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SYNOPSIS

Highly transparent and conducting polypyrrole- (PPy-N) and polyaniline-nylon 6 (PA-
N) composite films could be easily obtained by immersing nylon 6 films containing pyrrole
or aniline into an oxidant solution such as aqueous FeCl; solution or aqueous ( NH,),S;05
solution containing HClL. The conductivity, transmittance, and mechanical properties of
these composite films were affected by the preparative conditions. The maximum conduc-
tivity and transmittance of the PPy~N composite films were 1072 S /cm and about 75% at
550 nm, and in the case of the PA-N composite films, 1072 S/cm and 75%, respectively.
The morphology of PPy-N and PA-N composite films depended on the polymerization
conditions, which might be due to the difference in the polymerization speed of pyrrole or
aniline in polymer matrices. These PPy-N and PA~N composite films exhibited good en-
vironmental stability and excellent mechanical properties. © 1994 John Wiley & Sons, Inc.

INTRODUCTION

Recently, there has been the increased industrial
demand for transparent and conducting materials
in various applications such as electrooptical de-
vices.! But, so far, all transparent and conducting
films commercially used are inorganic-based thin
metallic films, e.g., tin oxide and indium-tin oxide
thin films.?® In processing these inorganic thin films,
high-vacuum production conditions and heating of
the substrates are necessary for sputter-coating.®
Focus has been put on the development of trans-
parent and conducting polymeric films, because
conducting polymers can offer the possibility of
simpler and cheaper processes than those of inor-
ganic materials for the preparation of transparent
and conducting materials.”® However, little work has
been done on these high-tech materials.

In this study, two kinds of transparent and con-
ducting nylon 6-based composite films have been
prepared by immersing highly transparent nylon 6
films containing monomer such as pyrrole or aniline
into various aqueous oxidant solutions. First, we
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carefully studied the interaction between polymer
matrices and monomers, because low molecular
weight liquids are capable of inducing physical mod-
ifications in solid polymers, such as reversible swell-
ing, irreversible microfailure, induced crystallization,
and even dissolution. By the character of their ac-
tions on polymers, liquids can be conditionally di-
vided into two groups: chemically active and phys-
ically active. Chemically active liquids affect first of
all the covalent bonds and break them down. Phys-
ically active liquids affecting mainly the intermo-
lecular interactions can also be conditionally sub-
divided into two groups: The first group involves
liquids causing swelling of a polymer and forming
as a result solution with a polymer. The second group
involves physically inactive liquids in the absence
of external mechanical stresses. The nature of the
low molecular weight liquid compound, the solvent,
was an important criterion, since polymers are af-
fected by various solvents to different degrees.’
Therefore, the solubility parameters of polymer ma-
trices and monomers were investigated. Then, the
diffusion behaviors of monomers in the polymer
matrices and the optimum reaction conditions of
these composite films were also studied. Addition-
ally, the effects of the preparative conditions on the
conductivity, transmittance, and mechanical prop-
erties of these composite films were investigated.
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EXPERIMENTAL

Materials and Reagents

Poly (ethylene terephthalate) (PET) film (thick-
ness 30 um, degree of crystallinity X, < 4%, Sunk-
yung Ind.) and biaxially stretched nylon 6 film
(thickness 10 um, degree of crystallinity X, = 20.6%,
Unitika Ltd.) were used as polymeric matrices. The
monomers such as pyrrole and aniline were distilled
under vacuum before use. All reagents used in this
work were special grade and used without further
purification.

Preparation of Nylon 6-based Composite Films

Figure 1 is a schematic diagram of the transparent
and conducting nylon 6-based composite film prep-
aration process. Before testing, nylon 6 films were
washed with water and methanol and heated to
110°C for dry treatment. The dry nylon 6 films were
soaked in pure pyrrole or aniline monomer, and the
monomer-absorbed nylon 6 films were blotted with
filter paper. Then, the pyrrole-absorbed nylon 6 film
was immersed in an aqueous FeCl; solution (used
as oxidizing agent) and pyrrole absorbed in nylon 6

Pyrrole monomer J

film was chemically polymerized by FeCly. The FeCl,
concentration was varied in the range of 1-3.5 mol
% and the ranges of polymerization time and tem-
perature were 5 min to 4 h and —10-60°C, respec-
tively. The aniline-absorbed nylon 6 film was dipped
into aqueous (NH,),S,0; solution (and HCI as a
proton acid) after treatment by the HCI solution.
The (NH,),S,0¢ concentration was varied with the
range of 0.125-1 mol % and the ranges of polymer-
ization time and temperature were the same as with
pyrrole. These composite films were washed well
with distilled water and dried in vacuo at room tem-
perature for 24 h.

