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The bulk polymerization of ethylene was carried out under mild conditions, i. e., pressures
of from 183 to 400kg/cm2 and temperatures of from 30 to 140℃, using azobisisobutyronitrile

as an initiator. In polymerization at the low temperature of 40℃, both the polymerization

rate and the molecular weight of the polymer formed increased with the reaction time. At the

above temperature, the polymerization rate was shown to be proportional to the amount of

initiator, and the molecular weight was found to be independent of it. Furthermore, both

the polymerization rate and molecular weight were found to be proportional to the 2.5th power

of ethylene fugacity. The dependencies of the polymerization rate and the molecular weight on

the reaction time decrease with the rise in reaction temperatures from 30 to 100℃. A kinetical

discussion indicated that the rate of termination is almost zero at 30-40℃, but that it in-

creases with the temperature. The polymerization rate and the molecular weight were shown
to be proportional to the 0.8 and 0.2th powers of the amount of the initiator. The activation
energy of the initiation reaction was evaluated to be ca. 27 kcal/mol.

The free-radical polymerization of ethylene has

usually been investigated under severe reaction

conditions, such as high pressures from 800 to

2000kg/cm2 and high temperatures from 130

to 250℃.1-5) Such conditions are also used in

the industrial process. Recently, however, a

few studies have been conducted under milder

conditions, namely, under lower pressures and at

lower temperatures.6,7) The possibility of the

existence of a long-lived polymer radical was first

pointed out briefly by Buchdahl8) in his discussion
of the paper by Laird et al.2) Lyubetzky et al.7)
studied the polymerization of ethylene at 70℃

with azobisisobutyronitrile (AIBN) in benzene,
and pointed out that the propagation reaction
occurs with the living polymer radical in the
polymer crystalline phase.

We have reported several characteristics of the
low temperature free-radical bulk polymerization

of ethylene in a previous paper.9) This paper, a
continuation of that earlier paper, will be concerned
with the kinetic study of ethylene polymerization
in bulk with AIBN, at temperatures of from 30
to 140℃ and at pressures offrom 100 to 400kg/cm2.

Experimental

Polymerization was carried out in a static, unstirred,
stainless-steel (SUS-27) high-pressure vessel with a
capacity of 100ml. After the desired amount of crys-
talline AIBN had been introduced, the vessel was flushed
out six times with ethylene (10kg/em2). The vessel
was then cooled in a methanol-dry ice bath, ethylene
being introduced from a reservoir. The vessel was
warmed to the desired reaction temperature, and a
very small amount of ethylene was released from the
vessel to adjust the reaction pressure. Since the poly-
merization was carried out to a low conversion, the

pressure, which was measured by a Bourdon tube gauge,
was almost constant throughout the reaction. A tem-
perature constant within±1℃ was also maintained by

an automatic controller. At the end of the reaction,
the unpolymerized ethylene was purged and the vessel
was opened. After the unchanged initiator had been
extracted by using boiling acetone, the polymer yield
was determined.

The ethylene used had been commercially obtained
and was 99.9% pure (free of CO and H2S), containing
21ppm acetylene and 0.3ppm oxygen. The density
and fugacity of ethylene at a given pressure and tem-
perature were known from Benzler's pressure-enthalpy
diagram.10) AIBN was purified by recrystallization
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from acetone. The molecular weight of the polymer

was determined from its intrinsic viscosity in tetralin
at 130℃. Tung's fbrmula11) was used in the calcula-

tion of the molecular weight, because the polymer has
little branching, like a low-pressure polyethylene.9)

Results and Discussion

Polymerization at a Low Temperature.
The experimental results are summarized in Table 1.

Figure 1 shows the changes in the polymer yield

(i. e., the amount of polymerized monomer) and
the molecular weight with the reaction time. The
polymer yield is found to be proportional to the
second power of the time, and the molecular weight,

TABLE 1. RESULTS OF THE POLYMERIZATION AT 40℃

Volume of reaction vessel, 100ml

Fig. 1. Amount of polymerized monomer and

polymer molecular weight vs. reaction time.

to the first power. The polymerization rate and

molecular weight increase with the time. Similar

features have been found as distinct characteristics

in the low temperature bulk polymerization of

ethylene induced by radiation.12,13) These facts

suggest that the rate of termination is very small.

