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ABSTRACT: Elastomeric polyaniline was prepared by being mixed with ethylene—pro-
pylene—diene (EPDM) rubber in low concentrations (10, 20, or 30 wt %). The mixture
was made in an internal mixer coupled to a torque rheometer. The polyaniline was
doped with dodecylbenzenesulfonic acid (DBSA) via reactive processing during the
mixing. When the EPDM rubber was added to the polyaniline and DBSA, the doping
reaction was not interrupted, as demonstrated by an increase in the torque values. We
chose the relative DBSA and EPDM concentrations to obtain the highest conductivities
(107 to 1072 S em ™ ') and the best mechanical properties. © 2001 John Wiley & Sons, Inc.
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INTRODUCTION

Polyaniline (PAni) is a promising conducting
polymer for practical applications because of its
high thermal stability, easy preparation, and low-
cost monomer. However, its inherent brittleness
and lack of processability limit many commercial
uses. Many efforts have been made to improve its
mechanical properties and expand its applicabil-
ity. Attempts to improve its mechanical proper-
ties have been mostly directed toward the prepa-
ration of film polymers by the ordinary casting
method.? Significant progress in the preparation
of processable forms of PAni was recently re-
ported. Solution processing of the conductive form
of PAni was attained with sulfonic acids,>* phos-
phonic acids, and phosphoric acid diesters®” as
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protonating agents. In addition, some PAni do-
pants plasticize it upon protonation, which, in
turn, facilitates thermal processing. Two specific
functional acids, camphorsulfonic acid (CSA) and
dodecylbenzenesulfonic acid (DBSA), have been
used in various organic solvents such as m-cresol
and n-methylpyrrolidone (NMP).® Despite the
possibility of solution processing, solvent evapo-
ration may cause environmental problems, and
any residual solvent might modify the material
properties.

Ethylene—propylene—diene (EPDM) rubber has
been used extensively as an impact modifier for
polyolefins,” remarkably improving their me-
chanical properties. The rubber has two func-
tions: it relieves the volume strain by cavitation,
and it acts as a stress concentrator. Both func-
tions depend on the rubber concentration.'’

In this study, PAni doping was achieved by the
introduction of the dopant molecule into the solid
undoped polymer without the use of an auxiliary
solvent. Complex formation in the solid phase
occurred at an elevated temperature and resulted
in the formation of a soluble and processable con-



ducting complex.'''2 Here, processability is un-
derstood as the condition of being processable by
methods currently used by the industry for large-
scale production. To improve mechanical proper-
ties, we also used EPDM during the doping stage,
eliminating the auxiliary solvent. The aim of this
study was to show how EPDM could be used as a
mechanical-property modifier for PAni. The ther-
mal, thermomechanical, and morphological prop-
erties of the materials were also studied.

EXPERIMENTAL

EPDM rubber (67, 28, and 5% ethylene, pro-
pylene, and ethylidene—norbonene, respectively)
was purchased from DSM Americas (Brazilian
plant) and used as received. HCl-doped PAni was
prepared by an adaptation'® of a previously re-
ported work.'* PAni-HCIl was neutralized with
NH,OH, producing the emeraldine base (EB). For
reactive processing, EB was mixed with DBSA
and EPDM in an internal mixer coupled to a
Haake Rheocord 90, as described next.

Mixture Preparation

PAni:DBSA stoichiometry was 1:2 in all mixtures
prepared with 10, 20, and 30 wt % EPDM in the
following sequence:

1. Loading of the mixer chamber simulta-
neously with PAni, DBSA, and EPDM at
150°C and 50 rpm.

2. Closure of the mixing chamber and record-
ing of the torque as a function of time until
a constant value was reached.

3. Discharge of the mixer chamber and lami-
nation of the mixtures in an open roll mill
at 60°C for the preparation of homoge-
neous films. The samples were laminated 3
and 36 times (cycle processes).

For comparison, we also doped EB by grinding
it in a mortar with DBSA in a 1:2 ratio. This
sample is called nonprocessed in the text.

