.9 and 0 at  30℃, 0.8

and-0.1 at 100℃, and 0.7 and-0.2 at 140 and 200℃, for the polymerization rate and the mo-

lecular weight respectively. It was assumed from these high exponents that the termination

may occur above 100℃  in a first-order reaction to a considerable extent. Under a constant

pressure, the polymer yield was shown to decrease with the temperature from  30 to 60-80℃,

and then to increase at high temperatures from 80 to 200℃. On the other hand, the molecular

weight of the polymer simply decreases with the temperature from  30 to 200℃. The chain

transfer reaction is considered to be almost negligible at 30-70℃. The number of polymer

chains for a constant reaction time and monomer concentration is independent of the tem-

perature from 30 to 70℃, while it increases with the temperature from 70 to 200℃. The

effects of pressure on the polymer yield and molecular weight were also investigated at  140℃.

In previous papersl 1 2) the  γ-radiation-induced
bulk polymerization of ethylene at normal tem-

peratures was characterized by a steady increase 
in the polymerization rate and in the molecular 

weight of polymer with the reaction time. From 

the kinetic study,2) the existence of a long-lived 

radical has been suggested; this has been confirmed 

by the results of the experiments of the two-stage 

irradiation method.3) On the other hand, it was 

recently shown that the phenomena of the rate 

acceleration and the increase in the molecular 

weight with the time vanish, and that the molecular 

weight is considerably lowered at high reaction 

temperatures, as has previously been reported 

briefly.4) This paper attempts to elucidate the 

specific influences of the reaction temperature on

the r-radiation-induced polymerization of ethylene

in bulk.

Experimental 

The reaction vessel, the irradiation facilities, and the 
experimental procedures are the same as have been 
reported in a previous paper.2) The ethylene used was 
commercially available and 99.9% pure (free of CO 
and H2S), containing 21 p. p. m. of acetylene and 
0.3 p. p. m. of oxygen. Polymerizations were carried out 
to low conversion in order to maintain the pressure 
essentially constant, and the temperature was constant
within ± 1℃ for the duration of the experiment.

Results and Discussion 

The Effect of the Temperature on Chain 

Termination.-A marked acceleration in rate 

and an increase in the number-average molecular 

weight with the reaction time have been reported

in the r-radiation-induced polymerization of

ethylene at normal temperatures.1,2) On the 

other hand, in the polymerization at high tem-

peratures(above 100℃), no increase in the poly一

merization rate and molecular weight were ob-

served, as has already been reported briefly.4)

* Presented at the 18th Annual Meeting of the 
Chemical Society of Japan, Osaka, April, 1965. 

1) S. Machi, M. Hagiwara, M. Gotoda and T. 
Kagiya, J. Polymer Sci., B2, 765 (1964). 

2) S. Machi, M. Hagiwara, M. Gotoda and T. 
Kagiya, This Bulletin, 39, 675 (1966). 

3) S. Machi, M. Hagiwara, M. Gotoda and T. 
Kagiya, J. Polymer Sci., A3, 2931 (1965). 

4) S. Machi, M. Hagiwara, M. Gotoda and T. 
Kagiya, ibid., A3, 3029 (1965).
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Fig. 1. The amount of polymerized monomer vs. 
reaction time at various reaction temperatures. 
(Reaction pressure, 400 kg./cm2; dose rate, 2.5
×104 rad./hr.;reaction temperature,30(○),58

(●),62(○),70(○),86(○), 100(○),140℃

(○))

The results of the experiments which were carried 

out at various reaction temperatures from 30 to

200℃,at a dose rate of 2.5×104 rad./hr. and at

a pressure of 400 kg./cm2, are summarized in Table 
I. Figures 1a and lb show the relation between 
the amount of the polymerized monomer (i. e., 
the polymer yield) and the reaction time. They 
show that the amount of the polymerized monomer 
increases rapidly with the time at lower tempera-
tures and less rapidly at higher temperatures. 
In order to show the time dependency of the amount 
of the polymerized monomer, it is plotted on a 
logarithmic scale in Fig. 2. The slopes of the 
line are the time exponents of the polymer yield, 
which are listed in Table II. It is found that the
time exponent at 30℃ is 2.1 and that it decreases

with the increase in the temperature to unity at

temperatures of 100℃ and above. In other words,

the rate of polymerization increases almost pro-

portionally with the time at 30℃, the increase

in the rate for unit time becomes less with an in-

crease in the temperature, and finally the rate 

becomes independent of the time. Namely, the

rate acceleration is observed at 30 to 86℃, its

degree decreases with the temperature, and it is

not observed at 100 and 140℃.

