Macromolecules 1990, 23, 1971-1976 1971

T, — T difference. However, in the case of these pol-
ysiloxanes, which have both nematic and smectic A phases,
no discontinuity is observed, within the sensitivity of the
experiments, at the nematic-smectic A transition tem-
perature.

Conclusion

This *C NMR study of side-chain liquid-crystal pol-
ysiloxanes has led to a detailed description of molecular
order and local motions in the different parts of the mol-
ecule: spacer, mesogenic core, and terminal group of the
side chain. It has shown the different influence of the
spacer and terminal group on the order parameter asso-
ciated with the mesogenic core. Moreover, apparent vari-
ations of the order parameter along the side chain can
be interpreted quantitatively in terms of several motional
processes occurring simultaneously in the oriented
mesophase. Among them are the trans-gauche confor-
mational changes in the spacer, the internal rotation of
the phenyl rings about their symmetry axis, the motion
of the COO plane associated with the 8, transition of
polysiloxanes, and the overall rotation of the whole side
group about its molecular axis.
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ABSTRACT: A diaphragmatic procedure, in which a supporting film (Nafion) was put between pyrrole
monomer and oxidant solution chambers, gave conducting polypyrrole-Nafion composite films through
chemical polymerization of pyrrole. Two types of composite films were obtained with respect to the polar-
ity of the adopted oxidants. One was the asymmetrical conducting composite film in the case of an anionic
S,0,% oxidant. The anionic oxidant scarcely penetrated into the Nafion owing to the Donnan exclusion
effect of the fixed negative charge in the Nafion. Pyrrole permeating the Nafion was polymerized only in
the oxidant side of the Nafion. The oxidant side of the resulting composite film was conducting, while its
monomer side was insulating. The other showed considerable conductivity at both the oxidant side and
the monomer side, when a cationic Fe®* oxidant was used.

Introduction
Polypyrrole (PPy)!™® and its analogues, of great inter-
est as a new type of polymer material, have been stud-
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ied widely in the field of pure and applied material sci-
ence. PPy has applications in such equipment as elec-
tronic devices,”® electrochromic displays,®!! polymer
batteries,*?71% polymer-modified electrodes,'® functional
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membranes,’”** etc. From a practical point of view, good
mechanical properties of the PPy film are required for
these applications. Recently, many hybridized proce-
dures have been developed to endow the native proper-
ties of PPy with high functionality.?*™*® Several groups
have reported that PPy~conventional polymer compos-
ites had good mechanical properties and high conductiv-
ities. These composites were prepared by electrochemi-
cal polymerization of pyrrole on an electrode covered with
conventional insulating polymers®*~?7 or by electrochem-
ical polymerization of pyrrole in the presence of anionic
polymers, 28:30.32

On the other hand, it has not been easy to obtain homo-
geneous and free-standing PPy films during the chemi-
cal polymerization of pyrrole, although the polymeriza-
tion is effective for preparing large amounts of conduct-
ing polymers.*'™*® We utilized the diaphragmatic
procedure, in which the supporting film was put between
monomer and oxidant solution chambers, for the chem-
ical hybridization of PPy. The present methods have
two advantages: (1) the polymerization rate can be lim-
ited by the permeation of a monomer and an oxidant
through the supporting film, and (2) the mechanically
strong free-standing PPy composite film is easily obtained.
In this paper, a cation-exchange membrane, Nafion, was
adopted as a supporting film, and the preparations of
two types of PPy—Nafion composite with an anionic S,04
oxidant and a cationic Fe®* oxidant are discussed. The
present diaphragmatic chemical polymerization of pyr-
role in the cation-exchange membrane is considered to
be one of the effective methods for preparing a charge-
controllable membrane.32:37:38