The polymer radical, therefore, accumulates as

AIBN decomposes to radicals, and the rate of

polymerization increases. The steady increase in
the molecular weight suggests that the rates of

both termination and transfer are very small.

Fig. 2. Amount of polymerized monomer and

polymer molecular weight vs. reaction pressure.

Fig. 3. Amount of polymerized monomer and

polymer molecular weight vs. amount of
initiator.
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Figure 2 shows the effects of the ethylene pressure

on the polymer yield and the molecular weight.

Both the molecular weight and polymer yield

increase rapidly with the ethylene pressure at a

constant time. Their pressure exponents are

found to be approximately two.

Figure 3 shows the influence of the amount of

the initiator; the figure indicates that the polymer

yield at a constant time is proportional to the
number of moles of initiator added, and that the

molecular weight of the polymer is independent

of it. These facts are in contrast to the dependencies

of the rate and molecular weight on the amount of

the initiator in a polymerization where rapid

bimolecular termination occurs.

The polymerization is considered to consist of

the following steps:

Initiation

(1)

(2)

(3)

(4)

(5)

(6)

(7)

The initiation step consists of two reactions, i. e.,
the decomposition of the initiator, I, into free
radicals, R•, and the addition of a monomer to
form radicals, RM1•.. Since the decomposition
of AIBN has been shown to proceed via a first-
order reaction independent of the reaction media,
such as various organic solvents,14,15) an aqueous
solution of dioxane16) and water17) where AIBN
is not soluble, a first-order decomposition is assumed
in this system in the absence of a solvent. Thus,
the rate of the primary radical formation at time
t is:

(8)

where kd represents the rate constant of the de-
composition of the initiator, and where to is the
amount of the initiator at the initial stage. Some
fraction of the primary radicals may initiate chains
according to Eq. (2), and the other fraction tends
to disappear through other reactions. The rate of

the initiation of chain radicals is, therefore, given by:

(9)

where f is the fraction of the radicals initiating
polymerization chains, the so-called radical yield.
Since the number of moles of polymer chains formed
at a constant reaction time is independent of the
ethylene pressure, as will be described below, the
f fraction is not dependent on the monomer con-
centration.
At a low temperature of 40℃ and at the initial

stage, since the value of kdt is much smaller than

unity, Ry is approximately expressed as:

(10)

Propagation proceeds by the addition of mono-

mers to the chain radical to form the growing

polymer radical, RMn„•, which has n monomeric

units. The rate of propagation, Rp, is:

(11)

where [RM„.] is the total concentration of radicals

irrespective of size ([RM„.]), and kp, the rate

constant of propagation. The ethylene fugacity,
fM, is used as a measured of ethylene activity under
high pressure. The concentration of radicals at
time t is given as the difference between initiation
and termination:

(12)

where Ri is the rate of termination. As has been

mentioned above, the rate of termination is

negligible. Thus:

(13)
At low temperatures and at the initial stage of
polymerization, Eq. (13) is approximately rewrit-
ten as:

(14)
The rate of polymerization, which is essentially the
same as the rate of propagation, is given by com-
bining Eq. (11) and Eq. (14):

(15)
By integrating Eq. (15), the amount of the poly-
merized monomer, Mp, at time t is given:

(16)
The experimental correlations described above
between the amount of the polymerized monomer
and the reaction time, as well as the amount of
the initiator (that is, the amount of the polymerized
monomer is proportional to the second power of
the reaction time and to the first power of the
amount of the initiator), have thus been shown to
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41, 83 (1959).
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coincide well with the theoretical equation (16)
at the initial stage of polymerization.