To obtain highly transparent and conducting
composite films, the diffusion temperature of the
monomers into the polymer matrix, the polymer-
ization time and temperature, and the concentration
and acidity of oxidant solutions must be controlled.

Measurements

Sorption properties of pyrrole and aniline in the
polymer matrix were measured by the weighing
method on the basis of the weight change of the
films before and after absorbing the monomers. The
conductivity of the composite films was measured

Aniline monomer

Transparent
Nylon 6 Film

Pyrrole-absorbed
Nylon 6 Film

Agqueous FeCly Solution

Drying under vacuum

Transparent and Conducting
PPy-N Composite Film

1 M HCI Solution

Aqueous (NH4)25;08 Solution
+ HCI

Drying under vacuum

Transparent and Conducting
PA-N Composite Film

Figure 1 Schematic diagram of nylon 6-based composite film preparation process.
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Table I Solubility Parameters Calculated from

Cohesive Energy Density

Nylon 6 PET Pyrrole Aniline
Solubility parameter
(cal/cm®)/?
aliphatic part 13.5 12.1
aromatic part 9.8 10.5 10.3

by using the standard four-probe method. The
transmittance of the composite films was measured
with a Shimadzu UV-240 spectrophotometer and
pristine nylon 6 film was used as a reference. The
morphology of the composite films was investigated
with a JEOL JSM-350CF scanning electron micro-
scope and X-ray diffraction patterns were registered
using a Rigaku RAD-C employing CuKa radiation.
The mechanical properties were tested with a Ten-
silon/UTM-4-100 at room temperature.

RESULTS AND DISCUSSION

Interaction Between Polymer and Monomers

Table I shows the solubility parameters of matrix
polymers and monomers calculated from the cohe-
sive energy density.’” The difference of the solubility
parameters between PET and the monomers is
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Figure 2 Wide-angle X-ray diffraction patterns of (A)
pristine PET, (B) PPy-PET composite film, (C) pyrrole-
absorbed PET, (D) PPy-N composite film, (E) pyrrole-
absorbed nylon 6 film, and (F) pristine nylon 6 film.

smaller than that between nylon 6 and the mono-
mers, which may mean that a significant interaction
can exist between PET and the monomers.

Figure 2 shows the wide-angle X-ray diffraction
(WXRD) patterns of PET and nylon 6 films. There
is no diffraction peak in pristine PET film [Fig.
2(A)], which means that the PET film can be re-
garded approximately as an isotropic amorphous
film. However, when the PET absorbs pyrrole, three
diffraction peaks appear, which can exist in the
crystalline polyester at 17.5°, 21.6°, and 26.1° [ Fig.
2(C)]. This may indicate that PET has a strong
interaction with pyrrole as shown in Table I and
that pyrrole can induce the crystallization of PET
film. The ability of low molecular weight, interactive
penetrants to produce physical modifications such
as crystallization in PET is well known and this
phenomenon is often called solvent-induced crys-
tallization (SINC).!! For the results, the pyrrole-
absorbed PET film becomes opaque and brittle. But
it is found that new diffraction peaks do not appear
in pyrrole-absorbed nylon 6 film, nor do any physical
changes occur [Fig. 2(E)]. When polypyrrole is po-
lymerized in these polymer matrices, the crystal peak
of polymer matrices is decreased [Fig. 2(B) and
(D)]. It seems that polypyrrole partially destroys
the crystal structure of polymer matrices during the
polymerization.

These phenomena also appeared in the case of
aniline. Therefore, we selected only nylon 6 film as
a polymer matrix in following study.

Diffusion Behaviors of Monomers in the Nylon 6
Film

Figure 3 shows kinetics of mass uptake of pyrrole
and aniline in nylon 6 film measured at 20°C, plotted
as a function of the square root of the diffusion time.
In the case of pyrrole and aniline, the initial portion
of the mass uptake curves was approximately linear
with the square root of the immersed time, meaning
that these are the well-known diffusion-controlled
system: the Fickian-type diffusion. For Fickian-type
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Figure3 Sorption kinetics of (a) pyrrole and (b) aniline
in nylon 6 film at 20°C.

diffusion, the diffusion coefficient, D, can be deter-
mined from the initial slope of the mass uptake vs.
the square root of diffusion time plot using the fol-
lowing equation!2:

M!_4 D't
M, | \/ =« (1)

where M, and M, are the mass uptake at time t and
o0, and ! is the thickness of the film. According to
Figure 3, the equilibrium mass uptakes of pyrrole
and aniline in nylon 6 film were estimated at about
30 and 26.4%, respectively. From eq. (1), the dif-
fusion coefficients of pyrrole and aniline in nylon 6
film can be calculated to be about 2.01 X 107* and
1.06 X 107 m?/s, respectively.

