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Abstract

The thermal behavior of blends of poly(vinylidene fluoride), or PVDF, and poly(o-methoxyaniline) doped with toluene sulfonic acid was
studied by thermogravimetic analysis, electrical conductivity measurements, differential scanning calorimetry, X-ray diffraction and scan-
ning electron microscopy. Blends with thermal and electrical conductivity stabler than the conductive polymer alone were obtained.
Nevertheless, degradation occurs after a long period of time (500 h) at high temperatures. The possible association of the conductivity
decay with dopant loss, degradation and structural and morphological changes of the blend is discussed.q 2000 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

The thermal analysis of a polymer is crucial to define its
performance during application. For conducting polymers
[1–3], in particular, the deterioration of conductivity at
temperatures above room temperature is a key factor to
determine its potential application. It is also important to
elucidate the changes in the polymer structure promoted by
the temperature treatment. This is particularly important for
polyanilines and their derivatives [4–6], since this class of
polymers is doped by protonic acids which are more or less
volatile depending upon their characteristics, such as mole-
cular weight. In our previous work [7–9], we have shown
that the temperature at which polyaniline blends are
prepared also affects the structure and properties of the
materials produced.

One of the advantages of making a blend of conducting
polymers [10–13] and high performance commercial poly-
mers is to increase the performance of the former. Since the
discovery of polyacetylene [14] a lot of concern has been
raised about the environmental and thermal stability of this
new class of polymers. Although several other polymers
[3,4,15,16] have achieved much better environmental stabi-

lity than polyacetylene, their thermal behavior is still a big
concern in the conducting polymer field [17–22]. In this
sense, poly(vinylidene fluoride) (PVDF) has been widely
used as a thermally stable polymer which holds great
promise for blending with conducting polymers [23–25].

In this work, the thermal behavior and electrical conduc-
tivity stability of blends of PVDF and poly(o-methoxyani-
line) (POMA) doped with toluene sulfonic acid (TSA) will
be focused on and studied by thermogravimetic analysis
(TGA), electrical conductivity measurements, differential
scanning calorimetry (DSC), X-ray diffraction and scanning
electron microscopy (SEM).

2. Experimental

2.1. Polymer synthesis

POMA was chemically synthesized with ammonium
peroxydisulfate in aqueous 1.0 M HCl at 08C, as described
elsewhere [26,27]. Deprotonation was performed with
0.1 M ammonium hydroxide for 16 h at room temperature
to yield the polymer in the emeraldine base form (EB). The
resulting polymer was then dried under dynamic vacuum for
24 h at room temperature. PVDF—Foraflon 4000 HD—
was purchased from Atochem and used as received.
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2.2. Blend preparation

Stock solutions of the conducting polymer (2% w/v) and
PVDF (10% w/v) in dimethylacetamide (DMA) were
prepared separately. For the preparation of doped POMA
blends [27], protonic doping of POMA–EB dissolved in
DMA was carried out by addition of TSA in order to have
a 50% doping level. No detectable insoluble fraction was
noticed upon filtering the solutions. Films (15–30mm thick)
were prepared by casting the blend solutions at the compo-
sition PVDF=POMA� 75=25 on a pre-heated glass slide,
placed in an oven (508C) with air circulation. Solvent
evaporation was complete after ca. 1 h at 508C.

2.3. Characterization

Thermal analysis was done in a DSC Du Pont model 2000
at a scan rate of 108C/min in a nitrogen atmosphere. TGA
was performed in a Netzch TG 209 instrument at the same
conditions of DSC analysis (108C/min and nitrogen atmo-

sphere). Electrical conductivity was measured by the stan-
dard four-probe method. X-ray diffraction patterns were
taken on a Rigaku RU-200B diffractometer, using Cu Ka
radiation and a Ni filter. SEM was performed in a ZEISS
DSM 960 computerized microscope operated between 10
and 20 kV on samples containing a thin layer (ca. 15 nm)
of gold sputter coating.

