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According to the theoretical conclusion reported previously on the activation energy of the

catalytic polymerization, the experimental results relating to the monomer reactivity and the
catalytic activity in anionic or cationic polymerization were interpreted. The catalytic activity in
ionic polymerization can be quantitatively compared with the relative magnitude of the ionization
potential or the electron affinity of monomer and components (A, D) of catalyst (AD). As
a measure of the ionization potential or the electron affinity of monomer, the energy of the highest
occupied (εho=α+λhoβ) or the lowest vacant (εlv=α-ηlvβ) π level of the monomcr has

been used, and as a measure of the electron affinity of component D, the pKa of the acid HD or

the σⅠ value. In anionic polymerization, it was found that the polymerization by the catalyst

with the same component A took place only in the combination of the monomer and the catalyst

in which the ηlv/pKa value was less than about 2.5×10-2, and that the catalytic activity, with

the same component D, depends on the kind of solvent. The results in cationic polymerization were

also discussed in connection with the electron affinity of component D or co-catalyst. And the

monomer reactivity in ionic polymerization with the same catalyst was quantitatively discussed

with the ηlv or λho value of monomer. From the accordance between the theoretical consider-

ation and the experimental data, the present treatment was found to be useful for the purpose

of the quantitative study of the catalytic activity and the monomer reactivity in ionic poly-

merization.

In the past ten years, many works on ionic

polymerization have been accumulated. Little
attention has, however, been paid to the relation

between the catalytic activity and the structure of
the catalyst.

In the previous paper,1) the authors made a

study on the energetic consideration of ionic poly-

merization and reported that the monomer reactivity

could be compared with the relative magnitude

of the electronic natures of monomer and catalyst

components.

1) T. Kagiya, Y. Sumida and T. Nakata, This
Bulletin, 41, 2239 (1968).
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The purpose of this paper is to determine the

relation between the catalytic activity and the

structure of the catalyst on the basis of the energetic

study reported previously. It was found that the

relative magnitude of the catalytic activity is

closely related to the electronic structures of cata-

lyst and monomer. The theoretical treatment was

found to be useful for the purpose of a systematical

interpretation of many kinds of experimental results.

Theoretical

As have been described in the previous paper,1)

the overall activation energy of ionic polymeriza-

tion with the slow or the rapid initiation2) is ex-

pressed as follows,

The Slow Inititation System

Anionic Polymerization;

(1)

Cationic Polymerization;

(2)

The Rapid Initiation System

Anionic Polymerization;

(3)

Cationic Polymerization;

(4)

where k1,..., k5, k1',..., k8' are the positive constants.

k3 and k7 depend on the kind of solvents. M:
monomer, AD: catalyst, D: conjugated component
acting as the electron donor, A: conjugated com-
ponent acting as the electron acceptor. Ea and Ip
are an electron affinity and an ionization potential,
respectively. In the polymeriaztion that the
contribution to the activation energy of the monomer
co-ordination to the growing ion is larger than that
to the counter ion, the last terms in these equations
(1)-(4) contribute less to the change in the over-
all activation energy of the polymerization.

According to the energetic consideration of the
catalytic polymerization, the catalyst give mainly
an effect on the initiation and propagation reac-
tions.1,3) And, since the activation energy of the
initiation reaction is larger than that of the propaga-
tion in the polymerization with the slow initiation,
the overall catalytic activity can be discussed

quantitatively with Eqs. (1) and (2). It is evident
from Eqs. (1) and (2) that the overall activation

energy of the anionic polymerization decreases as

the electron affinity of D decreases, whereas that

of the cationic polymerization decreases as that of

D increases. The electron accepting component A

of the catalyst is usually a metal or hydrogen atom,

and the data of the ionization potentials of their

compounds have been reported, while those of

the electron affinities of D have not.

Fig. 1. Relation between the electron affinity of
component D and the pKa value of the con-
jugated acid HD.

In order to evaluate the electron affinity of D
with the parameter corresponding to it, the relation
between the Ea,(D) value and the pKd value of
the conjugated acid HD4,5) was investigated as
shown in Fig. 1. Ea(D) can be approximately
evaluated with pKa(HD) as follows,

(5)

Therefore, the overall activation energy of the
polymerization with the slow initiation by the
catalyst with the same component A is given as
follows, neglecting the last terms,

(6)

(7)
where k11, k12, k12' and k12' are constants.