The number of moles of polymer chains is
calculated as the ratio of the moles of the poly-
merized monomer to the degree of polymeriza-
tion of the polymer (Mp/DPn). Figure 4 indicates
that the number of moles of polymer chains increase

proportionally with the reaction time.
The relation between the amounts of the poly-

merized monomer and the molecular weights of

the polymers formed at various ethylene fugacities

Fig. 4. Number of moles of polymer chains vs.
reaction time.

Fig. 5. Relation between amount of polymerized

monomer and polymer molecular weight at
various pressures.

is shown in Fig. 5. The fact that all the plots ride
on the same straight line through the point of
origin indicates that the number of moles of poly-
mer chains formed at a constant time (i. e., the
initiation rate) is independent of the ethylene
fugacity.

The effects of the ethylene fugacity on the poly-
mer yield and the molecular weight are shown in
Fig. 6, from which the fugacity exponents for them
all are found to be the same, i. e., 2.5. This demon-
strates that the rate of propagation is linear to the
2.5 th power of the ethylene fugacity. The fugacity
dependence of the propagation rate has also been
determined to be ca. 2 by means of the two-stage
polymerization method reported in other of our
papers.18,19) The reason for this high fugacity
exponent of the propagation rate is not clear, but
one possible reason is that the propagation is
brought about by the addition of two or three
associated monomer molecules, as will be described
below.

The degree of the polymerization of the polymer
(DPn) is given by the following equation when
the termination and transfer are eliminated:

(17)

This equation means that the degree of polymeriza-
tion is proportional to the reaction time and
independent of the amount of initiator. The
experimental facts, which are shown in Fig. 1 and
Fig. 3, agree very well with Eq. (17). As for the
dependence of the degree of polymerization on
ethylene fugacity, however, the experimental results
shown in Fig. 6 indicate that the exponent is ca.
2.5, which is higher than that expected from Eq.
(17).

The empirical equations of the polymer yield.
and the degree of polymerization are thus obtained
as follows:

(18)

(19)

The fact that the fugacity exponents of both the

polymer yield and the degree of polymerization
are higher than the theoretical values seems to
be due to a higher-order dependence of the pro-

pagation rate on the monomer fugacity.
When ethylene reacts with a growing radical as

associated form of n molecules, the rate of propaga-
tion is proportional to the fugacity of the associated

18) S. Machi, S. Kise, M. Hagiwara and T. Kagiya,
J. Polymer Sci., B4, 585 (1966).19) S

. Machi, S. Kise, M. Hagiwara and T. Kagiya,
Mechanism of Propagation, Transfer, and Short-
Chain Branching in the Free-Radical Bulk Polymeriza-
tion of Ethylene, ibid., in press.
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Fig. 6. Amount of polymerized monomer and

polymer molecular weight vs. ethylene fugacity.
(Reaction conditions are the same as for
Fig. 2.)

monomers, which is proportional to the nth power
of the monomer fugacity. The rate of propagation
is thus given by Eq. (20) instead of Eq. (15):

(20)

By integrating (20) with t and by substituting
Eq. (20) for R, in Eq. (17), Eqs. (21) and (22)
are obtained:

(21)

(22)

The fact that the observed exponent, n, is 2.5,
as is shown in Eqs. (18) and (19), suggests that the
propagation proceeds by the addition of associated
monomers which consist of 2-3 units.

Effect of Reaction Temperature. The ex-
perimental results are listed in Table 2. The
time-yield and time-molecular weight curves for
the polymerizations at various reaction temperatures
from 40 to 100℃ are shown in Figs.7and 8 re-

spectively. Figure 7 shows that the rate of poly-

merization is markedly accelerated with time at

30 and 40℃, but the acceleration becomes less

remarkable with a rise in temperature. Figure 8

shows that the molecular weight of the polymer

increases linearly with the time in the polymeriza-

lion at 30-40℃, and when the temperature rises,

the plots deviate from proportionality. These

corresponding facts may indicate that the rate of

TABLE 2. EFFECTS OF REACTION TEMPERATURE ON

THE POLYMER YIELD AND MOLECULAR WEIGHT

Ethylene pressure, 400kg/cm2; volume of reaction
vessel, 100ml

Fig. 7. Relation between amount of polymerized
monomer and reaction time at various reaction
temperatures.

chain termination increases with a rise in the tem-

perature.
The dependence of the polymer yield and the

molecular weight on the amount of the initiator

in the polymerization at the higher temperatures

of 100 and 140℃ is shown in Fig.9 and Table 3.

