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ABSTRACT: The real (¢') and imaginary (¢") components
of the complex permittivity of blends of PVDF [poly(vinyli-
dene fluoride)] with POMA [poly(o-methoxyaniline)] doped
with toluenosulfonic acid (TSA) containing 1, 2.5, and 5 wt
% POMA-TSA were determined in the frequency interval
between 10% and 3 X 10° Hz and in the temperature range
from —120 up to 120°C. It was observed that the values of &’
and ¢” had a greater increase with the POMA-TSA content
and with a temperature in the region of frequencies below 10
kHz. This effect decreased with frequency and it was attrib-
uted to interfacial polarization. This polarization was caused
by the blend heterogeneity, formed by conductive POMA-TSA
agglomerates dispersed in an insulating matrix of PVDF.

The equation of Maxwell-Garnett, modified by Cohen, was
used to evaluate the permittivity and conductivity behavior
of POMA-TSA in the blends. A strong decrease was ob-
served in POMA-TSA conductivity in the blend, which was
bigger the lower the POMA-TSA content in the blend. This
decrease could have been caused either by the POMA de-
doping during the blend preparation process or by its dis-
persion into the insulating matrix. © 2002 Wiley Periodicals,
Inc. ] Appl Polym Sci 87: 752-758, 2003
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INTRODUCTION

The purpose for developing blends of conventional
polymers with conductive polymers is to increase the
technological potential and versatility of the former.
Such blends have the advantage of combining the
excellent mechanical properties and processibility of
conventional polymers with the high electric conduc-
tivity of conductive polymers. Polyaniline (PANI) and
its derivatives play an important role in the develop-
ment of new conductive blends'™ because of their low
cost, chemical stability in the doped state, solubility,
processibility, and easy polymerization and doping.
Previous studies® have shown that blends of PVDF
[poly(vinylidene fluoride)] and PANI form an immis-
cible and incompatible system, leading to the forma-
tion of PANI agglomerates dispersed in the PVDF
matrix. On the other hand, blends of PVDF with
POMA [poly(o-methoxyaniline)] doped with toluene
sulfonic acid (TSA) are perfectly compatible, allowing
the processing of highly flexible and homogeneous
films.® Through the control of the percentage of
POMA-TSA in the blend, it is possible to produce
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films with conductivity varying between 10~ ' and
1072 S/cm,® when measured by the standard four-
probe method. Therefore, in addition to the prepara-
tion of conductive and semiconductive materials, it is
possible to produce insulating blends that present di-
electric properties depending on the blend composi-
tion. This article reports on a study on the real and
imaginary components of the permittivity of PVDF
and PVDF/POMA-TSA blends that have a low PO-
MA-TSA content (= 5%), in the frequency range of 10
to 3 X 10° Hz and the temperature range of —120 to
120°C. The equation of Maxwell-Garnett, modified by
Cohen, was used to evaluate the permittivity and
conductivity behavior of POMA-TSA in the blends.

THEORETICAL CONSIDERATIONS

The relationship between the permittivity and the con-
ductivity of a dielectric material, in which an alternat-
ing electric field is applied, is given by:

iwegye*(w) = 0*(w) (1)

where ¢ and o are, respectively, the permittivity and
conductivity complex; g, is the vacuum permittivity; o
= 2mf; and f is the frequency of the applied alternat-
ing voltage. We still have the following equations:

e*(w) = &' (w) — ie"(w) (2)
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and
c*(w) = o' (w) + opc +i0"(w) (3)

where o is the direct component of the conductivity.
From egs. (1), (2), and (3), it is possible to obtain the
following equations:

wegpe' (w) = 0" (w) (4)
and
wegpe"(w) = o' (w) + opc (5)

If the dielectric material is a blend composed of
particles of a dispersed conductive material in an in-
sulating matrix, the complex permittivity of the heter-
ogeneous medium, &'(w), can be evaluated by using
the Maxwell-Garnett equation, modified by Cohen,'°
to take into account the shape effect of dispersed
particles:

e*(w) — &j(w) _ g3(w) — &j(w)
Le*(w) + (1 — Del(w)  MeX(w) + (1 — L)eH(w)
(6)

where subscripts 1 and 2 are related, respectively, to
the insulating and conductive materials, 7 is the volu-
metric fraction of the conductive material, and L is the
characteristic depolarization factor of the conductive
particles and its value (0 = L = 1) depends on the
geometrical shape of such particles.