Since the electron affinity of D is one of the

measures of the electron withdrawing character of

D, it is considered to be related to the inductive

substituent constant σⅠ. Figure 2 shows the rela-

tion between them. In a similar manner as de-

scribed above, the overall activation energy can

2) T. Kagiya, M. Izu and K. Fukui, ibid., 40, 1045
(1967).3) T

. Kagiya, T. Kondo and K. Fukui, This
Bulletin in press.

4) D. J. Cram, "Fundamentals of Carbanion Chem-
stry," Academic Press, New York and London (1965),
pp. 4-19.5) A

. Albert and E. P. Serjeant, "Ionization Con-
stants of Acids and Bases," First Edition, Methuen &
Co., Ltd. (1962).
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Fig. 2. Relation between the electron affinity of
component D and the inductive substituent
constant σⅠ.

be expressed by the following equations, neglecting
the last terms, instead of Eqs. (1) and (2),

(8)

(9)
where k13, k14, k13' and k14' are constants.

The Eqs. (1)-(9) were used to discuss whether a
certain compound in connection with the structures
of catalyst and monomer has a catalytic activity or
not.

Interpretation of Experimental Data

Monomer Reactivity and Catalytic Activity
in Anionic Polymerization. As have been
described in the preceding chapter , the monomer
reactivity and the catalytic activity in anionic

polymerization can be compared with the electron
affinity of monomer and catalyst component D .
Little information has, however , been reported on
the electron affinities of various monomers except
those of some components D. Then, as described
in the previous paper,1) the ηlv values of vinyl

monomers were calculated as the parameter relat-

ing to the electron affinity and the results were

summarized in Table 1 in the order of the smaller

value. The observed half wave reduction poten-

tial6) relating to the electron affinity is also tabulated

in Table 1.

There is a general tendency that the monomer

TABLE 1. MONOMER REACTIVITY IN ANIONIC POLY-

MERIZATION AND ENERGY OF THE LOWEST

VACANT π LEVEL OF MONOMER

*1 + and - indicate the occurrence and the

nonoccurrence of the anionic polymerization.

*2 ηlv is the coefficient of the energy of the

lowest vacant π level, εlv=α-ηlvβ.

*3 -E1/2 is the half wave reduction potential in

units of eV. Data in Ref. 6.

**An approximate value .

polymerizes more easily as its ηlv value is small,

and that the order of the monomer reactivity is

nearly in accordance with the empirical informa-

tions. In order to discuss quantitatively this fact,

Fig. 3 was drawn. The half wave reduction

potential was adopted as a measure of the electron
affinity, and the reactivity7) of monomer with the

CH3O- or n-C12H25S- anion as its reactivity in

anionic polymerization.

6) N. Yamazaki, I. Tanaka and S. Nakahama,
paper presented at the 16th Symposium on Polymer
Chemistry, Kyushu, October 1967, preprint, p. 91.

7) Y. Yasuda and T. Tsuruta, paper presented at
the 16th Symposium on Polymer Chemistry, Kyushu,
October 1967, preprint, p. 105.
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Fig. 3. Relation between the reactivity of
monomer with CH3- or n-C12H25S- anion and
the half wave reduction potential of monomer.

○ CH3O-, ● n-C12H25S-

(1) Methyl vinyl ketone, (2) Acrylonitrile,
(3) Methyl acrylate, (4) Methyl methacrylate,
(5) Methacrylonitrile

On the other hand, Higginson et al.8) studied the
reactivity of some vinyl monomers catalysed by the
sodium salts of various weak acids and pointed out
that the occurrence of the polymerization had some
relations to the pKa, of the original acids and the
color resulting from the addition of the catalyst into
the monomer.

In Eq. (6), the overall activation energy of
anionic polymerization with the same component
A is given by the following equation,

(10)

In order to discuss the catalytic activity in
connection with the property of monomer, it is
necessary to claculate the value of (-k12pKa(HD)+
k16ηlv(M)). This value, however, cannot be

calculated in practice. Then the ηlv/pKa value

was examined here and summarized in Table 2.

Table 2 shows that the polymerization occurs in

the combination of the monomer and the catalyst

in which the ηlv/pKa value is less than about 2.5

×10-2.