The activation energy of diffusion, E 4, can be de-
termined from the slope of the logarithm plot of the
observed diffusion coefficient at different tempera-
tures vs. the reciprocal of the absolute temperature
using the following equation®:

D =Dy X exp(—E4/RT) (2)

where D, is the preexponential factor; R, the gas
constant (8.314 X 10 *kJ /K mol); and T, the tem-
perature in Kelvin. From eq. (2), the diffusion ac-
tivation energy of pyrrole and aniline in the nylon
6 film can be calculated to be about 4.8 and 5.9 kJ /
mol, respectively.

UV-Visible Absorption Spectra of PPy-N and
PA-N Composite Films

Figure 4 shows UV-vis absorption spectra of PPy—
N composite films for various polymerization times.
The transmittances of these composite films at 550
nm gradually decrease from about 75 to 45% with
respect to the polymerization times. The new ab-
sorption band appears in the range 400-500 nm with
increasing polymerization time. It seems that this
absorption band is due to m—#* transition.!* This
absorption band is clearer at 2 h, which corresponds
with the conductivity maximum at 2 h. The trans-
mittance of PPy-N composite film under optimum
conditions is greater than 70% over the range 500-
800 nm.

In the case of PA-N composite films, it was found
that the typical absorption spectrum of the emer-
aldine salt form of polyaniline'*!” appears and the
transmittance is greater than 70% over the range
490-630 nm. Therefore, it was found that the PPy-
N and PA-N composite films (thickness 10 um) were
highly transparent in the UV-visible regions.

Effects of the Preparative Conditions on the
Conductivity and Transmittance

Figures 5 and 6 show the effects of the oxidant con-
centration on the conductivity and transmittance of
the PPy-N and PA-N composite films, respectively.
In Figure 5, the conductivity of the PPy-N com-
posite film increases with FeCl; concentration and
reaches a maximum value at 2.5 M of FeCl;, then
tends to decrease. Above 2.5 M FeCl; concentrations,
it seems that a polypyrrole layer that retards the
diffusion of the oxidant solution is formed on the
surface of nylon 6 film because the polypyrrole is
polymerizing too fast, thus generating the nonuni-
form composite films and decreasing the conductiv-
ity of the PPy-N composite film. The transmittance
of the PPy-N composite film gradually decreases
with FeCl; concentration and then tends to level off
at about 3.0 M of FeCl;. This behavior also was ap-
parent in the case of the PA-N composite films
(Fig. 6).

The conductivity and the transmittance of these
PPy-N and PA-N composite films were also affected
by the polymerization time, temperature, and acidity
of oxidant solutions. In forming a highly transparent
and conducting PPy-N composite film, the optimum
conditions of oxidant concentration, polymerization
time, and temperature were found to be 2.5 M of
FeClg, 2 h, and 20°C, respectively. In the case of
PA-N composite films, the optimum oxidant con-
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Figure 4 UV-visible spectra of PPy-N composite film with reaction time: (a) 5 min, (b)
30 min, (¢) 2 h, (d) 4 h. Diffusion time: 30 min; diffusion temperature: 20°C; FeCl; con-
centration: 2.5 M; reaction temperature: 20°C.
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centration was 0.25 M of (NH, ) S,05 under the con-
ditions of a polymerization time of 10 min, reaction
temperature of 30°C, and HCI concentration of 2 M.

Morphology of These Composites

Figure 7 shows the scanning electron microscopy
(SEM) photographs of the surface for the original
nylon 6, pyrrole-absorbed nylon 6, and various PPy-
N composite films. The SEM photographs display
the flat surface for the original nylon 6 film and the

traces by diffusion of pyrrole monomer for the pyr-
role-absorbed nylon 6 film. The surface of the PPy-
N composite film polymerized at 0°C is coarser than
that of PPy—N film polymerized at 20°C. In Figure
7, the conductivity of (d-polymerized at 20°C) is
better than that of (c-polymerized at 0°C) and the
transmittance of (c) is better than that of (d).
Therefore, it is obvious that the polymerization
conditions affect the morphology of the composite
films, and the surface morphology also greatly affects
the conductivity and transmittance of the PPy-N
composite films.

Figure 7 Scanning electron micrographs of PPy-N composite film: (a) prestine nylon
6 film; (b) pyrrole-absorbed nylon 6; (¢) PPy—N composite film: polymerization temp. 0°C,
FeCl; concentration 2.5 M, polymerization Time 2 h; (d) PPy-N composite film: poly-
merization temp. 20°C, FeCl; concentration 2.5 M, polymerization Time 2 h.