TABLE I. EFFECTS OF REACTION TEMPERATURE ON 

POLYMER YIELD AND MOLECULAR WEIGHT

Reaction pressure,400±5kg./cm2;dose rate,2.5

×104 rad./hr.;volume of rcaction vessel,100 ml.

Fig. 2. Relation between the amount of poly-
merized monomer and reaction time shown in 
logarithmic scale at various temperatures. 
(Notes and reaction conditions are the same as 
shown in Fig. 1.)
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TABLE II. TIME EXPONENT OF POLYMER YIELD AT 

VARIOUS REACTION TEMPERATURES

Reaction pressure,400 ± 5 kg./cm2;dose rate,2.5

×104 rad./hr.

The effect of the reaction temperature on the 

increase in the molecular weight with the reaction 

time is shown in Fig. 3. The molecular weight

of polymer formed at 30℃ is shown to be propor-

tional to the time. This feature, together with the 

rate acceleration, have been explained2) on the 

assumption that the termination and transfer do 

not take place to any appreciable extent. It has 

been also suggested that the life of the polymer 

radical is long and that the accumulation of polymer 

radicals causes the rate acceleration. In the poly-

merization from 58 to 86℃, it is observed that the

molecular weight increases with the time and that 

the increment for the unit of time decreases with 

a rise in the temperature. This corresponds to 

the above fact, i. e., the degree of rate accelera-

tion decreases with temperature. These corre-

sponding facts may indicate that the rate of chain 

termination increases with rise in the temperature, 

the average life-time of the polymer radical, there-

fore, becomes shorter, and the extent of radical 

accumulation decreases.

Above 100℃  the polymerization rate and mo-

lecular weight are shown to remain constant, in-

dependently of the reaction time, in Figs. 1 b and 

3. This suggests that the rate of the termination

Fig. 3. Molecular weight vs. reaction time at 
various temperatures. (Notes and reaction con-
ditions are the same as shown in Fig. 1.)

becomes comparable to that of the initiation. 

The life of the radical is not long, but normal, 

and the stationary state is realized. 

The Order of the Termination Reaction.-

In order to elucidate the termination reaction, the 

dependence of the polymerization rate and the 

molecular weight on the irradiation dose rate was 

investigated at various temperatures from 30 to 

200°C, the results are summarized in Table III. 

The rate and the molecular weight are plotted on 

logarithmic scales against the dose in Figs. 4 and

TABLE III. EFFECTS OF DOSE RATE ON POLYMER YIELD 

AND MOLECULAR WEIGHT AT VARIOUS TEMPERATURES

Reaction pressure,400±5kg./cm2;volume of reac,

lion vessel,100 ml. Data for dose rate of 2.5

×104 rad./hr. are listed in Table I.

Fig. 4. Effect of dose rate on the rate of poly-
merization at various temperatures. 
(Reaction pressure, 400 kg./cm2; reaction tem-
perature,30(○),100(○),140(○),200。C(◆))
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Fig. 5. Effect of dose rate on the molecular 
weight at various temperatures. 
(Notes and reaction conditions are the same as 
shown in Fig. 4.)

5 respectively. Here, since the rate and the mo-

lecular weight increase with the time  at 30℃,

the data in these figures have been normalized to 

a fixed reaction time of one hour. The dose rate 

exponents of the rate and the molecular weight 

evaluated from the slope of these lines are shown 

in Table IV. The dose rate exponents for both 

the rate and the molecular weight are shown to 

decrease with a rise in the temperature from 30
to 140℃; they remain constant at temperatures

from 140 to 200℃.

TABLE IV. DOSE RATE EXPONENTS OF POLYMERIZA-

TION RATE AND MOLECULAR WEIGHT AT 

VARIOUS TEMPERATURES

Reaction conditions are the same as shown in 
Table III. 

It has already been shown in a previous paper2)

that the exponents at 30℃ of 0.9(approximately

unity) for the rate and O for the molecular weight 
coincide with the reaction scheme at normal tem-
peratures; i. e., we may assume no termination 
reaction. The exponents for the polymerization
above 100℃  i. e.. 0.8 and 0.7 for the rate. and
-0.1 and - 0.2 for the molecular weight) are higher 
than the common exponents of 0.5 and -0.5 for 
the rate and molecular weight in the case of second-
order termination with respect to the polymer ra-
dical. These high exponents may indicate that

first-order termination with respect to the polymer 

radical is predominant. The first-order termina-

tion is assumed to be brought about by a reaction 

between the polymer radical and the radical of a 

low molecular weight which has little effect on 

the molecular weight of high polymers. 