Characterization

Rheometric experiments were performed in an
oscillating disc rheometer (Monsanto MDR
2000E) at 150°C for 30 min. Electrical conductiv-
ity was measured with an adaptation of the
Coleman method with a Keithley 617 program-

ELASTIC POLYANILINE WITH EPDM AND DBSA 1769

T I- T T T T T T T T T
0 s 10 15 20 25 30 35 40
time/ min

Figure1l Torque—mixing curves for PAni—-DBSA with
(a) 10, (b) 20, (c) 30 wt % EPDM.

mable electrometer and a four-probe sensor with
gold contacts.'® Conductivity versus stretching
was carried out in an EMIC DL 2000. The sam-
ples were stretched in 1.0-mm steps, with the
conductivity measured after 2 min with four flat,
equally spaced alligator contacts at a distance of
10 mm with a Keithley 617 electrometer for mea-
suring the current between the external contacts
and for applying a potential of 1.0 V between the
internal contact. Stress—strain properties were
measured for eight test samples in an EMIC DL
2000 with a 50-N cell and a crosshead speed of 10
mm min_!. The samples were cut parallel or per-
pendicular to the lamination direction with di-
mensions of 100 X 15 X 0.15 mm. Differential
scanning calorimetry (DSC) and thermogravimet-
ric analysis (TGA) measurements were made
with DuPont 910 and 951 instruments, respec-
tively, under a N, atmosphere and at a heating
rate of 10°C min!. DSC curves were registered
for a heating scan from 0 to 300°C. Thermome-
chanical analysis (TMA) measurements were car-
ried out in a TA-2940 instrument in the compres-
sion mode and with a load of 0.05 N, from —100 to
300°C, under a N, atmosphere and at an heating
rate of 10° min~'. Scanning electron microscopy
(SEM) measurements were performed in a JEOL
JSM-T300 scanning electron microscope with the
backscattering electron technique and with sam-
ples coated with gold via sputtering.

RESULTS AND DISCUSSION

Rheological and Processing Characteristics

Melt-mixing torque—time curves for blends pre-
pared with different compositions (at 150°C and
50 rpm) are shown in Figure 1. All the systems
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Figure 2 Torque-temperature-mixing curves for
PAni-DBSA.

show a torque increase. A rise in torque during
mixing indicates a viscosity increase and is inter-
preted as the formation of crosslinks in a system
with an increase in the molecular weight, as pre-
viously observed for other elastomeric blends.'%1”
The 70/30 PAni-DBSA/EPDM blend shows the
highest torque increase rate, compared with the
80/20 and 90/10 blends. However, the opposite
behavior would be expected if we consider that
only PAni-DBSA undergoes crosslinking. Even
so, some interactions occur between PAni—-DBSA
and EPDM simultaneously with the PAni doping
process. The addition of EPDM dilutes the
crosslinking reactions in the PAni chains and de-
creases the mixing time. Thus, EPDM could be
considered the soft part of the blend, contributing
to reducing the tension among the PAni chains.
Pure EPDM does not show any rise in torque (the
curve is not shown), whereas pure PAni-DBSA
shows an increase up to 4 min (Fig. 2). The figure
also shows that the temperature changes with the
mixing time for the PAni-DBSA doping reaction
during processing. Initially, the temperature
drops below the temperature set with the addi-
tion of PAni EB and DBSA (stage I). After this,
the torque begins to rise because of the protona-
tion reaction (stage II); however, the torque rise is
followed by a large increase in temperature. This
may be assigned to the doping process and a
crosslinking reaction, which is confirmed by the
cure and DSC curves shown in Figures 3 and 4,
respectively. Pereira da Silva and coworkers!®!?
studied the crosslinking mechanism of PAni as a
function of temperature with Raman spectroscopy
and observed the formation of a band at 514 cm ™%,
which they assigned to phenazine cyclic struc-
tures due to chain reticulations. The cure curve
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Figure 3 Cure curve for PAni—-DBSA.

