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For cross-linking long chains

I% = [AJ{1/2P(FA®)[1 = P(FA29]3 + [1 = P(Fpout)]4 +

el = (1 = p)P(Faou9]* (56)

where [A4] = p(d)/2M,, where dj is the initial sample den-
sity and M, is the weight between cross-linkable sites.

It is worth noting that the concentration of effective net-
work chains v, + v, can also be applied to predict equilibri-
um swelling of a rubber network (Flory,2b p 579).

Conclusions

The probability of a finite or dangling chain on an ideal
polymer network has been derived by a simple recursive
scheme. In contrast to the method of Dobson and Gordon®
probability generating function formalism is not required.

The general result, eq 21, and its specific solutions, eq 23,
24, and 30, give the finite chain probability as a function of
reactant type and extent of polymerization. They cover
most of the important types of network forming polymer-
izations.

From the finite chain probability useful property rela-
tions such as sol fraction, cross-link density, and the num-
ber of elastically effective network chains are developed.
Because of their simplicity we expect these relations to be
further developed and applied to network polymer proper-
ty measurements.
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Appendix. Effect of Condensation Products on Sol
Fraction

Although the relations for probability of a finite chain
and cross-link probability remain unchanged, condensation
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products do affect the weight fraction solubles. We must
modify the weight fraction terms in eq 39. The probability
that all arms of an Ag" (defined in ref 2a, eq A4) lead to fi-
nite chains is P(Fg™)". Furthermore the proportion of
mass in A¢"’s and By "’s is wa,» and wp,» as defined in ref
2a, eq A16 and A17. Thus with condensation eq 39 becomes

k i . { [ .
we= 3 8 warPFem+ 3 § wp . PEAmT (AD)
i=1n=0 j=1n=0
For the special case of Ay homopolymerization
W= 3 wapPFA™)" (A2)
n=0
or
2M 5, — PfMCP(Fp0ut)f~2
2M s, — pfMc
For the case Ag, P(Faot) = (1 —p)/pifp > %
- 3 —3(1 -
w, = (1 p) [QMA3 3( p)Mc] (A4)
b 2MA3 - 3PMC

Note that for M¢ = 0, the correction factor equals 1 and A3
reduces to eq 38.

ws = P(Fs°t)f [ ] (A3)
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ABSTRACT: In the previous paper! we have proposed the general mechanism involving the participation of both
the free monomers and the charge-transfer complex monomer for the alternating radical copolymerization. This
paper describes a quantitative treatment of the initial copolymerization rate to estimate the ratio of the contribu-
tion of the charge-transfer complex monomer to the free monomers.

A number of -studies have been done concerning the
mechanism of the alternating radical copolymerization. As
for the propagation process of the copolymerization, the
following three mechanisms have been proposed: (i) mech-
anism considering only the cross reactions of the free mo-
nomers, (ii) mechanism of homopolymerization of the
charge-transfer complex monomer (CT-complex mono-

mer), (iii) mechanism involving the participation of both
the free monomers and the CT-complex monomer. Baldwin
et al.? has explained the results based on the first mecha-
nism. Yamashita et al.? has proposed the second mecha-
nism based on the studies of the terpolymerization,
suggesting much higher reactivity of the CT-complex mo-
nomer as compared with the free monomers.
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The third mechanism has recently been proposed by
Tsuchida et al.# and by us,! although the models are differ-
ent from each other. The idea of the third mechanism origi-
nates from the fact that the initial copolymerization rate
does not necessarily maximize at the monomer feed ratio
1:1 where the concentration of the charge-transfer complex
is the highest, which is inconsistent with the second mecha-
nism. Litt et al.? has independently introduced this concept
even to nonalternating systems® showing that in some sys-
tems the charge-transfer model gives a better explanation
of the results than considering the penaltimate and antepe-
naltimate effect.

In the previous paper! describing alternating copolymer-
ization of N-vinylearbazole with the electron-accepting
monomer, we have qualitatively shown that the overall ini-
tial copolymerization rate is understood as the superposi-
tion of the rates of the free monomers R(f) and of the CT-
complex monomer R,(CT). Quantitative treatment to eval-
uate the degree of the participation of the free monomers
and the CT-complex monomer in the alternating copoly-
merization has not been made. In this paper we report a
quantitative treatment of the initial copolymerization rate
to divide it directly into R(f) and R,(CT) and estimate the
ratio of the participation of the CT-complex monomer to
the free monomers. The reactivity ratio of the CT-complex
monomer to the free monomers toward the growing poly-
mer radical is also evaluated by this method.