The fact that these exponents decrease with a 

rise in the temperature indicates that the contribu-

tion of the second-order termination, i. e., the 

mutual termination of the polymer radicals,

increases with the temperature from 100  to 200℃.

The Evaluation of the Rate of Termina-

tion.-The rates of termination at various tem-

peratures from 58 to 76℃ are evaluated by means

of the analysis5) of the data on the polymer yield 

on the basis of the following elementary reactions,

which have been proposed2)fbr the γ-radiation-

induced polymerization of ethylene in bulk:

1.Initiation

(1)

2. Ethylene excitation and dimerization

(2)

3. Propagation

(3)

4. Termination

(4)
5. Transfer

(5)
where M represents the ethylene monomer; Rn•, 

an active polymer chain composed of n monomers;

[R・] total  concentration of all active polymer

chains irrespective of size; M*, the excited mono-
mer; M2* the excited dimer; Y the substance 
with which the activity of the radical is transfer-
red; Z, the substance by which the radical is 
deactivated; Pn, the dead polymer composed of 
n monomers; Ri, RP, Re„ and Rt, the rates of 
initiation, propagation, transfer, and termina-
tion; ki, kP, ktr,„ and kt, the rate constants of these 
reactions; pM the density of ethylene; I, the dose 
rate; fm, the fugacity of ethylene; fm2*, the fugacity 
of the excited dimer, and Ke the equilibrium 
constant of the 2nd step.

5) T. Kagiya, M. Izu, S. Machi and K. Fukui, 
paper presented at the 14th Polymer Symposium, K

yoto, October, 1965.
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The rate of polymerization, R, is written:

(6)

where R represents the overall polymerization rate.

[R・] is given in the non-stationary state;

(7)

Since no second-order termination in the polymer

radical takes place below 100℃, Eq.7 is:

(8)

Here,[R・] on the right side being replaced by
Eq.6,

(9)

where f Rdt corresponds to the amount of the 
polymerized monomer, M9. By substituting

[R・] in Eq. 6 with Eq. 9, R is written:

(10)
By integrating Eq. 10 with time,

(11)

(12)

According to Eq.12,(MP/∫Mpdt) is plotted in

Fig.6against(t2/∫MPdt), where ∫MPdt is cal-

culated from Fig. 1 by a graphical method. The 
values of kt1[Z], i. e., the rate of termination, 
are determined from the intercept on the axis of

Fig.6. Mp/∫Mpdt vs. t2/∫Mpdt.

(Notes and reaction conditions are the same as 
shown in Fig. 1.)

TABLE V. RATE OF CHAIN TERMINATION AT 

VARIOUS TEMPERATURES

Reaction pressure,400±5kg./cm2;dose rate,2.5

×104 rad./hr.

Mp/∫ Mpdt; they are summarized in Table V.

The rate of termination is shown to increase with 

the reaction temperature. 

The Effects of the Temperature on the 

Polymer Yield and the Molecular Weight.-

As is shown in Figs. 1 and 3, the effects of the 

temperature on the polymer yield and molecular 

weight are complicated because of their time 

dependency. Figure 7 shows how the polymer

Fig. 7. Effect of reaction temperature on the 
amount of polymerized monomer. 
(Reaction pressure, 400 kg./cm2; dose rate, 2.5
×104 rad./hr.;rcaction time,0.5(●),2.0 hr.

(○). Data at 100,200℃ for 0.5hr., and 62,

70℃ for 2.0hr. are calculated from those at

other reaction time.) 

yield at the reaction times of 0.5 and 2.0 hr. 
varies with reaction temperature. It is shown 
that the polymer yield decreases rapidly with
the temperature from 30 to 6UｰG, remains almost

constant from 60 to 80-100℃, and increases

in the higher temperature region  (to 200℃).

Figure 8 indicates that the molecular weight of 
the polymer formed at 0.5 and 2.0 hr. under the 
constant pressure of 400 kg./cm2 simply decreases 
with a rise in the reaction temperature, and that 
it is very sensitive to the temperature from 30
to 100℃. The effect is shown to become larger

as the polymerization proceeds.