Experimental Section

Materials. Pyrrole (Aldrich Chemical) was distilled and stored
under N, atmosphere. Potassium peroxodisuifate (Wako Chem-
ical) and ferric chloride hexahydrate (Wako Chemical) were used
without further purification. Prior to use of the Nafion film
(Du Pont, Nafion-117, H* type) the following ion-exchange treat-
ment was carried out in order to eliminate the effect of H*
concentration on the polymerization of pyrrole. When $,04%
was used as an oxidant the Nafion film was soaked in a 3 mol
dm™ KCl aqueous solution unti} there is no further decrease
of pH in the solution. When Fe®* was used as an oxidant the
film was soaked in a 3 mol dm™ FeCl; aqueous solution until
no further change was observed in the visible absorption spec-
tra of the film containing Fe®*, Although this pretreatment is
not essential for the present diaphragmatic chemical polymer-
ization, it is required for quantitative film evaluation.

Preparation of the PPy-Nafion Composite. The Nafion
film (thickness, 1.8 X 10™* m; effective area, 1 cm? was put
between pyrrole and oxidant (K,S,0; or FeCl;) aqueous solu-
tion chambers. The polymerization was quenched by removal
of pyrrole and oxidant solutions and by washing of both cham-
bers with distilled water. The resulting Nafion film was washed
with distilled water and then dried in vacuo.

Measurements and Analyses. Ultrathin sections of the com-
posite films were prepared for inspection with an optical micro-
scope (Olympus BH) by cutting the films with an ultramicro-
tome (Sorvall MT-6000). Conductivity of the film was mea-
sured according to a standard van der Pauw method. Cyclic
voltammetry was carried out in a 0.1 mol dm™2 KCl aqueous
solution with the composite film as a working electrode, which
was prepared by attaching the composite film to the Pt plate
with carbon paste. The four edges of the composite film were
sealed with epoxy resin. The ion-exchange capacity of the com-
posite film, prepared by using FeCl, as oxidant, was estimated
by the following titration method. The composite film was
immersed in a 3 mol ¢cm™ HCI aqueous solution so that the
countercation of the sulfonate moiety was replaced by H*. Then
the resulting composite film was washed with distilled water.
When the composite film was immersed in a 3 mol dm™ KCl
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aqueous solution, the amount of released H* was titrated with
an aqueous NaOH solution.

Results and Discussion

Composite Film Prepared by an Anionic 8,0,* Ox-
idant. The diaphragmatic chemical polymerization of
pyrrole (0.2 mol dm™) with an anionic S,04% oxidant
(0.1 mol dm™3) produced black composite films, shown
in Figure 1. A black PPy layer was observed only in the
oxidant side of the Nafion. In the transparent part of
the cross section (Figure 1¢) transversal scratches were
found on cutting the film with a microtome. Appar-
ently the PPy layer did not grow from the top surface of
the Nafion toward the oxidant solution but, instead, grew
inward from the top surface of the Nafion, since the thick-
ness of the resulting Nafion film did not change during
polymerization. The thickness of the PPy layer, esti-
mated by the photographs, increased with polymeriza-
tion time up to ca. 107° m for 10 h and then ceased grow-
ing, as shown in Figure 2. Figure 3 shows the conductiv-
ity change of the oxidant side of the composite film with
polymerization time. The monomer side had very low
conductivity (o,,, < 10 S cm™). Here, 0,,, and o,
are apparent and real conductivities determined from the
thickness of the Nafion (1.8 X 10™ m) and from the thick-
ness of the conducting layer (d) in Figure 2, respectively.
Orear iNCreased rapidly with polymerization time at <30
min and then decreased a little. The resulting PPy layer
had as high a conductivity as the PPy prepared by elec-
trochemical polymerization of pyrrole in H,O. Since it
has been found that PPy has a tendency to degenerate
under high anodic polarization conditions, it is likely that
the present decrease of o,,, after polymerization for 30
min resulted from further oxidation.