Discussion

In the previous paper! we have proposed the following
mechanism for the alternating radical copolymerization,
which involves the cross-reactions of both the free mono-
mers and the CT-complex monomer in the propagation
process (eq 6-9).

Initiation Process

kid
I—>2R. (1)
ki
R. + M1 —1> mie (2)
ki2
R+ M2 —> Mg (3)
kica
R' + M1M2 —>» My (4)
kic1
R. + MoM; —m;- (5)

Propagation Process
k12

my- + Mg —>mo: (8)
ka1
mg + M; —>m;- (7
klc
mi- + M2M1 ——>»mj. (8)
koc
mg + MMy —> mo- 9)

Termination Process (I)
(in the case of bimolecular termination)

k11

m;- + m;- —3 polymer (10)
kt12

m;- + mg- —> polymer (11)

kg2
mo: + ms- —> polymer (12)

Macromolecules

Termination Process (II)
(in the case of monomolecular termination)

Tk
my- = polymer (13)
k2
mg —> polymer (14)

Based on this model we show the quantitative treatment
of the initial copolymerization rate to divide Ry, into Ry(f)
and R(CT) respectively and estimate the ratio of the reac-
tivity of the CT-complex monomer to the free monomers
toward the growing polymer radical. The method is to ex-
amine the total monomer concentration dependence on the
overall initial copolymerization rate for each given mono-
mer feed composition.

Evaluation of the Reaction Rates of the Free
Monomers R, (f) and the CT-Complex Monomer
R,(CT)

Let us consider first the case where the bimolecular ter-
mination occurs. The overall initial copolymerization rate
is given by eq 15,7
Rp = —d([Mll + [Mz])/dt = k12[m1-][M2] +

k21'[m2-] [Ml] + Q{k 1C[m1][CT] + kgc[mz-][CT]} (15)

where [M1], [My], and [CT)] represent the concentrations of
the free monomers M; and Ms and the CT-complex mono-
mer M;M; (MaM)), respectively, and [m;+] and [mg-] repre-
sent the concentrations of the growing polymer radicals
with the M; and M; end, respectively. The equilibrium
constant K for the formation of the charge-transfer com-
plex is generally not large in the alternating copolymeriza-
tion systems; therefore, the concentration of the CT-com-
plex monomer is expressed approximately by eq 186.

[CT] = K[M1][M] (16)
The steady-state approximation gives eq 17 and 18.

Rig[m ] [Ma] = koi[ma:] [My] (1n
R; = Ry = kya[mye]? + 2ke9[my-][mo] + keoo[mor]? (18)
As is evident from eq 15 the overall copolymerization
rate is expressed as the sum of the reaction rates of the free

monomers Ry(f) and the CT-complex monomer R,(CT).
Ry, = Rp(f) + R,(CT) (19)
Rp(f) = kia[my-][Ma] + ka1[ma][My] (20)
Rp(CT) = 2{k1c[my][CT] + koc[ma][CT]} (21)
Substituting [M;] + [M3] = [T] and [Ms] = X[M;], and in-

troducing eq 17 into eq 20 and 21, the ratio of R,(CT) to
R (f) will be given by the following equation,

klc k2c [T]
—+—X> KL 99

where [T]/(1 + X) = [M;]. Equation 22 shows that the
ratio Rp(CT)/Ry(f) depends on the total monomer concen-
tration and the monomer feed ratio. The rate of the reac-
tion of the free monomers Ry(f) will be expressed as eq 23
by combining eq 17, 18, and 20,
2kark2Ri12X

{kiiikoi? + 2k1oko1k 12X + Rrook 122X Y2

X [My] = A(X)[M1] (23)

(Ri = 2kgf(I])

where A(X) should be constant so far as the concentration

Ry(CT)/Ry(f) = (

Ry(f) =
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of the initiator and the monomer feed ratio are fixed. Then,
R,(CT) will be expressed as eq 24 from eq 22 and 23.

k 1c kZC
Rz ko

Thus, we have the overall copolymerization rate equation
expressed as follows.
k
= A(X)K (klc 4 22
Ria ko
By dividing eq 25 by [M;], the following relationship will be
derived.

