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The effect of the binary solvent systems on the polymerization of N-phenylethylenimine with
a formic acid catalyst was studied quantitatively. In an acetonitrile-acetone system composed of
components with similar nucleophilicities but with very different dielectric constants, the poly-
merization rate increases with an increase in the dielectric constant of the binary solvent system.
In an acetonitrile - N, N-dimethylacetamide system composed of components with very different
nucleophilicities but with similar dielectric constants, on the other hand, the rate was markedly
depressed by the addition of a small amount of N, N-dimethylacetamide with a large nucleophilicity.
On the basis of these results, a mechanism of the solvent effect in a binary solvent system was
proposed ; the rate equation of the polymerization was expressed empirically as a function of both
the dielectric constant of the binary solvent mixture and the nucleophilic equilibrium constant,

and the concentration of the component.

It has been well known that the reaction rate is
dependent on the nature of the solvent in an ionic
polymerization. Little attention has, however,
been paid to the quantitative study of the solvent
effect on the ionic polymerization. It has been
previously reported by the present authors? that,
in the polymerization of N-phenylethylenimine
with a formic acid catalyst in various solvents, the
polymerization rate depended upon the nucleo-
philicity and the dielectric constant of the solvent,
and that the initiation rate was not very much
influenced by the nature of the solvent, whereas
that of the propagation was remarkably affected.

As a continuation of our quantitative study of
the solvent effect in the cationic polymerization of
N-phenylethylenimine, we focused on the binary
solvent system in the polymerization. The purpose
of this report is to determine quantitatively the sol-
vent effect in a binary mixture of the solvent on the
polymerization of N-phenylethylenimine.

Experimental

The method of preparing and purifying N-phenyl-
.ethylenimine has been described in our previous paper.?
Guaranteed-reagent-grade formic acid was used without

1) T. Kagiya, T. Kondo, K. Nakao and K. Fukui,
“This Bulletin, 42, 1049 (1969).

further purification. The acetonitrile, acetone, and
N, N-dimethylacetamide were purified by the usual
method.? The method of polymerization was also de-
scribed in the previous paper.”? The polymerization was
carried out under the following conditions: monomer,
0.005 mol; catalyst, formic acid (4 mol%, for monomer);
total volume of solvent, 3 ml; temperature, 0°C. The
measurement of the dielectric constant of the solvent
was carried out at 25°C by the use of a Kikusui Elec-
tronic Industry 231 A-type LC meter.

Results and Discussion

Polymerization in Binary Solvent Systems.
Both acetonitrile and acetone have similar nucleo-
philic equilibrium constants to methanol-d (Kp),*%
and a very different dielectric constant, (aceto-
nitrile, Kp; 0.4,*! ¢; 37.5 and acetone, Kp; 0.6,*1 ¢;

2) A. Weissberger et al., “Technique of Organic
Chemistry, Vol VII, Organic Solvents,” Interscience
Publishers, Inc., New York (1955).

3) T. Kagiya, Y. Sumida and T. Inoue, This Bul-
letin, 41, 767 (1968).

4) T. Kagiya, Y. Sumida and T. Inoue, ibid., 41,
773 (1968).

*1  The nucleophilic equilibrium constants of aceto-
nitrile, acetone, and N,N-dimethylacetamide were ob-
tained by the method of literature®) on the basis of the dvp
values shown in Ref. 3.
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Fig. 1. Plots of polymerization rate (Rj) and the

dielectric constant (¢) of the mixed solvent
against the composition of the solvent in the
acetonitrile - acetone binary solvent system.

20.7). As is shown in Fig. 1, the polymerization
rate, defined as the ratio of the polymer vyield
(<209%) to the reaction time, and the dielectric
constant of the binary solvent both decrease with
an increase in the amount of acetone in the aceto-
nitrile - acetone system. The rate increases with
an increase in the dielectric constant of the binary
solvent (Fig. 2). This fact suggests that, in the
binary solvent system with a similar ability for nu-
cleophilic solvation, the polymerization is mainly
dependent upon the degree of ionic dissociation of
the propagating species.

On the other hand, in the acetonitrile - N, N-di-
methylacetamide (Kp*2, 1.6; &, 36.7) binary system,
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Fig. 2. Relation between the polymerization rate
(Rp) and the dielectric constant (g) of the mixed
solvent in the acetonitrile-acetone binary solvent
system.
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Fig. 3. Relation between polymerization rate (Rp)
and the composition of the solvent in the aceto-
nitrile - N, N-dimethylacetamide (DMA) binary
solvent system.

the dielectric constant of the mixed solvent remains
constant on varying the ratio of the two components,
while the rate of polymerization is markedly de-
pressed by the addition of a small amount of N,N-
dimethylacetamide (Fig. 3). This fact suggests
that the solvent and monomer coordinate competi-
tively to the cationic growing end, and that co-
ordination of the solvents increases with the amounts
of N,N-dimethylacetamide with a larger nucleo-
philicity than that of acetonitrile and so depresses
the monomer addition to the growing end. This
is in accord with the finding that the rate decreased
with an increase in the nucleophilicity of the sol-
vent.)