These phenomena also appeared in the case of
PA-N composite films (Fig. 8). In the case of PA-
N composite film, the surface morphology is the
most uniform and dense at 30°C, as seen in Figure
8(c¢), and the conductivity is also at a maximum.
From these results, it was found that the conduc-
tivity and transmittance were affected by the surface
structure of the composite film.

Electrical Properties of PPy-N and PA-N
Composite Films

Figure 9 shows the dependence of current on applied
potential for PPy-N and PA-N composite films. The
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currents increase linearly with the applied potential
in both PPy-N and PA-N films, which means that
ohmic conduction occurs predominantly in these
composite films. The conductivity of PPy-N and
PA-N films did not decrease with time in the at-
mospheric environment at room temperature.
Therefore, it seems that the conduction in these
composite films is not ionic but mainly electronic.
Figure 10 shows the temperature dependence of
the surface conductivity for PPy-N and PA-N
composite films. The conductivities of both PPy-N
and PA-N films increase slightly with temperature
and reach their maximum value at about 100°C and

Figure 8 Scanning electron micrographs of PA-N composite film: (NH,),S,0; concen-
tration 0.25M; polymerization time: 10 min; polymerization temp.: (a) 0°C; (b) 20°C; (¢)
30°C; (d) 40°C.
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Figure 9 Dependence of current on applied potential
for (a) PPy-N and (b) PA-N composite films. (a) po-
lymerization temp.: 20°C; polymerization time: 2 h; FeCl,
concentration: 2.0M. (b) Polymerization temp.: 20°C;
polymerization time: 10 min; (NH,),S,0, concentration:
0.125 M; HCI concentration: 1 M.

then tend to decrease. It seems that this decrease
in conductivity is due to the dissociation of the do-
pant anion'® such as Cl~.

Figure 11 shows the graphical X-ray microanal-
ysis data for the PPy-N composite film. The dopant
chlorine ion of the PPy-N composite film plays an
important role in the conduction process. The con-

2.0

1.5 ®)

o
oo & OQ?b

Lo | Sy

(a)

‘FM o 208 %AAAA

S

Conductivity (X 10™° S/cm)

0.5

‘M

A%MAA
0 1 1 1 1 1 1 1
20 40 60 80 100 120 140 160 180

Temperature (°C)

Figure 10 Temperature dependence of surface con-
ductivity for (a) PPy-N and (b) PA-N composite films.
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Figure 11 Graphical X-ray microanalysis data of PPy—
N composite films: (a) conductivity, 2.85 X 107 (S/cm);
(b) conductivity, 1.18 X 1072 (S/cm); (c) conductivity,
2.38 X 107% (S/cm); (d) heat treatment of sample (¢) at
140°C.

ductivity of the PPy-N composite tends to increase
with Cl ion content. However, when the PPy-N
composite film is annealed at 140°C for 30 min, the
Cl ion content decreases considerably, as seen in
Figure 11. This decrease of the Cl ion content is in
accordance with the decrease of the conductivity in
Figure 10.

Mechanical Properties of the Composite Films

Figure 12 shows the effects of the polymerization
time on the tensile strength and Young’s moduli of
PPy-N and PA-N composite films. The tensile
strengths of both PPy-N and PA-N composite films
decrease slightly with the polymerization time [ Fig.
12(c) and (d)]. It seems that this behavior is caused
by partial destruction of the crystalline region of
nylon 6 as polypyrrole is polymerized in nylon 6 film,
as seen in X-ray diffraction patterns (Fig. 2). The
Young’s moduli of these composite films tend to in-
crease with the polymerization time [ Fig. 12(a) and
(b)]. It seems that these increments are caused by
the reinforcement effect in the composites owing to
the formation of the rigid polypyrrole or polyaniline
in nylon 6 films. Therefore, it was found that PPy-
N and PA-N composite films exhibited excellent
mechanical properties.
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Figure 12 Effect of polymerization time on tensile
strength and Young’s modulus of PPy-N and PA-N com-
posite films. Young’s modulus: (a) PPy-N; (b) PA-N
composite films. Tensile strength: (¢) PPy-N; (d) PA-N
composite films.

CONCLUSIONS

It was found that highly transparent and conducting
PPy-N and PA-N composite films could be prepared
by diffusion and chemical oxidative polymerization.
The conductivity and transmittance of these com-
posite films were affected by the preparative con-
ditions, which might be due to the difference of their
morphology. The mechanical properties of these
composite films also depended on the polymerization
conditions, which might be related to the change of
crystal structure and reinforcement effect of poly-
pyrrole or polyaniline in nylon 6 film. Further work
is in progress to obtain more highly transparent and
conducting composite films that are applicable to
industry and to exploit practical application of these
composite films.
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