Ro(CT) = A(X)K ( X> [M,]? (24)

X) M2+ ACOM]  (25)

klc ch
P X> [M] + A(X) (26)

Equation 26 shows that R,/[M,] is the first-order function
with respect to [M;] since A(X) and A(X)K([kic/k1a] +
[Roc/k21]X) are constant for the fixed X and the initiator
concentration. Thus, the plot of R,/[M;] against [M;i] for
each given X (only total monomer concentration is
changed in the range where the equilibrium constant K
does not change appreciably) should give the straight line.
The intercept and the slope of this linear plot give the
values of A(X) and A(X)K([k1/k12] + [k2c/k21]X), respec-
tively. Thus, the values of Ry(f) and R,(CT) can be ob-
tained for each given monomer feed composition and the
given total monomer concentration by use of the eq 23 and
24.

When R(f) contributes overwhelmingly to the polymer-
ization rate, the plot of Ry/[M;] against [M;] will give a
straight line with almost no slope for each given X, whereas
in the opposite case where R,(CT) contributes overwhelm-
ingly to the polymerization rate, the linear plot will give a
very small value of the intercept, or a very large slope. In
the latter case the plot of R,/[M;]? against [M;] for the
fixed X would give an approximately straight line with no
appreciable slope. It should be mentioned here that the
present kinetical treatment based on our model involves
the assumption of eq 17 even in the latter case described
above, therefore A(X) does not become zero.

Similar treatment can be carried out for the case where
the monomolecular termination occurs, to evaluate Ry(f)
and R,(CT), respectively.

In this case eq 18 is replaced by eq 27 and the following
equations will be derived.

Ry/[Mi] = ACOK (72

Ri=R.= ku[ml-] + ktg[mg-] (27)
2koko1 R X

f) = ———m———m— = 8

Botd kukoy + keok1pX (M) = BODM] - (28)

klc k?c
CT)=B K{—+—/—/ 2

Ry(CT) = B(X) (km o X) M) (29)

= B(X)K <k1° kae X) [M1]2 + B(X)[M;]  (30)
kiz  ky

and

klc

Ro/[Mi] = B(X)K < k?c X> M +B(X) (31)

k12

Estimation of the Ratio of the Reactivity of the CT-
Complex Monomer to the Free Monomers Toward the
Growing Polymer Radical End

The ratio of the reactivity of the CT-complex monomer
to the free monomers toward the growing polymer chain
radicals can be evaluated in the following way. Since the
values of A(X) (or B(X)) and A(X)K([ki/ki2) + [kac/
k21]X) (or BIX)K([k1c/k12] + [k2c/k21]X)) are obtained for
each given X, the value of K([kic/k12] + [Rac/k21)X) can be
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calculated for each given X. Here, this is defined as F(X).

klc kQC
F(X) = < 22 )
(0 kio  kan X (32)
When the value K is obtained from a spectroscopic study,
the plot of F(X) against X should give a straight line giving
the values of kic/k12 and ko/ko; as the intercept and the
slope, respectively. These values indicate the ratio of the
reactivity of the CT-complex monomer to the free mono-
mers toward the growing polymer radicals.
Furthermore, the ratio of ki./k12 to koc/kar, i.e., kickar/
kock1s, gives the ratio of the relative stability of the growing
polymer radicals m;- and mo-.

Information on the Termination Process

The information on the termination process will be given
from the dependence of A(X) or B(X) on the monomer
feed ratio X. Furthermore, if we defing the function G (X)
as G(X) = (X/A(X))? for the bimolecular termination pro-
cess, we obtain the following equation.

1 sk 2k12 k1
G(X) = (X/A(X))? = — (—t—X2+——X+—>
(= ) 4R; \ky? kaikiz k1g?

(33)

The plot of G{X) against X and the least-squares method
will give the relative values of kigo/koi2, kyiafkioke1, and
ki11/k122, respectively. These three values might offer the
information regarding the relative weight of the participa-
tion of the three termination reactions. The cross termina-
tion factor ¢ is also obtained by combining these three
values.

Likewise, the function H(X) is defined as H(X) = X/
B(X) for the monomolecular termination process. Then
H(X) is expressed as in the following equation.

X/B(X) = — <Eg X+ 5‘1) (34)
2R ko1 k1o

Linear plot of H(X) against X gives the relative values of

kio/ko1 and ku/k1s from the siope and the intercept, re-

spectively.

As described above the present quantitative treatment of
the initial copolymerization rate provides an effective
method to estimate the ratio of the reactivity of the CT-
complex monomer to the free monomers as well as the ratio
of the participation of the CT-complex monomer to the
free monomers in the propagation step. We are now apply-
ing this kinetical treatment to N-vinylcarbazole (NVC)-
fumaronitrile!, NVC-diethyl fumarate!, vinylferrocene-
diethyl fumarate,? and other alternating radical copolymer-
ization systems, which will be reported in a later report.

H(X) =
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