Mechanism of the Solvent Effect of the
Polymerization. On the basis of these experi-
mental facts and the results obtained previously,?
the mechanism of the polymerization and the role
of the solvent were postulated as follows:

Initiation:
HCOO™ . B
+
N H-N H-N
U U b (R
HCOOH -+
(0]
Propagation:
- B
+ B +'/
w-qu K. - @
(N*B) (N¥)
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Propagation by the dissociated immonium ion:
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Propagation by the undissociated immonium ion:

5 4
-4, R = ;;-O N*BM)
Kol F

S

where K,, Kg;, Ky, and Ky' are equilibrium con-
stants and where k, and k,' are rate constants.

The initiation reaction is the reaction of formic
acid with N-phenylethylenimine to produce Com-
pound I. This compound dissociates partially
to the immonium ion, and the reaction is in equi-
librium. The equilibrium constant (K,) is con-
sidered to increase with an increase in the dielectric
constant of the solvent. Equation (3) shows the
nucleophilic solvation of the solvent to the disso-
ciated immonium ion. Since the coordination of
the solvent to both the propagating species and
methanol-d are nucleophilic reactions, the equi-
librium constant (Kg,) is considered to increase
with an increase in the Kp value. From the fact
that, in the solvent with a high dielectric constant,
the polymerization rate decreased with an increase
in the nucleophilicity of the solvent, the propa-
gation is considered to occur by means of the reaction
of the monomer and nonsolvated immonium ion,
as is shown in Eq. (4). On the other hand, the
propagation can also proceed in the solvents with
a low dielectric constant. Therefore, the reaction
of the undissociated immonium ions with the mono-
mer (Eq. (5)) is also probable,

Kinetics. On the basis of the mechanism pos-
tulated, the effect of the solvent on the polymeri-
zation rate was quantitatively investigated. As
was established in the previous paper,? the con-
centration of the propagating species was constant
regardless of both the reaction time and the nature
of the solvent. Therefore, the concentration of
Compound I, «[C],, may be expressed by Eq. (6),
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where [C], is the initial concentration of the catalyst
and where « is the constant (0<a<1):

a[CJ, = [N+] + [N+B-] +j,31 IN+S,]
+ [N+M] + [N+B-M] (6)

On the other hand, according to Egs. (2), (3), (4),
and (5), the equilibrium equations will be:

[N*]/[N*B-] = K, Q)
[N*8;[[(IN*][S:]) = Ks; 8
[N+*M]/(IN*][M]) = Kn ©)

[N+B-MJ/([N+B-][M]) = Kn' (10)
where [M] is the concentration of N-phenylethy-
lenimine. By combining Egs. (6), (7), (8), (9),
and (10), the concentrations of N*B-M and N*M
may be represented by Egs. (11) and (12) respec-

tively:
[N+B-M] =
o[CloKu M) __ an
1+ Ky'[M] + K, {1+ Ky[M] +:§i(KS[S]}i}
IN+M] =

14 Ko/ [M] 4+ K, {1 + K [M] +§:1(xs£sn.-1

The polymerization rate is represented by Eq. (13):
Ry = —d[M]/dt = kp[N+M] + k,/[N+B-M] (1)
Then, by substituting Eqgs. (11) and (12) into Eq.
(13), Eq. (14) is derived:
(KeKwkp+Kn'kp")2[Clo[M]

Ry =
1+ K T+ K, (14 K [M] 4 33K (D)

(149

Since, in the solvents with high dielectric constants,
propaga.tlon may occur mainly with the dissociated
immonium ions, Eq. (14) may be approximately
expressed by Eq. (15):

K EmKpx[Clo[M]

. (15)
1+K, {1 +KM[W4;§1(K5[S]).~}

Rph

The reciprocal of Eq. (15) is:
1

1Ry = Ktk pa[Clo[M]

{(1 + Kn[M])

+ KD + 1/K) a6

By considering that, in an acetonitrile-acetone
binary solvent system (Kp is almost constant, while

2
& varies from 20.7 to 37.5), the value of 3](Ks[S]);
i=]

is constant regardless of the composition of the
solvent, it can be interpreted by means of Eq. (16)
that the polymerization rate increases with an
increase in the K, value (that is, the dielectric
constant of the solvent). On the other hand, in
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the case of the acetonitrile - N,N-dimethylacet-
amide system having a similar dielectric constant
(e%37), the term of K, is constant. Therefore,
Eq. (16) explains the fact that the rate decreases

2
with the 3}(Ks[S]); value or with the amont of
i=1

N, N-dimethylacetamide.