EXPERIMENTAL
Samples preparation

POMA was chemically synthesized with ammonium
peroxydisulfate in a 1.0M HCI aqueous solution at
0°C, as previously described."! The PVDF (Foraflon
F4000 HD) was purchased from Atochem and used as
received. PVDF/POMA blends with different compo-
sitions were prepared by dissolving the constituents
separately in N,N-dimethylacetamide (DMA) and
mixing the solutions in various proportions. Next, the
protonic doping of POMA into the blend was carried
out by adding enough toluene sulfonic acid (TSA) to
the solution to obtain a doping level of 50%. Films
15-30 um thick were prepared by spreading the solu-
tion on a glass substrate previously heated to 65°C and
maintaining them there for 60 min. This time interval
was enough for the complete evaporation of the sol-
vent. In this condition PVDF crystallized in the polar
phase, B, as checked by infrared spectroscopy (Perkin
Elmer Spectrum 1000 model, Shelton, CT). Disk-
shaped samples 3 cm in diameter that had gold elec-
trodes (1 cm? surface area) vacuum-evaporated on both
sides were employed in the electrical measurements.
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Figure 1 Infrared spectra of films of PVDF, POMA-TSA,
and blends (99/1) and (97.5/2.5).

Samples containing 1, 2.5, and 5 wt % of POMA-TSA
in the blend were prepared, designated as the (99/1),
(97.5/2.5), and (95/5) blends, respectively. The PVDF
and POMA densities, 1.78 and 1.20 g/cm?, respec-
tively, were determined according to the ASTM D 792
standard.

Electrical measurements

The real (¢' = permittivity) and imaginary (¢” = loss
index) components of the complex permittivity were
determined from the impedance and phase-angle val-
ues measured by a complex impedance analyzer (HP
model LF 4192A, Englewood, CO), which was coupled
in a TSC (Toyoseiki, Amagasaki, Hyogo, Japan) sys-
tem. The measurements were done in a frequency
range of 10% to 3 X 10° Hz and in a temperature range
of —120 to 120°C (removal of POMA doping starts just
above 120°C). The DC conductivity (opc) was deter-
mined by employing an HP high-resistance meter,
model 4338.

RESULTS AND DISCUSSION

Figure 1 shows the infrared spectrum of the PVDF and
POMA-TSA, as well as for blends (99/1) and (97.5/
2.5). Bands characteristic of the 8 phase, at 511 and 840
cm ™!, were found in PVDF and in its blends, as ex-
pected for a crystallization at 65°C, in which such a
phase is known to predominate."?

Figure 2 shows the variation of the DC conductivity
of the blends as a function of POMA-TSA wt % at
room temperature (25°C) and at 47% relative humid-
ity. It can be seen that the conductivity of the blend
with the largest percentage of POMA-TSA (5%) in-
creased to a value approximately 10* times the corre-
sponding pure PVDF value, but it still remained in the
electrical insulating range.
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Figure 2 DC conductivity at 25°C of the blends as a func-
tion of weight percent of POMA-TSA.