Tsuruta et al.9) discussed the possibility of the
anionic polymerization in connection with the
structures of monomer and catalyst as shown in
Table 3. In Table 3, (a) group of catalyst gives

the polymer of the monomer in group (A), (B)
and (C), (b) group (B) and (C) groups but not
(A), and (c) group (C) group but not (A) and (B)
groups. In order to study the result by using the
above conclusion, the ηlv/PKa values have been

calculated. The results obtained also indicate

that the polymerization takes place only in the

combination of the catalyst and the monomer in

which the ηlv/pKa value is less than about 2.5×

10-2. It is concluded from the above facts that

ηlv/pKa value is an important parameter for evalua-

tion of the catalytic activity in anionic polymeriza-

tion.

It is also considered that the analogous condition

described above is preserved in the propagation

reaction in anionic polymerization. In order to

examine this inference, the ηlv/pKd value was cal-

culated as to the several vinyl monomers, where
CH3Y may be considered to be employed as the
conjugated acid CH2DCHY-CH2CH2Y of the
propagating anion CH2DCHY-CH2C-HY of the
monomer CH2=CHY. It is apparent in Table 4
that the ηlv/pKa parameter is a good index to

predict the occurrence of the anionic polymeriza-
tions.

Szwarc et al.10) studied the anionic polymeriza-
tion of styrene in tetrahydrofuran and in dioxane,
and observed that the rate of propagation is de-

pendent on the kind of counter ions and the nature
of solvents. This result may be also discussed by
Eq. (3). In the case of the same monomer and the

Fig. 4. Effect of the ionization potential of
counter metal on the rate constant of propaga-
tion in anionic polymerization of styrene.

●, tetrahydrofuran; ○, dioxane.

(1) Li, (2) Na, (3) K, (4) Rb, (5) Cs

8) N. S. Wooding and W. C. Higginson, J. Chem.
Soc., 1952, 774.

9) T. Tsuruta, "Atarashii Kobunshi Gosei Kagaku
(Kagaku Zokan 13)," ed. by E. Imoto, M. Imoto,
R. Oda, S. Kambara, J. Furukawa and S. Murahashi ,K

agaku Dojin (1964), p. 109.
10) D. N. Bhattacharyya, J. Smid and M. Szwarc,

J. Phys. Chem., 69, 612, 624 (1965).
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TABLE 2. THE RATIO OF THE ηlv VALUE OF THE ENERGY OF THE LOWEST VACANT π LEVEL oF

MONOMER TO THE pKa VALUE OF THE ORIGINAL ACID OF THE CATALYST

* + indicates the formation of polymer , - indicates the absence of polymer.

TABLE 3. THE RATIO oF THE ηlv VALUE OF THE ENERGY OF THE LOWEST VACANT π LEVEL OF

MONOMER TO THE pKa VALUE OF THE CONJUGATED ACID OF THE CATALYST

*1 Data of Refs. 4 and 5.
*2 ηlv is the coefficient of the energy of the lowest vacant π level

, εlv=α-ηlvβ.

TABLE 4. THE ηlv VALUE OF THE ENERGY OF THE LOWEST VACANT π LEVEL OF MONOMER

AND THE pKQ VALUE OF THE CONJUGATED ACID

*1 ηlv is the coefficient of the energy of the lowest vacant πlevel, εlv=α-ηlvβ .

*2 Data of Refs . 4 and 5.
*3 + and - indicate the occurrence and the nonoccurrence of the anionic polymerization.
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same conjugated component D of catalyst, Eq. (3)
may be written as follows,

(11)

where k is a rate constant of the propagation reac-
tion, k17 and k18 are constants, and k18 depends on
the kind of solvent. Figure 4 indicates that Eq.
(11) can approximately express the change of the
propagation rate with the counter metals.

Monomer Reactivity and Catalytic Activity
in Cationic Polymerization. As the same
manner, the λho values of various vinyl mollomers

were calculated in the order of the smaller value

as shown in Table 5. There is a general tendency

that the monomer polymerizes more easily as its

ono value is smaller, and that the monomer whose

ionization potential11-14) is larger than about

10.2eV occurs no longer a cationic polymeriza-

tion. The order of the monomer reactivity is

TABLE 5. MONOMER REACTNITY IN CATIONIC POLY-
MERIZATION AND ENERGY OF THE HIGHEST

OCCUPIED π LEVEL OF MONOMER

*1 + and - indicate the occurrence and the non-

occurrence of the cationic polymerization.
*2 λho is the coefficient of the energy of the

highest occupied π level, εho=α+λhoβ.

*3 Ip is the ionization potential in units of eV.

Data in Refs. 11, 12, 13 and 14.
*4 An approximate value.