Interestingly, the conducting composite was produced
only in the oxidant side of the Nafion. We concluded
that the difference between the permeation rates of pyr-
role and S,04> through the Nafion resulted in a com-
posite film with asymmetric conductivity, i.e., very dif-
ferent conductivities between surfaces of the composite
film. Figure 4 shows the relationship between the ini-
tial concentration of pyrrole and ¢,,, on the oxidant side
of the composite film after polymerization for 24 h. The
concentration of K,S,0, was kept constant (0.1 mol dm™),
Figure 5 shows the relationship between the initial con-
centration of K,S,04 and 7, of the oxidant side of the
composite film. The concentration of pyrrole was kept
constant (0.2 mol dm™). While o,,, was hardly affected
by pyrrole concentration, it increased with oxidant con-
centration at <0.1 mol dm™, and decreased abruptly at
>0.2 mol dm™. An optical photograph of an ultrathin
section of the composite film prepared by using a
KQSgO8 aqueous solution at high concentration (1.0 mol
dm™) is shown in Figure 6. The PPy layer did not seem
to grow from the top surface of the film but rather from
a location several micrometers below the surface. Inde-
pendently, we have found that the rate of pyrrole poly-
merization is affected by the oxidant concentration in
homogeneous solution. Accordingly, the concentration
of S,04% in the Nafion film is considered to be an impor-
tant factor in polymerization of pyrrole. The redox reac-
tion of the present oxidant is described as follows

8,04 + 2™ — 280" (1)

An oxidant (S,04%) and a product (SO,%) are anionic
species. It has been reported that the concentration of
the anion in a cation-exchange membrane was very low
with respect to that in the outer solution owing to the
Donnan exclusion effect.*”*® Equation 2 shows the Don-
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Figure 1. Optical photographs of cross sections of PPy-
Nafion composite films prepared from 0.2 mol dm™ pyrrole and
0.1 mol dm™® K,S,04. Polymerization time was (a) 30 min, (b)
7h, and (c) 23 h. The left side and the right side of the Nafion
in the photograph were in contact with K,S,04 and pyrrole aque-
ous solutions, respectively.
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Figure 2. Growth in thickness of the PPy layer (d) estimated
from the photographs.
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Figure 3. Apparent conductivity (o,,; ®) and real conductiv-
ity (o, ©) of the oxidant side of the PPy-Nafion composite
films ‘after various polymerization times. [pyrrole] = 0.2 mol
dm?, [K,S,04] = 0.1 mol dm™.
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Figure 4. Relationship between the initial concentration of

pyrrole and o, on the oxidant side of the PPy-Nafion com-
posite films polymerized for 24 h. [K;S,0,] = 0.1 mol dm™.
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Figure 5. Relationship between initial concentration of
K,8,04 and o, on the oxidant side of the PPy-Nafion com-
posite %ilms pofymerized for 24 h. [pyrrole] = 0.2 mol dm™.

nan equilibrium for divalent anionic species between the
outer solution and the cation-exchange membrane

cc.+¢x/27° = Kc* (2)

where c_, ¢x, K, and ¢ are the concentration of anion in
the cation-exchange membrane, the effective fixed neg-
ative charge density, the equilibrium partition coeffi-
cient, and the concentration of ion in the outer solution,
respectively. Here, the fixed negative charge presum-
ably corresponds to the sulfonate moiety of the Nafion.
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Figure 6. Optical photograph of a cross section of PPy-Nafion composite film prepared from 0.2 mol dm™? pyrrole apd 1.0 mol
dm® K,S,04 polymerized for 23 h. The left side and the right side of the Nafion in the photograph were in contact with K,S,04

and pyrrole aqueous solutions, respectively.