Figure 3 shows the variation of the &' and &” of the
PVDF as a function of the temperature for four fixed
frequencies. It is possible to distinguish three distinct
regions of temperature. In the first, between —120 and
the PVDF T, (~ —40°C), no dipolar polarization oc-
curred, and a smooth variation of &' with the temper-
ature and frequency can be observed. Dipolar polar-
ization started around —40°C (frequency-dependent
temperature) as a result of the dipoles’ cooperative
movement in the amorphous phase and the amor-
phous-crystalline interphase.'® This polarization, a di-
electric manifestation of the PVDF glass transition, is
responsible for the sudden increase of €', from 3.5 to 9.
At this point a plateau was attained whose depen-
dence on the frequency was very small. The temper-
ature interval in which &’ varied between those two
values increased with the frequency of the applied
voltage, indicating an increase in the dispersion of the
permittivity, which means an increase in the distribu-
tion of relaxation times. The maximum &” correspond-
ing to that polarization was displaced to a higher
temperature with the frequency; this is a characteristic
behavior of a thermally activated process. This phe-
nomenon led to an increase in the maximum value of
¢” with the frequency as a result of the increase in the
electrical susceptibility with the temperature. The half
height width of the &” peak increased with the fre-
quency, which also indicates a larger dispersion of the
permittivity. At higher temperatures (above ~40°C for
f = 1 kHz), a sudden increase of &' began with in-
creasing temperature, probably because of polariza-
tion caused by dispersive currents. The temperature at
which this polarization began increased with the fre-
quency, and in practice no polarization occurred up to
100°C above 100 kHz. The large increase of &" associ-
ated with that polarization can be also observed in
Figure 3.
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Figure 4(a—c) shows the variation of ¢’ and &" as a
function of temperature for four fixed frequencies for
the blends (99/1), (97.5/2.5), and (95/5). It can be
observed that even for temperatures below the T, of
PVDF, the values of ¢’ for the blends depended on the
frequency and temperature, indicating polarization.
At those temperatures the intensity of &' increased
with the amount of POMA. However, this increase
was greatly reduced with an increase in frequency, as
can be seen in Figure 5 at —78°C. That polarization
was caused by the heterogeneity of the blend, which
was formed by conductive POMA-TSA agglomerates
dispersed in an insulating matrix of PVDEF. In reality,
this is an interfacial polarization'* (the Maxwell-Wag-
ner-Sillars effect) that, as expected, decreases with the
frequency and practically does not depend on the
mobility of PVDF chains. An increase in the amount of
POMA-TSA should result in a larger number of ag-
glomerates and/or an increase in their size and, con-
sequently, in greater polarization. The increase in tem-
perature led to an increase in the POMA-TSA conduc-
tivity, which also led to greater polarization.

Between the T, of PVDF and 40°C, two polarization
processes coexisted in the blends: dipolar polarization,
which took place in the PVDF, and interfacial polar-
ization, which occurred because of the presence of
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Figure 4 ¢'and ¢ as a function of temperature for: (a) (99/1) blend, (b) (97.5/2.5) blend, and (c) (95/5) blend at four fixed frequencies.
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Figure 5 &' as a function of weight percent of POMA-TSA
at four fixed frequencies for the blends at —78°C.

POMA-TSA. As can be observed in Figure 3, the
PVDF &' value increased with the temperature (be-
cause of dipolar polarization) until reaching a plateau,
which depended very little on the frequency. For the
(99/1) blend the value of ¢’ attained in the plateau was
strongly frequency dependent [Fig. 4(a)], decreasing
with the frequency because of the interfacial polariza-
tion component. The dependence of &' with the
amount of POMA-TSA for different frequencies at
40°C is shown in Figure 6. The decrease in interfacial
polarization with the frequency explains the reduction
of the intensity of the peak of £” with the frequency for
the blend with 1 wt % of POMA-TSA [Fig. 4(a)]. For
the blends with 2.5 and 5 wt % of POMA-TSA, the &”
peaks as well as the plateaus attained by &’ were not
precisely determined for f = 10 kHz because of inter-
ference from the polarization, probably caused by dis-
persive currents, which began at a lower temperature
with a decrease in frequency. Such a polarization phe-
nomenon will be studied in greater details in another
work.

The Maxwell-Garnett equation, modified by Cohen,
was used to evaluate the permittivity and conductiv-
ity behavior of the POMA-TSA in the blends. Egs. (2)
and (6) may be combined to get:

[¢' () — ig"(w)] — [s1(w) — ief(w)]
L[e'(0) — ie"(0)] + (1 — L)[&}(w) — ie}j(w)]
- [e(w) — ieh(w)] — [1(w) — ig}(w)]
~ Mles(w) — ies(w)] + (1 — L)[ei(w) — isi(w)]
(7)

where subscripts 1 and 2 refer to PVDF and POMA-
TSA, respectively. The real and imaginary compo-
nents of the complex permittivity of PVDF and blends
obtained experimentally were replaced in eq. (7), and
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by using L as fitting parameter, the values of &,'(w)
and &,"(w) could be determined for blends (99/1),
(97.5/2.5), and (95/5). The best fitting was obtained
for L = 0 (particles in the shape of long cylinders with
their axes parallel to the applied electric field). In this
case there were no fields of induced polarization out-
side each individual particle and therefore no modifi-
cation of the applied electric field. The eq. (7) was
reduced to:

e'(w) —ie"(w) = nles(w) —ies(w)]
+ (1= m)le; —iet(w)] (8)

In practice this means that the complex permittivity
of the blend is simply the weight-average of the com-
ponents” complex permittivity.