3. Results and discussion

It was interesting to observe that the characteristics of a
high performance polymer such as PVDF can be combined
with the properties of a conducting polymer by solution
blending. In Fig. 1, one observes that PVDF is very stable
till temperatures as high as 4008C, after which it begins to
degrade leading to the formation of hydrogen fluoride in an
appreciable quantity along with the monomer and small
amounts of C4H3F3, as reported elsewhere [25]. The
conducting polymer, on the other hand, presents consider-
able weight losses at much lower temperatures than for
PVDF in a three-step process. The first step, starting practi-
cally from room temperature and going up to< 1308C,
corresponds to the expulsion of water molecules from the
polymer matrix, although the coevolution of other species
such as free acid, oxidant and solvent were not ruled out by
other authors [21,28]. The second step, commencing at
about 2208C up to < 2708C, is associated with the elimina-
tion of the dopant and degradation reactions. This is consis-
tent with the boiling point of the dopant (241.68C), as well
as other studies [17–22], which observed water and dopant
losses for polyaniline and derivatives doped with different
types of acidic dopants (HCl, H2SO4, H3PO4, HCOOH,
TSA, etc.). Although in our case the doping process was
not done in aqueous solution, a strong water adsorption
process occurs due to the hydrophilic characteristic of
TSA. The third step, commencing at 2708C, is associated
with the degradation of the polymer chain structure, in
agreement with the literature [21,28].

The thermal stability of PVDF can be combined with the
electrical properties of the conductive material. The weight
losses observed in POMA doped with TSA (e.g. 3.8% at
1008C, 6.5% at 1508C and 7.3% at 2008C) are diminished in
the blend (0.7, 1.2 and 1.3%, respectively), more than would
be expected for the amount of POMA-TSA (25%) present in
the blend (1, 1.6 and 1.8%, respectively) (Fig. 1). Moreover,
the onset temperature for the three weight losses described
above occurs usually in a temperature between 5 and 108C
lower for the pure POMA than for the blend. Even though
these differences are relatively close to the experimental
error of the measurement, this result is important since it
shows that the 25% blend combines electrical conductivity
close to the pure POMA (1023 S/cm) with a lower weight
loss upon heating, due probably to a shielding effect of the
surrounding continuous PVDF matrix, which apparently
decreases the diffusion and loss of the dopant. Since the

L.F. Malmonge, L.H.C. Mattoso / Polymer 41 (2000) 8387–83918388

Fig. 1. Thermogravimetric analysis of: (a) PVDF; (b) PVDF/POMA (75/
25)-TSA blend; and (c) POMA-TSA.

Fig. 2. Thermogravimetric analysis of the PVDF/POMA (75/25) blend: (a)
undoped; and (b) doped with TSA. The inset shows the same data in a
shorter temperature range.



melting temperature of PVDF is around 1708C, such stabi-
lity is more than that necessary for practical use. An
evidence that the dopant is associated with the weight losses
of the conducting polymer in the blend is presented in Fig. 2,
where one observes that the stability of the undoped blend is
considerably higher than that of the doped one.

The DSC analysis gives further insight into the thermal
behavior of the blends as illustrated in Figs. 3 and 4.
Although the samples had been dried before the DSC analy-
sis, one observes the presence of a broad endothermic band
around 1008C for both the POMA and the blend doped with
TSA, which is associated with absorbed water, consistent
with the TGA analysis. Such a band does not appear if a first
run from 30 to 1308C is carried out prior to this scan.
Another well-defined endothermic peak is also observed
for the blend and pure PVDF (Fig. 3), which is assigned
to the fusion of the crystalline PVDF phase. It is important
to note that the addition of 25% of such a conducting poly-
mer in this blend did not destroy the crystalline structure of

the PVDF. The decrease in the heat of fusion observed in the
blend, as compared to pure PVDF, is in agreement with the
decrease of the relative amount of PVDF in the blend, as has
been shown previously [27]. Such an observation is also
consistent with the X-ray diffraction analysis which is
presented later. Furthermore, for the doped blend and
POMA (Fig. 3) two exothermic peaks at< 250 and
3008C can be observed in the DSC analysis, associated
with degradation reactions of the polymer chain and dopant
structures, such as crosslinking, loss of conjugation, oxida-
tion, decomposition and other reactions including a possible
chemical reaction between the dopant and the polymer, as
reported in the literature [20–22]. For the undoped blend
(Fig. 4) the peak at< 3008C is not observed due to the
absence of the dopant. It is known from the literature
[17,20–22] that POMA, as well as polyaniline and other
derivatives in general, do not present a fusion temperature
since they degrade before any fusion can be detected,
although crystallinity can be present in some of them.