It is well-known that the permeation rate of the species
through the membrane is controlled mainly by two fac-
tors, the partition of the concerned species between mem-
brane and solution phases and the diffusion rate in the
membrane. It can be expressed by the following simple
equation:

P=KD (3)

where P, K, and D are the permeation rate, the partition
coefficient, and the diffusion rate, respectively. In the
present experiments, the partition of the S,0,% between
the Nafion and the oxidative solution phases is consid-
ered to be more important than it’s diffusion rate in the
Nafion, since there is sufficient pyrrole in the Nafion film
for the polymerization, as stated below. According to eq
2, when the ion concentration in the outer solution is
low with respect to the effective fixed negative charge
density of the Nafion, c_is very low; i.e., the anion scarcely
penetrates. In contrast, when the ion concentration in
the outer solution is high, the concentration of the pen-
etrated anion is high. Because the neutral species is not
affected by the Donnan exclusion, pyrrole must pene-
trate fast in the Nafion. At a concentration of <0.1 mol
dm™3, the S,04% could hardly penetrate into the Nafion,
and consequently pyrrole was polymerized in the neigh-
borhood of the surface of the Nafion. At a concentra-
tion of >0.2 mol dm™3, the Donnan exclusion effect weak-
ened and S,04> could diffuse toward the other side of
the Nafion, causing pyrrole to polymerize inside the Nafion.
The low o,,, observed at a concentration of >0.2 mol
dm™ resulted from poor electric contact between the inner
growing PPy layer and the measurement electrodes, where
an insulating Nafion layer existed between them. It was
concluded that the difference between permeation rates
of 8,052 and pyrrole, due to the high charge density of
the Nafion, resulted in a composite film with asymmet-
ric conductivity.

50)Jrn

Figure 7. Optical photograph of a cross section of the PPy-
Nafion composite film prepared from 0.1 mol dm™ pyrrole and
0.1 mol dm™® FeCl, polymerized for 1 h. The left side and the
right side of the Nafion in the photograph were in contact with
FeCl, and pyrrole aqueous solutions, respectively.

Composite Film Prepared by a Cationic Fe®* Oxi-
dant. The diaphragmatic chemical polymerization of pyr-
role (0.1 mol dm™) with a cationic Fe®** oxidant (0.1 mol
dm™®) also produced black composite films. It was observed
that pyrrole was polymerized from the surface of the mono-
mer side toward that of the oxidant side at the outset.
However, after 1 h, there was no specific structure in the
section of the film shown in Figure 7. Figure 8 shows
the change in ¢, of the composite with the polymeriza-
tion time. The conductivity shown in the figure was mea-
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Figure 8. o ., of the monomer side of the PPy~Nafion com-
posite films representing various polymerization times. [pyr-
role] = 0.1 mol dm™3, [FeCl,] = 0.1 mol dm™.
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Figure 9. Cyclic voltammogram of the PPy-Nafion compos-
ite film prepared from 0.2 mol dm™ pyrrole and 0.1 mol dm™3
K,8,04 polymerized for 23 h.

sured for the monomer side of the film. The oxidant
side showed the same order of conductivity.

Independently, we have examined the diaphragmatic
chemical polymerization of pyrrole with Fe3* using K*-
exchanging Nafion, which was prepared by ion-
exchange treatment with KCl aqueous solution. How-
ever, no quantitative data on conductivity were obtained
at the initial stage. We assumed that its reaction involved
a fast and unreproducible ion-exchange reaction (K* —
Fe®*). Accordingly, pretreated Nafion films having
Fe3* as a countercation of the sulfonate moiety were used
in the present study.

The redox reaction of the present oxidant is described
as follows:

Fe¥* + ¢ — Fe?* (4)

An oxidant (Fe*) and a product (Fe?*) are cationic spe-
cies. Equation 5 shows the Donnan equilibrium for triva-
lent cationic species between the outer solution and the
cation-exchange membrane:

c(cs — ¢1/3)° = Kc* (5)

where ¢, ¢x, K, and ¢ are the concentration of cation in
the cation-exchange membrane, the effective fixed neg-
ative charge density, the equilibrium partition coeffi-
cient, and the concentration of ion in the outer solution,
respectively. According to eq 5, a high concentration of
cation in the cation-exchange membrane is maintained
regardless of the ion concentration in the outer solution.
It was considered that the fast permeation rates of both
pyrrole and Fe* resulted in the composite film with an
isotropic conductivity.