The empirical equations of the polymerization
rate were obtained as follows. On the assumptions
that Kg,=aKp,™ and K,=(1/b)e?, where m, n, a,
and b are constants, Eq. (16) may be written in
this form:

1
KatkpalClo0v]

+ aS(Kom (ST + K1) an

Taking the logarithm of Eq. (17) gives Eq. (18):
log (1/Ry) = log {1/(Kyk,2[CJo[M])}
+log {(1 + Ku[M] + a33(Kom[S]); + K(1/e)")
a8)

In the acetonitrile - acetone binary solvent system,
it is found that the plot of log(1/R,) against log(1/e)
gives a straight line whose slope is 2.5. This
fact indicates that the wvalue of (14 Ky[M]

' +a§(KD"'[S])¢) is much smaller than that of the
i=1
b(1/¢)» in Eq. (17).
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Fig. 4. Plots of R, against &*® (¢ : the dielectric
constant of the mixed solvent) in the aceto-
nitrile - acetone binary solvent system.

From the slope in the linear relation between R,
and &*% (Fig. 4), the value of (Kyk,x[C],[M])/b
is obtained as 0.07:

(Enakpa[CJo[M])/b = 0.07 (19)

Therefore, the polymerization rate in the aceto-
nitrile - acetone system can be approximately ex-
pressed by:
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Ry = K_~—.-1M"’°‘[f]°[M] 2.5 — (,07¢25 (20)

On the other hand, in the acetonitrile - N,N-
dimethylacetamide binary solvent system (Kp, varies
from 0.3 to 1.6, while & is almost constant, 37),
the empirical equation of the rate was obtained
as follows. If it takes m=2, Eq. (17) is written:

EES]
Ktk [CIa[M]

1+ Ky[M]
Kk pa[C]o[M]
b(1/e)*-
Kk px[C]o[M]
By substituting the values of b/(Kyk,a[C]s[M])=
14 and ¢=37 into Eq. (21), one obtaines:

1Ry =

1)

2
1Ry = — 1+ Eu(M] S(Kn?[S]):
P Knkp[Clo[M] (1/a)Kntk e[ C1o[M]
+ 5.4%10-4 .

2
A plot of the 1/R, against 3(Kp%[S]); gives a
i=1

straight line (Fig. 5), this straight line is written
in form:

1/R, = 0.33 ‘é (Kn?[S]): 23)

By comparing Eq. (23) with Eq. (22), we discover
that the value of 5.4 10-* is much smaller than
the term of Ky in Eq. (22), and that:
(1-+ K [M]D/(Knek p[C1o[M]) = 0 @9
1{(1/a)Enk yx[C]o[M])} = 0.33 (25)
By combining Egs. (21) and (24), the rate’® equa-
tion in the solvent with a high dielectric constant
can be expressed generally as:

Kk pa[ CJo[M]

Ry=— (26)
a3 (Kp*[S])i + b(1/e)**
i=1
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Fig. 5. Plot of 1/Ry against (Kp?[S])an +
(Kp*[S])pma in the acetonitrile (AN)- N,N-di-
methylacetamide (DMA) binary solvent system.
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Then:
Ry = Kk p(/a)[C]o[M]
P= 3
EI(KD!{S])i + (6/a)(1/e)*-*

@7

By substituting the value of b/a=40 obtained from
Egs. (19) and (25) into Eq. (27), Eq. (27) may
be written in the form:

R, o — Fubolela)(ClIM]
3 (Ko?[SD: + 40(1/e)*

Eq. (28) can then be applied to the results obtained
in the single solvent system (10<e<37.5). As is

(28)

shown in Fig. 6, although the polymerization
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Fig. 6. Plot of polymerization rate (R;) against
the dielectric constant (&) of the solvent in the
single solvent system.

1, Acetonitrile; 2,
3, Epichlorohydrin;

N,N-Dimethylacetamide;
4, Ethylene dichloride
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rate, R,, increases with an increase in the dielec-
tric constant of the solvent, the order can not neces-
sarily be explained by the dielectric constant of
the solvent. The plot of R, against {(Kp*[S])+
40(1/e)2-5}1 gives a straight line through the
point of origin (Fig. 7). This fact indicates that
Eq. (29) can be applied as an empirical equation
of the polymerization rate to both the single and
the binary solvent system.
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Fig. 7. Plots of R, against {tﬁ(KD’[S])H
=1
40(1/g)*-8} -1 in the single and binary solvent
systems.

@ Single solvent system, notes are the same as
Fig. 6.
O Binary solvent system.