The thermal stability of the electrical conductivity of the
PVDF/POMA blend was investigated at several tempera-
tures as illustrated in Fig. 5. It can be seen that the conduc-
tivity is quite stable at temperatures between 70 and 908C
for the time scale studied (500 h), with only a small decay in
the first hours of treatment, due probably to the elimination
of residual solvent and/or water, which may contribute to an
increase in the charge carrier mobility and consequently, the
conductivity. Studies in the literature have shown [19,29],
for instance, that small amounts of water lead to an increase
in the conductivity of polyanilines due to a decrease in the
apparent separation of the metallic islands and/or the height
of the barrier between them, making tunneling much more
favorable. It should be pointed out that at room temperature
the conductivity of these blends have been stable for three
years [7]. On the other hand, for temperatures as high as 130
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Fig. 3. DSC thermograms of PVDF/POMA-TSA blends with different
compositions, as indicated.

Fig. 4. DSC thermograms of PVDF/POMA blends: (a) undoped; and (b)
doped with TSA.

Fig. 5. Normalized electrical conductivity of PVDF/POMA (75/25)-TSA
blends as a function of treatment time for several temperatures, as indicated
(initial conductivitys0 ù 1023 S=cm; st � conductivity after treatment).



and 1508C the conductivity decreases continuously from
1023 to 1027 and 1029 S/cm, respectively. Among the possi-
ble causes for this behavior are dopant loss, degradation
reactions, and structural and morphological changes. In
order to evaluate these effects, the treated samples were
further analyzed, as will be shown.

The thermal analysis by DSC of the treated samples (Fig.
6) indicates that the exothermic peaks associated with
degradation tend to disappear as the treatment temperature
increases. At 908C, where quite a stable conductivity is still
obtained, no significant decrease in the exothermic peaks is
observed. However, after 500 h at 1308C the exothermic
peak at 2508C disappears, indicating that a degradation reac-
tion has already taken place during the long treatment.

Furthermore, after 500 h at 1508C both exotherms are not
seen any more, consistent with the degradation under this
treatment. These degradation reactions are confirmed by the
fact that these samples become insoluble and remarkably
less conductive under this treatment, an indication of cross-
linking. As reported in the literature [18] degradation by
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Fig. 6. DSC thermograms of PVDF/POMA (75/25)-TSA blends exposed to
500 h of thermal treatment at different temperatures, as indicated.

Fig. 7. X-ray diffraction patterns of PVDF/POMA (75/25)-TSA blends
exposed to 500 h of thermal treatment at different temperatures, as indi-
cated.

Fig. 8. SEM images of PVDF/POMA (75/25)-TSA blends exposed to 500 h
of thermal treatment at different temperatures: (a) no thermal treatment; (b)
1308C; and (c) 1508C.



crosslinking reactions in polyanilines occurs in the double
bonds of the imine nitrogens, decreasing the number of
nitrogens available for further protonation and doping. As
a consequence the conductivity obtained, in our case, for the
sample treated at 1508C after redoping was significantly
lower than that obtained for untreated samples. It should
be pointed out that it was not possible to perform similar
stability studies for unblended POMA films since they
would not stand the thermal treatment, cracking very
easily after a few hours. Nevertheless, the conductivity
values obtained in the initial hours were below those
presented for the blend, usually about one order of
magnitude lower. Therefore, one important advantage
of these blends is that the films are flexible and exhibit
high tenacity, unlike the POMA films which were very
brittle due to the stiff, conjugated and aromatic nature of
the polyaniline backbone.

As has been previously pointed out [27], the X-ray analy-
sis of Fig. 7 shows that the ordered regions, corresponding
to the diffraction peak at 2u � 78; which is associated with
the conductive doped POMA in the blend, decreases as the
treatment temperature increases. No significant difference in
2u � 208 was noticed upon treatment, associated withb-
phase PVDF, consistent with the results described in the
DSC analysis. In a previous work [27] it has been shown
that the diffraction patterns of crystalline phases of PVDF
can be maintained in the blend even for the addition of up to
50% of doped POMA. Additionally, the SEM analysis (Fig.
8) shows that the interconnected fibrillar morphology asso-
ciated with the formation of conductive pathways of doped
POMA within the blend is destroyed at temperatures above
1308C, which might also contribute to the conductivity
decrease upon thermal treatment.

4. Conclusions

The thermal analysis indicates a three-step weight loss for
POMA-TSA associated with the expulsion of water mole-
cules from the polymer matrix, the elimination of the
dopant, and degradation reactions of the dopant and the
polymer chain structure, in agreement with the literature.
Blends with thermal and electrical conductivity stability
better than the conductive polymer alone were obtained.
Nevertheless, degradation occurs over a long period of
time (500 h) at high temperatures. The conductivity decay
is associated with dopant loss, degradation reactions and
structural and morphological changes of the blend.
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