(Fig. 3) was obtained in a Monsanto rheometer at
150°C for 30 min. This instrument consisted of a
rotating disc and a cavity that contained the test
sample. The test sample was cured in the cavity,
whereas a disc embedded in the sample under-
went an oscillatory rotation through a small arc.
Resistance to the oscillation was measured and
recorded as function of time. This equipment was
used to characterize vulcanization reactions in
rubber compounds and also supported the
crosslinking reaction.???! The observed increase
in torque at a given time is directly related to the
crosslinking density, particularly if the measure-
ments are made at relatively low frequencies.
This reaction can also be seen in the DSC curve
(Fig. 4). The large peak around 130°C disappears
after PAni-DBSA has been processed. This
means that the exothermic reaction between acid
and PAni could be due to incomplete PAni proto-
nation accompanied by a reticulation reac-
tion.'"!2 This is also confirmed by an increase in
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Figure 4 DSC curves for PAni—-DBSA (a) before and
(b) after cure experiments.



Figure 5 Photograph of the laminated PAni-DBSA
blend.

conductivity for the product. PAni conductivity
was measured after the rheometric experiments
and reached 5.0 S cm . Below the phase transi-
tion, the conductivity is at a level typical of the
ionic conductivity of liquid DBSA, whereas above
the transition, conductivity levels can be in-
creased by several orders of magnitude.

The mixture prepared in the internal mixer
was transferred to an open roll mill and lami-
nated; this produced flexible and self-supported
films, as shown in Figure 5. Dumbbell test sam-
ples and strips were cut for stress—strain tests,
thermal analysis, TMA, SEM, and conductivity
measurements.

Mechanical Properties and Morphological
Characteristics

The stress—strain curve for an 80/20 PAni—-DBSA/
EPDM test sample cut parallel to the lamination
direction is shown in Figure 6. The blend behaves
like an elastomer because of the influence of the

Stress/ MPa
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Figure 6 Stress—strain curve for a parallel-cut PAni—
DBSA/EPDM blend.

ELASTIC POLYANILINE WITH EPDM AND DBSA 1771

250
—O— perpendicular (a)
°\° —e—parallel
—, 2004
-ﬁ
5
= 1504
8
g 100 +
&n
=
o
M 501
O T T T T T
10 15 20 25 30
% (w/w) of EPDM
250
—0O— perpendicular
°\° —&—parallcl (b)
% 200 +
k5
= 150 +
=}
.O
g 100 +
an
=}
[=]
Ej 50 1
0 T T T T T T v T
10 15 20 25 30
% (w/w) of EPDM

Perpendicular Parallel ( C)

3004
| —a—3 —a—3
2504 & —o—36 —e—36

=

% 2004 \

E ]

S 150

o

g

%0100— .

S 504 \\gx\\g
O T T T T T T T T

10 15 20 25 30
% (w/w) of EPDM

Figure 7 (a,b) Elongation at break for PAni-DBSA/
EPDM blends with 3 and 36 laminations, respectively,
and (¢) Young’s modulus for PAni—-DBSA/EPDM blends.

EPDM phase. Changes in the mechanical proper-
ties as a function of the EPDM content, number of
lamination processes, and orientation of the sam-
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Figure 8 SEM images of (a) parallel-cut and (b) per-
pendicular-cut PAni-DBSA/EPDM films.

ple in relation to the lamination direction are
shown in Figure 7(a—c). Parallel-cut samples ex-
hibit a higher tension and elongation at break
because the lamination process creates a chain
alignment in the EPDM phases; however, inten-
sive lamination (36 times) causes a decrease in
the elongation at break assigned to an increase in
the rigidity of the material. Surface morphology
data elucidate the mechanical behavior; as pre-
sented in Figure 8, the dark regions correspond to
the PAni—-DBSA-rich phase, whereas the bright
regions correspond to the EPDM-rich phase. The
surfaces of films from 3 laminations [Fig. 8(a)]
exhibit regular and well-distributed EPDM parti-
cles and good phase adhesion, whereas the sur-
face of films laminated 36 times [Fig. 8(b)] show
EPDM particles expelled from the film surface.
This is assigned to phase segregation [see the
boxed detail in Fig. 8(b)]. This effect explains the
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Figure 9 Electrical conductivity versus stretching for
blend films containing (a,b) 10, (c,d) 20, and (e,f) 30 wt
% EPDM. Open symbols represent perpendicular-cut
blends, and closed symbols represent parallel-cut
blends.

decrease in the elongation at break of the films
with intensive lamination.