Fig. 5. Relation between the rate constant of
propagation in cationic polymerization of
styrene derivative and its ionization potential.

(1) Styrene, (2) p-Chlorostyrene,
(3) p-Methylstyrene, (4) p-Methoxystyrene

nearly in accordance with the empirical informa-
tions. Figure 5 shows the relation between the rate
constant of propagation in the cationic polymeriza-
tion of the styrene derivatives15) and their ioniza-
tion potentials.11) These results also lead to the
conclusion that the quantitative treatment in the
previous paper1) represents satisfactorily many
experimental data on the monomer reactivity in
the cationic polymerization.

On the other hand, Yokota et al.16) studied the
kinetics of the polymerization of formaldehyde by
the various proton acids in liquid carbon dioxide,
and reported that this polymerization belonged to a
type of the stationary successive with the rapid
initiation2) and the catalytic activity was remarkably
changed by the kind of counter anions. Sub-
stituting Eq. (5) into Eq. (4), it is expected that the
following relation exists between the rate of poly-
merization and the pKa, value of the acid of the
catalyst,

(12)

where R is a rate of polymerization, k19 and k20

11) N. Tamura, M. Hatano and S. Kambara, paper
presented at the 20th Annual Meeting of the ChemicalS

ociety of Japan, Tokyo, March 1967, preprint IV,
p. 277.12) K

. Watanabe, J Chem. Phys., 26, 542 (1957).
13) K. Watanabe, T. Nakayama and J. Mottl,

"Final Report on Ionization Potentials of Molecules by
a Photoionization Method," December, 1959, Dept.
Army No. 5B-99-01-004, ORD TB2-0001-OOR-1624.

14) A. Streitwieser, J. Am. Chem. Soc., 82, 4123 (1960).
15) N. Kanoh, T. Higashimura and S. Okamura,

Makromol. Chem., 56, 65 (1962).
16) H. Yokota and M. Kondo, J. Polymer Sci., Part A,

in press.
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Fig. 6. Effect of the pKa value of catalyst on
the rate of cationic polymerization of form-
aldehyde. (1) Methanol, (2) Water, (3) Acetic
acid, (4) Formic acid, (5) Monochloroacetic
acid, (6) Dichloroacetic acid, (7) Trichloro-
acetic acid, (8) Trifluoroacetic acid.

are constants. As shown in Fig. 6, the relation
(12), that is, Eq. (4) holds good in the cationic
polymerization.

In both of the cationic polymerization of styrene
catalysed by Lewis acids17) and the racemization
of 1-phenylethyl chloride,18) the cationic activity
of Lewis acids is in the order as follows,

These Lewis acids react with the co-catalyst to

form the counter anions of the growing chain end.

Therefore, it is expected that an increase in the

cationic activity of Lewis acid is arised from an
increase in its acidity. Okamura et al.17) employed
the heat of solution of Lewis acid and ethyl acetate
as a measure of the acidity of Lewis acid. Present
authors used the shift of the characteristic band of
the carbonyl group in the infrared spectrum of
the Lewis acid-xanthone complex,19) and reported20)
that an increase in the shift showed an increase
in the acidity of Lewis acid. The values in

parentheses in the above relation represent the
magnitude of the carbonyl shift. There is a good
correlation between the catalytic acitivity and the
carbonyl shift in the Lewis acid-xanthone complex.

Similarly, the activity of co-catalysts in the

polymerization system of the same monomer and
the same Lewis acid catalyst, for example, in the
cationic polymerization of isobutene catalysed by
tin chloride,21) decreases in the order,

As the pKa value of co-catalyst decreases, its activity
increases, and Eq. (7) is satisfied.

As described above, in any cases of anionic and
cationic polymerization the energetic treatment in
the previous paper was found to be useful to explain

quantitatively many kinds of experimental data.

The authors are grateful to Professor Kenichi
Fukui and Professor Teijiro Yonezawa for their
valuable suggestions while carrying out this study.

17) S. Okamura, T. Higashimura and H. Sakurada,
Kogyo Kagaku Zasshi (J. Chem. Soc. Japan, Ind. Chem. Sect.),
61, 1640 (1958).

18) K. Bodendorf and H. Boehme, Ann., 516, 1
(1935).19) D

. Cook, Can. J. Chem., 41, 522 (1963).
20) T. Kagiya, Y. Sumida and T. Inoue, This

Bulletin, 41, 767 (1968).
21) K. E. Russell, Trans. Faraday Soc., 48, 114 (1952).


