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Consideration on the Q-e Scheme. III. Q-e Factors in Ionic 
Polymerization 
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The reactivity of vinyl compounds in radical 
copolymerization has been generalized by the 
Q-e scheme proposed by Alfrey and Pricey. 
According to the scheme, the rate constant of 

propagation step, kp, is expressed by the fol-
lowing equation:

kp=PaQm exp (-eReM) (1)

where P is the reactivity associated with 

polymer radical, Q is the general reactivity 
term characteristic of the monomer and e is 
the polarity term characteristic of the radical 
and the monomer. In part I of this series2), 
a revised pattern of the scheme by assuming 
the e-value of styrene to be equal to zero was 
described and a notation eRM was proposed 
instead of eReM for the polarity term. In part 
II of this series3), we tried to give some 
theoretical background to the scheme. We 
tried to divide the conjugation-stabilization 
energy between monomer and attacking radi-
cal4), ERM, into four terms by the following 
equation:

ERM=ERoMo+ER+EM+E'RM (2)

where EROMO is the stabilization energy between 

polyethylene radical and ethylene monomer, 
ER and EM are the increments in the stabiliza-
tion energy introduced by the substituent of 
radical and by that of monomer, respectively, 
EROMO as standard. E'RM is the surplus incre-
ment in the stabilization energy introduced by 
the substituents of the radical and the mono-
mer. We proposed the relations 3 to 5 for 
P-, Q- and e-terms.

PR a exp(ER/RT) (3)

In Q1-ln Q2=(EM1-EM2)/RT (4)

eRM=-E'RM/RT (5)

For ionic copolymerization, however, no such 

generalization has been established, although 
several attempts have been made5). The most 

characteristic feature of ionic copolymerization 

has long been considered to be that the prod-

uct of monomer reactivity ratios, r1r2, is close 

to unity. Thus,

1) T. Alfrey, Jr., and C. C. Price, J. Polymer Sci., 2, 101 
(1947); T. Alfrey, Jr., J. J. Bohrer and H. Mark, "Copoly-
merization", Interscience Publishers, New York (1952). 

2) N. Kawabata, T. Tsuruta and J. Furukawa, Makromol. 
Chem., 51, 70 (1962). 

3) N. Kawabata, T. Tsuruta and J. Furukawa , ibid., 51, 
80 (1962).

4) T. Yonezawa, K. Hayashi, C. Nagata, S. Okamura 
and K. Fukui, J. Polymer Sci., 14, 312 (1954); K. Hayashi, 
T. Yonezawa, C. Nagata, S. Okamura and K. Fukui, ibid., 
20, 537 (1956); G. S. Levinson, ibid., 60, 43 (1962). 

5) a) C. G. Overberger, L. H. Arond, D. Tanner, J. J. 
Taylor and T. Alfrey, Jr., J. Am. Chem. Soc., 74, 4848 
(1952); b) Y. Landler, J. Polymer Sci., 8, 63 (1952); G. E. 
Ham, ibid., 14, 483 (1954).
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TABLE I. CONJUGATION-STABILIZATION ENERGY BETWEEN

TABLE II. CONJUGATION-STABILIZATION ENERGY BETWEEN

k11/k12•àk21/k22 (6)

Here, kAB is the propagation rate constant for 

polymer ion A and monomer B. Landler5b) 
and Pepper6) interpreted the relation 6 in 

terms of the nearly equal reactivities of polymer 

ions, i.e.,

k11=k21  (7)

and

k12•àk22  (8)

However, this assumption has been denied by

some experimental results of Okamura et al.7), 

who showed that the polymer cation derived 

from a less reactive monomer had the larger 

reactivity. The same conclusion was reached 

in anionic copolymerization by Kuntz and 

O'Driscoll8). The r1r2•à1 relation was afforded 

by Okamura et al., who assumed that the rate 

constant of propagation reaction, kp, was ex-

pressed as a product of the reactivity of ion 

RJ and that of monomer RM, i.e.,

6) D. C. Pepper, Quart. Revs., 8, 88 (1954).

7) S. Okamura, N. Kanoh and T. Higashimura, 
Makromol. Chem., 47, 35 (1961). 