It is well known that the exponents of the initiator

of the polymerization rate and the molecular

weight are 0.5 and -0.5 in polymerization with a

rapid second-order termination, and 1.0 and 0

in polymerization with a rapid first-order termina-

tion with respect to the radicals.

From the slope of the lines in Fig. 9, the ex-

ponents of this polymerization are found to be 0.8
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Fig. 8. Relation between polymer molecular weight
and reaction time at various reaction temperatures.

(Reaction conditions and notes are the same
as for Fig. 7.)

Fig. 9. Logarithmic plot of amount of polymerized
monomer and polymer molecular weight vs.

amount of initiator at higher temperatures.

and -0.2, respectively, for the polymer yield and
the molecular weight at a constant time. These
high exponents indicate that the contribution of
the first-order termination is larger than that of
the second-order termination.

Considering the first-order termination and
transfer reactions, and using the empirical rate
equation of the propagation (Eq. (20)), Eqs.

TABLE 3. EFFECTS OF AMOUNT OF AIBN ON THE

POLYMER YIELD AND MOLECULAR WEIGHT IN the

POLYMERIZATION AT HIGHER TEMPERATURES

Ethylene pressure, 400kg/cm2; reaction time, 1.0
hr; volume of reaction vessel, 100ml

Fig. 10. Rp/Mp vs. (t-kdt2/2)/Mp at the various
reaction temperatures.

(Reaction conditions and notes are the same
as for Fig. 7.)

(23) and (24) are derived for the polymer yield
and the molecular weight; these equations can be
used to evaluate the rates of termination and
transfer reactions.20)

(23)

(24)

where Z is the substance by which the radical is
deactivated, Y is the subtance with which the
radical is transferred, and the ethylene fugacity
exponent used is experimentally determined as

20) T. Kagiya, M. Izu, S. Machi and K. Fukui,
This Bulletin, 40, 1049 (1967).
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Fig. 11. 1/Mn vs. (t-kdtz/2)/Mp at the various
reaction temperatures.

(Reaction conditions and notes are the same
as for Fig. 7.)

has been described above. The decomposition
rate constant of AIBN, kd, has been reported to be
nearly constant, independent of the reaction
media.14-17) In the calculation of Eqs. (18) and
(19), therefore, the value of kd which was deter-
mined by Tobolsky21) in benzene at various tem-
peratures from 37 to 100℃ was used. The plot

of RP/MP against (t-kdt2/2)/MP according to
Eq. (18) is shown in Fig. 10. The intercept on
the axis of RP/MP gives the rate of termination
(kt[Z]). The rate of termination is thus shown to

Fig. 12. Effect of temperature on the initiation
rate constant, fkd.

be approximately zero at 30 and 40℃ and to in-

crease with a rise in the temperature.

Figure ll showstheplotof 1/Mn against(t-

kdt2/2)Mp according to Eq. (19). Straight lines
through the point of origin are obtained, their
slopes corresponding to the rate of initiation. The
correlation between the initiation rate and the
temperature is shown in Fig. 12 as an Arrehenius

plot. The activation energy of the initiation reac-
tion is obtained as ca. 27 kcal/mol. The order of
magnitude of the value is close to that of the de-
composition of AIBN, i. e., 30.8kcal/mol.14)

The fact that the lines in Fig. 11 pass through
the point of origin indicates that the rate of the
transfer reaction is approximately zero at tem-
peratures from 30 to 65℃.

21) J. P. Van Hook and A. V. Tobolsky, J. Am.
Chem. Soc., 80, 779 (1958).