The elongation at break shows a significant
increase for mixtures with higher amounts of
EPDM, and this is more accentuated for parallel-
cut samples (Fig. 7). This behavior is repeated for
mixtures prepared with either 3 or 36 lamina-
tions, despite the morphology changes. The vari-
ation of the modulus as a function of the rubber
content is shown in Figure 7(c). The modulus
decreases with increasing rubber content. For
10% EPDM, an abrupt modulus increase is ob-
served for 36 laminations with respect to 3 lami-
nations. This is due to phase segregation, as pre-
viously explained with morphological studies.
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Figure 10 TGA curves (N, atmosphere, 10°C min %)
for (a) dedoped PAni, (b) nonprocessed PAni—-DBSA, (c¢)
processed PAni—DBSA, (d) PAni and DBSA mixtures
(calculated), and (e) DBSA.



Electrical Conductivity

The conductivity values for films with 10, 20, and
30 wt % EPDM were 10 %,1072 and 10 ®Scm 1,
respectively. The measurements of the conductiv-
ity for stressed samples indicated an overall de-
crease in conductivity with increased strain (Fig.
9). This can be assigned to a break in the conduc-
tive connections between the conductive phases of
the blend, as previously observed by Mantovani et
al.?2 in blends of PAni—-CSA with a poly(styrene—
ethylene—butylene—styrene) triblock copolymer.
The effect is more pronounced for samples cut
parallel to the lamination direction, as shown in
Figure 9. Other authors have observed that the
conductivity increases with the uniaxial orienta-
tion of PAni films and fibers.?? The inverse behav-
ior observed in our samples can be assigned to the
preparation method used; other authors have
used solution casting to prepare films, and
stretching induces chain orientation. In our work,
the EPDM rubber only agglomerates the PAni
particles, not allowing chain alignment in the
particles.

Thermal Properties

We studied the thermal behavior of the mixtures
and pure components (EPDM, DBSA, and PAni).
Also, we performed a comparison of the thermod-
egradation of processed and nonprocessed PAni—
DBSA to elucidate the processing effect. Here,
nonprocessed PAni—-DBSA is a physical mixture
prepared by the grinding of EB and DBSA in a
mortar in a 1:2 ratio, producing doped PAni.?*
As shown in Figure 10(b), the thermodecompo-
sition process of nonprocessed PAni—DBSA occurs
in three stages of mass loss. The first stage, about
5% and below 150°C, is presumably due to humid-
ity loss; the second, 62% of the total mass and
between 200 and 340°C, is due to acid degrada-
tion. The amount of acid present in the mixture is
64%, which means that almost all the acid is
degraded in this stage.?® After this stage, the
remaining PAni is dedoped, and so the last mass
loss corresponds to the degradation of PAni EB
[Fig. 10(a)l. For PAni-DBSA doped by reactive
processing [Fig. 10(c)], two thermodecomposition
stages are observed and assigned to humidity loss
and PAni—-DBSA degradation. Increases in stabil-
ity (shift of the temperature onset) and in the
amounts of residues are observed. The residues
might be due to the reaction between the compo-
nents produced by crosslinked stable structures.
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Figure 11 (i) TGA and (ii) first derivative curves (N,
atmosphere, 10°C min~ ') for (a) processed PAni-D-
BSA; (b—d) PAni—-DBSA blends with 10, 20, and 30 wt
% EPDM, respectively; and (e) pure EPDM.

In agreement with Waldman and De Paoli,?®
interaction effects between the components of a
polymer mixture can be visualized by a compari-
son of the experimental curves of the pure poly-
mers, the curve for the mixture, and the curves
simulated by the averaging of the curves of the
pure components. These interactions may retard
or accelerate the degradation processes. If the
mixture components do not interact, the averaged
curve superimposes the experimental curve. The
curve simulated by the averaging of DBSA and
dedoped PAni curves [Fig. 10(d)] shows that pro-
cessing provides not only physical but also chem-
ical interactions among the components, here
called doping. The stability increases and the
curve slope is different for both curves, indicating
that the degradation rate is higher for processed
PAni-DBSA [Fig. 10(c)] than for the nonproc-
essed sample [Fig. 10(b)].