In a recent work,® the morphology of blends of
PVDF/POMA-TSA with several compositions was in-
vestigated by scanning electron microscopy (SEM).
For the (95/5) blend, fibrils formed by the POMA-
TSA component were observed as straight rods about
7 pm long and about 350 nm in diameter located
preferentially in the boundaries of the spherulites,
which are the characteristic structures of PVDEF. This
result partly justifies the null value of the L parameter
obtained in the fitting process of eq. (7).

The variation of real [¢,'(w)] and imaginary [&,"(w)]
components of POMA-TSA permittivity as a function
of frequency at six fixed temperatures, determined
with aid of eq. (8) for blends (99/1) (n = 0.015),
(97.5/2.5) (n = 0.037), and (95/5) (n = 0.074), are
shown in Figure 7(a—c), respectively. The variation of
those components with frequency is presented to
show how they can be strongly affected at low fre-
quencies by the amount of POMA-TSA in the blend.
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Figure 6 &' as a function of weight percent of POMA-TSA
at four fixed frequencies for the blends at 40°C.
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Variation of &,'(w) as a function of frequency for the
(97.5/2.5) and (95/5) blends were quite similar, except
for f = 2 kHz, where a slight variation was observed.
This variation increased with temperature. For the
(99/1) blend the values of &,’(w) were quite different
from those obtained with the 2.5 and 5 wt % of
POMA-TSA in the entire frequency interval studied,
indicating that at low percentages POMA-TSA per-
mittivity is more strongly affected by the environ-
ment.

The values of &,"(w) for f = 10 kHz were strongly
influenced by the percentage of POMA-TSA in the
blend. At low frequencies the values of &,"(w) in-
creased with POMA-TSA content, indicating higher
conductivity. POMA-TSA probably loses part of its
conductive property into the blend, and the bigger
that loss is, the lower is its content in the blend. This
result can be clearly observed in Figure 8, where
shows the variation of the real part of the conductivity
[0 (w) + opc] of POMA-TSA, as a function of fre-
quency, which was calculated using eq. (5) and the
values of &,"(w) evaluated for each blend composition.
As the content of POMA-TSA increased, its conduc-
tivity also increased in the low-frequency region, in-
dicating a probable increase in the component op.

The 50% TSA doped POMA, as used in the present
work, is a conductive material, that is, the real com-
ponent of the conductivity is practically independent
of the frequency [op- > 0,"(w)]. The value of opc
ranged between 10 ?and 10~ ' S/cm for a temperature
variation ranging between —100°C and 25°C."> How-
ever, when mixed with PVDF in order to form the
blend, that conductivity should be strongly influenced
by the environment, and this influence is the bigger
the lower is the content of POMA-TSA in the blend.
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The largest reduction was detected for the component
opc, either because of POMA-TSA dedoping during
the blending process or its dispersion in the matrix.
Therefore, the strong influence of the amount of
POMA-TSA on the real and imaginary components of
the blend permittivity should be caused not only by
the increase in the amount of POMA-TSA but also by
the variation of its conductivity, which itself depends
on the blend composition.

CONCLUSIONS

PVDF/POMA-TSA blends with a low POMA-TSA
content have high values of real and imaginary per-
mittivity components in the low-frequency region.
Those values increase with the temperature and
amount of POMA-TSA in the blend. This effect might
be related to interfacial polarization, which in turn is
caused by material heterogeneity. The variation of &’
and of ¢” with the frequency for the POMA-TSA in the
blends can be determined by the Cohen-modified
Maxwell-Garnett equation. It was also found that
when POMA-TSA is in the blend, the real component
of its conductivity is strongly reduced. The DC con-
ductivity of POMA-TSA is strongly decreased by the
environment, either by the partial loss of the dopant or
by the dispersion of POMA-TSA in the matrix. This
decrease becomes greater the lower is the content of
POMA-TSA in the blend.
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