8) K. F. O'Driscoll and I. Kuntz, J. Polymer Sci., 61, 19 
(1962).
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MONOMER AND ATTACKING CATION, ECM(-(△ β)2/β)

MONOMER AND ATTACKING ANION, EAM(-(△ β)2/β)

kp=RIRM (9)

Recently, Szwarc et al.9,10) have found several 
anionic copolymerization systems in which the 
reactivity ratio products determined directly 
by the use of living polymers are less than 
unity. Thus, the widely held view that r1r2 

products for ionic copolymerizations are always 
nearly equal to unity seems to require some 
amendment. The authors herewith have tried 
to give an interpretation of these experimental 
facts by a logical extention of the Q-e scheme

for radical polymerization investigated in pre-
vious papers2,3) to the ionic case. P-, Q- and 
e-terms were therefore regarded as correspond-
ing to the components of the conjugation-
stabilization energy between monomer and 
attacking ion, much as in the case of radical 
copolymerization3). 

Method of Calculation 

On the basis of Dewar's LCAO MO second-
order perturbation method11), the conjugation-
stabilization energy between the attacking9) C. L. Lee, J. Smid and M. Szwarc, J. Am. Chem. Soc., 

83, 2961 (1961). 
10) J Smid and M. Szwarc, J. Polymer. Sci.. 61, 31 (1962). 11) M. J. S. Dewar, J. Am. Chem. Soc., 74, 3341 (1952).
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polymer ion and the monomer was calculated 
as the total ƒÎ-electronic energy difference 

between the pair of interacting mesomeric 

systems and the addition product formed by 

their union. The energy parameters adopted 

here are those used in the preceding paper3).

Results and Discussion 

P-, Q- and e-Terms in Ionic Polymerization. 
-As has been mentioned above , we assume

TABLE III. Em+- AND Ec-VALUE

that the activation energy, Ep, in ionic poly-

merization can be expressed by Eq. 10, as in 

radical polymerization;

EP=C+△Eσ+△Eπ (10)

where C is a constant,4Eo is the activation

energy arising from a-electrons, and dEn is

that arising from π-electrons. We further

assume that C and dEa in Eq. 10 are common

throughout all the ion-monomer pairs. Accord-
ing to the view of Fukui et al.12), △Eπ is the

stabilization energy between the monomer and 

the attacking polymer ion. Thus,

•¢EƒÎ=-ECM (11)

or

•¢EƒÎ=-EAM (12)

where ECM is the stabilization energy between 
monomer and polymer cation and EAM is that 
between monomer and polymer anion. The 
stabilization energies recalculated by us are 

given in Tables I and II*1. 
It can be seen in Tables I and II that the 

relative reactivity of the monomer or the 

polymer ion is consistent with some experi-
mental results except for the extraordinarily 
large stabilization energies of the systems of 

(p-methoxystyrene monomer-vinylidene cya-
nide, acrylonitrile and methyl vinyl ketone
rations)*2.

We tried to divide the stabilization energies 

into four terms by the following equations in

TABLE IV. SURPLUS CONJUGATION-STABILIZATION ENERGY

12) T. Yonezawa, T. Higashimura, K. Katagiri, K. 
Hayashi, S. Okamura and K. Fukui, J. Polymer Scl., 26, 
311 (1957).
*1 The conjugation-stabilization energy in ionic copoly一

merization was calculated by Fukui and others12). Our 

recalculated values of the energy are considerably different 

from theirs because we used somewhat different values of

parameters, the examination of which was described in 

the preceding paper3).
*2 In theses , cases, Dewar's second-order perturbation

method is inadequate because the energy difference be-

tween the lowest vacant level of the polymer cation and 

highest occupied level of the monomer is too small.
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the manner which had been adopted in the 

preceding paper 3) for radical polymerizations:

ECM=ECoxo+EC+EM++E'CM (13)

EAM=EAoMo+EA+EM-+E'AM (14)

Here, ECoMo is the stabilization energy between 
polyethylene cation and ethylene monomer, 
EC and EM+ are the increments in the stabiliza-
tion energies of the systems of (substituted 
polyethylene cation-ethylene monomer) and 
(polyethylene cation-substituted ethylene 
monomer) with respect to ECoMo as standard. 
E'CM is the surplus increment in the stabiliza-
tion energy of the system of substituted poly-
ethylene cation and substituted ethylene 
monomer. EAoMo, EA, EM- and E'AM have the 
significance analogous to ECoMo, EC, EM+ and 
E'CM, respectively. The values of EC and EM+ 
are given in Table III; those of E'CM, in Table 
IV; those of EA and EM-, in Table V; and 
those of E'AM, in Table VI. 