The Effects of the Temperature on Chain

hitiation and Transfer.-The number-average



December, 1966] Effect of Temperature on Radiation-Induced Polymerization of Ethylene 2701

Fig. 8. Effect of reaction temperature on the 
molecular weight.
(Notes and reaction conditions are the same as
shown in Fig.7. Data at 62,70℃. for 2.0hr.

are calculated from those at other reaction time.)

degree of polymerization at a given reaction time 

is written for the polymerization in the non-

stationary state, assuming no termination by the 

recombination of polymer radicals, which is almost

realized below 100℃:

(13)

where DP„ represents the number-average degree 

of polymerization. From the above reaction 

scheme, Eq. 13 is, then,

According to Eq. 14, 1/DPn, is plotted in Fig. 9 
against t/Mp, to give an almost linear relation. 
The fact that the lines in Fig. 9 pass through the 
point of origin indicates that the transfer reac-
tion does not take place at temperatures from 30
to 70℃.

The relation between the number of moles of 
polymer chains (Np) for a unit of ethylene con-
centration and the reaction time is shown in Fig. 
10, where Np is evaluated as the ratio of the amount 
of the polymerized monomer to the number-

Fig. 9. 1/Dpn vs. t/Mp. 

(Notes and reaction conditions are the same as 
shown in Fig. 1.)

Fig. 10. Number of moles of polymer chains per 
unit ethylene concentration vs. reaction time at 
various temperatures. 
(Notes and reaction conditions are the same as 
shown in Fig. 1.) 

average molecular wight of the polymer, i. e., 
Mp/Mn. It is observed that Np/pM (i. e., the 
number of moles of polymer chains formed divided 
by the concentration of ethylene) increases almost 
proportionally with the time at the respective 
temperatures because of successive initiation by 
continuous radiation. The number of moles of 
polymer chains formed per unit of reaction time 
(i. e., N,,/t, the rate of the increase in number of 
polymer chains) is shown in Table VI and Fig. 
11 for various reaction temperatures. It is shown

Fig. 11. Effect of temperature on the rate of 
increasing in the number of polymer chains. 
(Reaction pressure, 400 kg./cm2; dose rate, 2.5
×104 rad./hr.)
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TABLE VI. EFFECT OF REACTION TEMPERATURE ON 

THE RATE OF INCREASING IN THE NUMBER OF MOLES 

OF POLYMER CHAINS

Reaction pressure,400±5kg./cm2;dose rate,2.5

×104 rad./hr.

Fig. 12. Np/t vs. concentration of ethylene.
(Reaction temperature,30 (●), 140℃ (○);

dose rate,2.5×104 rad./hr.)

that Nplt is almost independent of the tempera-

ture from 30 to 70•Ž, where the chain transfer 

does not take place. The rate of initiation is, 

therefore, known to be independent from the 

temperature of this range. On the other hand, 

the higher temperature range, NP/t is shown to 

increase with the temperature and an apparent

TABLE VII. EFFECTS OF REACTION PRESSURE ON

POLYMER YIELD AND MOLECULAR WEIGHT  AT 140℃

Dose rate,2.5×104 rad./hr.;volume of reaction

vessel,100 ml.

activation energy of about 8 kcal./mole was 
observed. It is also noted that the polymer yield 
increases with the temperature over the same 
range (shown in Fig. 7). Since no evidence for 
the absence of chain transfer is given in this tem-
perature range, the activation energy may be 
ascribed not only to the initiation reaction but 
also to the transfer reaction. 

The Effect of the Pressure on the Polymer
Yield and the Molecular Weight at  140℃.-

The results of experiments where ethylene pressure 
varies from 100 to 400 kg./cm2 are summarized in 
Table VII. It is shown that the amount of poly-
merized monomers and the molecular weight 
per unit of reaction time increase with the ethylene 
pressure. The number of moles of polymer chains 
per unit of time is plotted in Fig. 12 against the 
concentration of ethylene for the polymerization
at 140 and 30℃. The direct proportionality which

was previously reported6) is observed at  30℃.

On the other hand, at 140℃ with the same con-

centration of ethylene, Np, is greater than 30℃

and is not proportional to the concentration of

ethylene. This difference between 30 and  140℃

may indicate that additional processes related to

ethylene occur at 140℃ to increase the number

of polymer chains. They may be the additional 
initiation and/or the transfer with the monomer.

6) S. Machi, M. Hagiwara, M. Gotoda and T. 
Kagiya, J. Polymer Sci., A-1, 4, 1517 (1966).