TGA curves for PAni-DBSA/EPDM blends
show three degradation stages, curves b, ¢, and d
in Figure 11(i,ii). By comparing these curves with
the curves for processed PAni—-DBSA (curve a)
and pure EPDM (curve e), we can assign the first
mass loss step of the blends, from 25 to 180°C, to
humidity loss. The second stage, from 250 to
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Figure 12 TMA curves (N, atmosphere, 10°C min *) for (a) processed PAni—-DBSA;
(b—d) PAni-DBSA blends with 10, 20, and 30 wt % EPDM, respectively; and (e) pure

EPDM.

400°C, is assigned to PAni-DBSA degradation,
and the last one, above about 450°C, is assigned
to EPDM degradation. EPDM degradation in the
blend is retarded for blends with 20 and 30 wt %
EPDM. This behavior is better shown in the dif-
ferential curves in Figure 11(ii). This indicates
some interactions among the blend components.
Dedoping of PAni-DBSA (or DBSA degradation)
is not observed; this indicates that EPDM does
not preclude the protonation of PAni, as shown by
the torque curves.

By analyzing the final residues in the TGA
curves of Figure 11(i), we observe for processed
pure PAni-DBSA 40% residual mass, whereas
the calculated value would be 33%. The increase
in the residual mass is assigned to crosslinking,
as discussed previously. For the blend containing
10 wt % EPDM, the residual mass observed is
30%, agreeing with the calculated value. How-
ever, for blends containing 20 and 30% EPDM,
the mass residues observed, 25 and 18%, are
lower than those calculated, 27 and 33%, respec-
tively. This provides evidence of the chemical in-

teraction of EPDM decomposition products and
PAni that reduces crosslinking.

Thermomechanical Properties

TMA measures the dimensional changes or pen-
etration into a material, with time, temperature,
or load (or stress) as the independent variables. In
this work, the penetration mode was used. The
softening associated with the large-scale decrease
in the modulus at the glass-transition tempera-
ture (T,) was measured in this mode. T, is ob-
served as an inflection in the curve. Figure
12(a—d) presents the TMA measurements for
PAni-DBSA and PAni-DBSA/EPDM blends. Fig-
ure 12(a) shows the changes that occur during the
heating of PAni—-DBSA. At about 75°C, the sam-
ple begins to soften (height decreases), and this
softening temperature has been correlated with
T,. Ikkala et al.*” verified that the T, of PAni-
DBSA is completely dependent on the DBSA con-
centration. For example, the T, value decreases
as the acid concentration increases for x = 0.7 and



1.5, where T, is 130 and 65°C, respectively. Wei et
al.?® described the T, of NMP-solution-cast films
of PAni EB. The T, of the EB films was strongly
dependent on the content of the residual NMP
solvent. For films containing about 16— 0% resid-
ual NMP, the T, was determined to be between
105 and 220°C.

TMA curves for PAni-DBSA/EPDM blends show
some differences [Fig. 12(b—d)]. Two changes in the
dimensions observed for the PAni-DBSA/EPDM
blends are assigned to the EPDM and PAni-
DBSA T.,s (=50 and 50°C, respectively). For
blends with 10 wt % EPDM, there is no distinc-
tion between the T,’s [Fig. 12(b)]. This can be
related to the partial miscibility of EPDM and
PAni—-DBSA, whereas DBSA acts as a compatibi-
lizer. For blends with 20 wt % EPDM, the T,
separation is more pronounced [Fig. 12(c)]. This
can be due to the increase in the EPDM content,
which contributes to phase separation. This can
be better shown for blends with 30 wt % EPDM
[Fig. 12(d)]. After the T, of EPDM (—50°C), the
material becomes rigid, as indicated in the curve
by an expansion. This behavior can be explained
by the crosslinking of the EPDM phase. This
leads to a more pronounced separation of the T,
values of EPDM and PAni—-DBSA. The third di-
mensional change (ca. 150°C) can be assigned to
crosslinking.

CONCLUSION

We have demonstrated that the addition of
EPDM to PAni—-DBSA produces materials with
elastomeric characteristics and good conductivity
performance. The processing method used in this
work provides a good way for producing conduc-
tive films on an industrial scale.

The assistance of P. S. de Freitas in preparing the
polyaniline is acknowledged.
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