For ionic polymerization, we propose the 
relations:

kCM=PC+QM+exp(-eCM+) (15)

kAM=PA-QM-exp(-eAM-) (16)

which are just the logical extentions of Eq. 1 to 
the ionic cases. The terms QM+ PC+, eCM+ 
QM-, PA_ and eAM- will then be given by 
Eqs. 17 to 22, respectively:

ln QM1+-ln Qu2+=(EM1+-EM2+)/RT (17)

BETWEEN MONOMER AND ATTAKING CATION, E'CM(-(△ β)2/β)

PC+∞exp(EC/R) (18)

eCM+=-E'CM/RT (19)

ln QM2--ln QM2-=(EM--EM2-)RT (20)

PA-∞exp(EA/RT) (21)

eAM-=-E'AM/RT (22)

The Product of Monomer Reactivity Ratios 

in Ionic Polymerization. -In cationic poly-

merization, the surplus energy term, E'CM, is 

negligibly small for most pairs of cations and 

monomers, as is obvious from Table IV*3. 

Therefore, Eq. 15 is reduced to Eq. 23.

TABLE V. EM-- AND EA-VALUES

*3 This seems not to be the essential feature of cationic 

polymerization, but to be ascribable only to the lack of

a strongly electrondonating substituent13). 
13) N. Kawabata, unpublished finding.
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TABLE VI. SURPLUS CONJUGATION-STABILIZATION ENERGY

kCM≒PC+QM+ (23)

That is, Eq. 23, which does not involve the 

e-factor, is a good approximation of Eq. 15. 

This result correlates with the experimental 

finding that rlr2•à1 for all the cationic copoly-

merization systems investigated so far. Thus, 

the experimental finding that r1r2•à1 seems to 

be ascribable to the negligible quantity of the 

surplus energy term. In anionic polymeriza-

tion, however, the E'AM term often plays a 

large part in the stabilization energy, EAM 

(Table VI). Thus, the usual claim that for 

ionic polymerization the rlr2-products are 

always very close to unity seems not to be of 

general validity; it seems necessary to amend 

the generalization to allow for the cases where 

E'AM is relatively large. Recent experimental 

findings by Szwarc et al.9,10) favor our theo-

retical consideration. 

Relative Reactivity toward Carbonium Ions.-

According to the above discussion, the relative 

reactivity of vinyl compounds toward carbonium 

ions established by Pepper6) and by Burnett14) 

is considered to correspond to the general 

reactivity term in cationic polymerization, Q+. 

In fact, a good linear relationship holds be-

tween the logarithm of the relative reactivity 

and the EM+-value, as is shown in Fig. 1*4. 

Overberger et al.51) pointed out that when 

the logarithm of the relative reactivity of sub-

stituted styrenes toward a-methylstyrene car-

Fig. 1. Plot of EM+ against logarithm of Q+. 
(1) Styrene (5) p-Methoxystyrene 
(2) a-Methylstyrene (6) Methyl methacrylate 
(3) p-Methylstyrene (7) Vinyl acetate 
(4) p-Chlorostyrene (8) Isobutene

bonium ions was plotted against Hammett's 
substituent constant a, large deviations of plots 
from linearity were observed in the cases of 
the substituents -OCH3 and -N(CH3)2. Tsuruta 
(one of the authors) has suggested that
linearity was improved when σ+ was used

instead of ƒÐ for these substituentsls). A linear 

relationship was also observed between ƒÐ+ 

and EM+. 

Conclusion 

The correlation of the monomer reactivity 

ratios in ionic polymerization with the con-

jugation-stabilization energy between monomer

14) G. M. Burnett, "Mechanism of Polymer Reactions", 
Interscience Publishers, New York (1954), p. 418.
*4 Later experimental data15)are included here.

15) T. Higashimura and S. Okamura, Abstracts of the 
13th Meeting of Japan Chemical Society, (1960), p. 361; S. 
Okamura, T. Higashimura and K. Takeda, Chem. High 
Polymers (Kobunshi Kagaku), 18, 389 (1%1); A. V. Tobolsky 
and R. J. Bondreau, J. Polymer Sci., 51, s 53 (1961).

