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Product Relation of Copolymerization
Reactivity Ratios

The copolymerization reactivity ratios designated as rj = kii/kij are
characteristic of thermodynamic conditions, such as temperature, pressure,
and concentration, in which the temperature dependence has been demon-
strated by kinetic procedures [1-4]. It is noted that in radical copolymeriza-
tion the simple product of the reactivity ratios, e.g., 1,15, generally tends to
move toward unity with increasing temperature [2] and that for ionic copo-
lymerization it is usually close to unity [5]. Such an inclination, however,
involves some ambiguity in evaluating all the reported data [6] concerning
the polymerization conditions.

In a stricter sense, we here provide the product relation of the copolym-
erization reactivity ratios, namely,

“rzﬁ =a or (ku/ku)(kzz/kzl)ﬁ = (1)

where a and § are the thermodynamic parameters that will be defined in
the following description.
In terms of transition state theory, the reactivity ratios can be expressed

by

Iy = exp [(ASi“ - ASt )R] exp [-(AHIU - AHE1)/RT] (2a)
and

1 = exp [(AS¥, - AT, )R] exp [-(AHE,; - AHE, YRT]  (2b)

Then Eq. (1) will be replaced by

P =exp [(ASI“ - A8t,) ;B(ASin - ASizl)]

exp [_ (AH%,, -AHIlz)R;B(AHin -AHIN)]

3)
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When a copolymerization system examined with varying temperature ex-
hibits this product relation, the right side of Eq. (3) should hold the
definite value independent of the temperature, where that condition is given
by

(aHY, - AHE ) + gaHE,, - AHE, ) =0 @)

Therefore, the parameters § and a, can be defined as
B = - (AH%,, - aHE ,)/(AHE,, - AHE,)) (3)
a=exp { [(a8}, - AS¥y,) + gast,, - asty)I/R) ©)

The parameter § is designated as the ratio of enthalpy differences between
each successive propagation and « is predominantly made up of entropy
terms forming the function of 8. Equation (6) seems to be realized in some
copolymerization systems (see Table 2), i.e., the o values observed tend to
increase with increasing and decreasing f-value for Groups RI and CI, res-
pectively (cf. Group PI in Table 3).

The product relation would be also interpreted by the Q-e scheme due
to Alfrey and Price [7], as follows:

11 = [Qi/Q 1 1P exp (- (6,2 - (1 + Blesey + fey?)) (7)

and furthermore by the copolymerization factors, q and €, proposed by
Schwan and Price [8], as

1128 = exp [(1 - B)(@2 - 9, )/RT]
exp [-7.23 X 10%%(e, - €;Xe; - B,)/RT]  (8)

Although Egs. (7) and (8) are also derived as the function of 8, each right-
hand side of the equations can not hold constant because of the four vari-
able parameters, Q, e, q, and €, with temperature, i.e., especially in Eq. (8)
the necessary conditions to hold the a value definite are (q, - q,)/T = const
and (e; - €;)(e, - Pe;)/T = const. Thus the product relation has been dis-
proved by the Q-¢ scheme.

The parameters o and § are readily evaluated on a logarithmic plot ac-
cording to Eq. (1) as an intercept and a slope, respectively, as shown
schematically in Fig. 1.
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Fig. 1. Product relation expressed schematically on logarithmic diagram
against various sets of a, § values.

In Table 1 some idealized conditions are expressed in thermodynamic
terms according to Egs. (5) and (6).

The « and 8 values calculated from the literature data [6] in which
temperature dependence has been demonstrated are listed in Table 2. Data
showing small change of reactivity ratios with varying temperature are ex-
cluded. It has been assumed that the monomer [M, ] has a smaller e value
in the Q-e scheme than the comonomer.

The product relation might be utilized to identify the mechanism by use
of the parameters as indexes. For instance, as shown in Table 2, the
radical copolymerization systems can be classified into two groups corre-
sponding to the negative and the positive sign of §. Two types of mech-
anisms seem to influence interactions between a polymeric chain end and
the comonomer. The magnitude of a for various systems is very scattered,
whereas § is close to unity. These findings suggest that entropy character
plays a major role in monomer selectivity in the radical copolymerization
process.
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On the other hand, most ionic systems show a positive sign for § , and
these systems were classified by the temperature dependence of the reactiv-
ity ratios. The wide scatter of a and § values, which is contrary to the ex-
pectation of Landler [5], indicates both entropy and enthalpy terms seem
to cooperate in the ionic mechanism. Since little quantitative work es-
pecially for cationic copolymerization has been done under systematic vari-
ation of physical conditions, the magnitude of a and 8, as a guide, would
not be dependable. However, in only Grignard reagent copolymerization
(Group Al in Table 2) are the examined values of § close to unity. This
case can thus be recognized as one in which the entropy term behaves pre-
dominantly as a function of conditions.

So-called pressure and solvent effects on the reactivity ratios should be
reconsidered using this product relation, because Eq. (1) also might be found
by derivation with the elimination of the pressure or concentration term, as
in Egs. (2) to (6).

In Table 3 are summarized a and § values for the reactivity ratios which
depend on the pressure and the solvent. In radical copolymerization
values for pressure dependence usually have the negative sign, but in which
two systems (Group PII in Table 3), $ values have the positive sign for
temperature dependence (see Table 2). It can not yet be confirmed whether
the mechanism for the temperature dependence and for the pressure effect
are different from each other or if the literature data involves some errors
by the investigators.

The solvent effect on the reactivity ratios examined as a function of
pressure has been recognized [10]. These reactivity ratios have the linear
relation due to Eq. (1), yielding parameters which show the tendency for
a to increase with decreasing f.

The solvent effect on cationic copolymerization is remarkably large as a
general rule. The typical two cases [13, 14] in which reactivity ratios
change with increasing dielectric constant of solvent display a fairly linear
correlation between r; and r,, though it is still not known what the a and
B values calculated mean (Group SII in Table 3). This correlation suggests
that the cationic mechanism on an active site in the various solvent mole-
cules can be ascribed to “compensation effect” according to the equation
cited in Table 1.

Consequently, the new product relation of the reactivity ratios variable
with physical conditions is proposed as rlrgﬁ = q, i.e., it is a convenient
means of identifying the various copolymerization mechanisms. More de-
tailed discussions concerning the mechanism conferred by the parameter
values will be made later with more precise data.
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