Electrochemical Behavior of a Composite Film. Fig-
ure 9 shows a cyclic voltammogram of a composite film
prepared from the K,S,0, oxidant. Broad oxidation and
reduction peaks were observed at +600 mV and ~100 mV
versus SCE, respectively. We have reported that the elec-
trochemical properties of the PPy prepared by electro-
chemical polymerization in H,0 were affected by the type
of incorporated anion.®” In comparison with ordinary PPy,
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Figure 10. Change in cation-exchange capacity of the PPy-
Nafion composite films through diaphragmatic chemical poly-
merization. @ is the ratio of the cation-exchange capacity of
the PPy-Nafion composite film to that of the original Nafion.
[pyrrole] = 0.1 mol dm™3, [FeCl;] = 0.1 mol dm™.

the composite film showed broad and anodically shifted
redox peaks, which were assigned to a so-called doping—
undoping process. The resulting PPy in the Nafion is
considered to be an electroactive material similar to PPy
prepared by electrochemical polymerization.

Cation-Exchange Capacity of a Composite Film.
Figure 10 shows the change of cation-exchange capacity
of the composite film during diaphragmatic preparation
with Fe®* oxidant. Here, Q is the ratio of the cation-ex-
change capacity of the composite film to that of the orig-
inal Nafion film (0.88 X 1072 equiv g'!). The cation-ex-
change capacity of the resulting composite film was esti-
mated by the above-stated titration method. We
speculated that the partial sulfonate moiety of the Nafion
was doped to the PPy in the composite film and that
PPy and Nafion made up a polyion complex. It has been
reported that the PPy-polyanion complex was not diffi-
cult to replace with other ions.?3%37 In the present titra-
tion method the sulfonate moiety of the Nafion doped
to the PPy could not be detected as the undoped (i.e.,
H* type) sulfonate moiety. Therefore, it was assumed
that the decrease of , shown in Figure 10, resulted from
the formation of a PPy-Nafion polyion complex. It has
also been reported that the chemical polymerization of
pyrrole in the porous filter produced conducting PPy~
porous filter composites.?**® Compared with them, the
present PPy-Nafion composite film was characterized by
molecular level hybridization between the partially oxi-
dized PPy chain and the sulfonate moiety of the Nafion.
In other words, the Nafion plays a role as a polymer dopant
as well as a supporting material. It is expected that the
present PPy-Nafion composite acts as a “charge-
controllable membrane”, whose properties can be con-
trolled by the applied potential. 323738
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ABSTRACT: A molecular model developed previously has been extended to a study of the elastic proper-
ties of elastomers cross-linked in a state of strain. The model allows a detailed analysis of both the net-
work connectivity upon cross-linking and the mechanical properties upon tensile deformation. The non-
affine displacements of the network junctions during deformation is also fully taken into account. The
results show that the permanent set and modulus values in the state of ease increase with an increase in
the strain at which the cross-links are introduced. However, in contrast to the predictions of previous the-
ories, these moduli and permanent set values level off at high cross-linking strains.

1. Introduction

In the first paper of this series,! we have introduced a
new molecular model for the study of the factors control-
ling the deformation behavior of elastomeric networks.
The main emphasis of the work was on the role of entan-
glements latent in the polymer prior to cross-linking. Our
approach has been quite successful in predicting the depen-
dence of mechanical properties on molecular weight of
the starting polymer, cross-link functionality, and degree
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of advancement of the reaction. For simplicity, the study
was restricted to the case of poly(dimethylsiloxane) net-
works formed through chemical end-linking of difunc-
tional polymer chains with plurifunctional monomers.
That previous work is extended here to polymer net-
works cross-linked in a state of strain. Cross-link forma-
tion in stretched networks is of great technological impor-
tance since it is closely related to the the phenomenon
of ageing in rubber materials. Another motivation for
the present work is to be found in recent experimental
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