16) T. Tsuruta, J. Japanese Chem. (Kagaku no Ryoiki), 8, 
209 (1954) ; Bull. Inst. Chem. Research, Kyoto Univ., 32, 149 
(1954).
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BETWEEN MONOMER AND ATTACKING ANION, E'AM(-(△ β)2/β)

and polymer ions pointed out by Fukui et al.12) 

has been re-examined. The reactivity ratios 

have been satisfactorily explained in terms of 

the stabilization energy. The authors have 

also tried to explain the experimental findings 

that the r1r2 products for all the cationic 

copolymerization systems so far investigated 

are nearly equal to unity while those for 

several anionic copolymerization systems are 

appreciably smaller than unity. The experi-

mental finding that r1r2•à1 seems to be ascrib-

able to the negligible quantity of the surplus 

energy term. 

In the present paper, the authors have 

assumed an ideally ionic polymerization in 

which various energy terms other than the 

stabilization energy are common throughout 

all ion-monomer pairs. Ionic polymerizations 

are sometimes largely affected by the nature 

of the catalyst, the cocatalyst and the solvent 

as well as by other experimental condi-

tions17-19). In the case of radical polymeriza-

tion, the reactivity of vinyl compounds can 

be explained satisfactorily on the basis of the 

stabilization energy3,4). In ionic polymeriza-

tion, other factors than the stabilization energy, 

especially the electrostatic interaction between 

monomer and ion, should also be taken into 

consideration to explain the reactivity. Other 

factors than the stabilization energy may then 

be discussed.

Summary 

The authors have tried to divide the con-
jugation-stabilization energy between monomer 
and attacking polymer cation, EcM, and that 
between monomer and attacking polymer anion, 
EAM, into four terms by means of the equations
ECM=ECoMo+EC+EM++E7CM and EAM=EAoMo+
EA+Em-+E'AM, respectively. Here, ECoMo is
the stabilization energy between polyethylene 
cation and ethylene monomer, EC and EM+ 
are the increments in the stabilization energies 
of systems of (substituted polyethylene cation 
-ethylene monomer) and (polyethylene cation 
-substituted ethylene monomer) with respect 

to ECoMo as standard. E'CM is the surplus 
increment in the stabilization energy of the 
system of substituted polyethylene cation and 
substituted ethylene monomer. EAoMo, EA, 
EM- and E'AM have the significance analogous 
to ECoMo, EC, EM+ and E'CM, respectively. The 
E'CM values for most cation-monomer pairs 
have been found to be negligibly small. This 
result correlates with the experimental findings 
that the products of r1r2 are nearly equal to 
unity for all the cationic copolymerization 
systems investigated so far. The equation,
kCM=PC+QM+exp(-eCM+), is assumed to be
applicable to cationic polymerization, the e+-
terms being, however, negligible for any cation-
monomer pair. Here, Pc+ is the reactivity 
associated with polymer cation, QM+ is the 

general reactivity term of monomer in cationic 
polymerization, and e+ is the corrective term 
characteristic of polymer cation and monomer. 
On the other hand, the E'AM values were often 
found to play a large part in EAM. This result

17) For example, T. Tsuruta et al.. "Kobunshi no. 
Gosei", Kagaku Dojin, Kyoto (1961), p. 53. 
18) S. Okamura et al., Chem. High Polymers (Kobunshi 

Kagaku), 18. 267, 333, 389, 561 (1961). 
19) A. V. Tobolsky. D. J. Keller, K. F. O'Driscoll, C. 

E. Rogers, J. Polymer Sci., 28, 425 (1958); K. F. O'Driscoll 
and A. V. Tobolsky, J. Am. Chem. Soc., 81, 205 (1959); C. 
G. Overberger and V. G. Kamath, ibid., 81, 2910 (1959).
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is consistent with some experimental findings 
by Szwarc et al. The relative reactivity value 
of vinyl monomers toward carbonium ions is 
considered to be the general reactivity term in 
cationic polymerization, Q+. A good corre-
spondence of Q+ with Em + has been observed.

The authors wish to thank Dr. Takayuki 
Fueno for his helpful advice and discussion. 
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