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ABSTRACT: A hybrid material of polyaniline doped with
dodecylbenzenesulfonic acid and conductive carbon black
(PaniDBSA/CB) was prepared by in situ polymerization.
The presence of low amount of CB (up to 25 wt %) resulted
in a decrease in resistivity as compared to pure PaniDBSA.
Composite with 25 wt % of CB presented the lowest resis-
tivity and a tubular morphology characterized by microtu-
bules with high aspect ratio evidenced by SEM examination.
Higher amount of CB give rise to materials with higher
resistivity values and a granular morphology, similar to
pure carbon black. Ultraviolet-visible and electron para-
magnetic resonance analyses were employed to evaluate the
polaron concentration. X-ray diffraction was used to charac-
terize the molecular structure of these composites. It was
observed a decrease in the crystallinity degree and a shift of

the polaron band transition toward lower wavelength as the
amount of CB in the composite increases. From the EPR
measurements, one can suggest that the higher chain order
and polaron mobility is observed in hybrid with 25% of CB.
This behavior is in agreement to the electrical resistivity
values and SEM microscopy. The effect of CB on thermal
stability of the composites was also investigated. The effect
of the PaniDBSA /CB hybrid material on the processability
and resistivity of the composites based on styrene-buta-
diene-styrene (SBS) block copolymer as the insulating ma-
trix have been also evaluated. © 2006 Wiley Periodicals, Inc.
J Appl Polym Sci 102: 535-541, 2006
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INTRODUCTION

Polyaniline has attracted much attention in the last
two decades due to their potential applications in
various hitech aspects, such as active electrodes in
batteries, in microelectronics,? as electrochromic ma-
terial for displays,®* sensors®” as well as electromag-
netic shielding.® The advantages of Pani compared to
other conducting polymers are its easy chemical syn-
thesis, its high stability toward environmental exposi-
tion, and special electronic properties, which can be
reversibly controlled by both charge transfer doping
and protonation.’

The development of composites constituted by con-
ducting polymers with other conducting materials is
also very important to combine the specific properties
of each component. Several papers in literature report
different ways to prepare these composites and the
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good properties that can be achieved with them. For
example, Pani has been combined with platinum par-
ticles to provide materials with high catalytic activity
for the oxidation of methanol and other reactions, and
more resistant to contamination with by-products,
compared to the pure metal.' Polyaniline-graphite
composites have also been prepared by dispersing
Pani doped with 2-acrylamide-2-methyl-1-propanone-
sulfonic acid and graphite powder to develop mono-
lithic electrochemical actuators.!” Additionally Pani/
graphite nanocomposite was synthesized via in situ
polymerization of aniline in the presence of exfoliated
graphite nanosheets.'? Pani-carbon black composites
have also been prepared by potentiodynamic method
in acid electrolyte containing aniline and a suspension
of carbon black." The chemical polymerization of an-
iline in the presence of carbon black has also been
reported, giving rise to a polymeric conducting com-
posite denoted as Eonomer®.'*'> According to the
authors, these materials are more stable than pure
Pani and result in easier processable blends with ther-
moplastics.

This work investigates the effect of conductive car-
bon black on the electrical and morphological proper-
ties of polyaniline protonated with dodecyl benzene
sulfonic acid (DBSA). The hybrid conducting materi-
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als were prepared by the in situ polymerization of
aniline in the presence of Printex XE2B carbon black
using DBSA as the protonating agent and ammonium
peroxydisulfate as the oxidant agent. The use of DBSA
is very interesting because of the better processability
and compatibility that can be achieved when these
materials are used in blends with insulating polymers.
The obtained products were characterized by ultravio-
let-visible (UV-vis) spectrometry, scanning electron
microscopy, X-ray diffraction, electron paramagnetic
resonance (EPR), and resistivity measurements.

Some preliminary studies involving the effect of this
hybrid material on the processability and resistivity of
the composites based on styrene-butadiene-styrene
(SBS) block copolymer as the insulating matrix have
also been performed.

EXPERIMENTAL
Materials

SBS (TR-1061; PBD content = 70 wt %; <M,,> = 120,000;
density = 098 g/cm’) was kindly supplied by
Petroflex S.A. (Rio de Janeiro, Brazil). Carbon black
[CB; printex XE-2, DBP = 370 mL/100 g, BET = 1000
m?/g, density = 2.04-2.11 g/cm’] was kindly sup-
plied by Degussa (Frankfurt, Germany). Aniline (an-
alytical grade from Vetec, Brazil), ammonium peroxy-
disulfate (APS) (analytical grade from Vetec, Brazil),
and DBSA (commercial grade from Solquim LTDA,
Brazil) were used without further purification.

Synthesis of PaniDBSA and the hybrid materials

Polyaniline doped with DBSA (PaniDBSA) and their
composites with carbon black (CB) were synthesized
by one step route in toluene medium. In a typical
procedure, 4.7 mL (0.051 mol) of aniline and 16.7 g
(0.051 mol) of DBSA were dissolved into 250 mL of
toluene under constant stirring. The medium was kept
at 0°C and an aqueous solution containing 11.36 g
(0.051 mol) of APS in 40 mL of water was slowly
added over a period of 20 min. After 6 h, the reaction
medium was poured into methanol, filtered, washed
several times with methanol, and dried. In the case of
PaniDBSA-CB composites (PaniDBSA/CB), different
amounts of CB were first dispersed into the toluene.
Then, aniline and the other reagents were added, fol-
lowing similar procedure described earlier. The con-
version of aniline into polymer was determined gravi-
metrically from the difference between the total
weight of sample obtained in the experiment and the
weight of CB initially present in the medium and
assuming that the formed polyaniline contains 50% of
the nitrogen in the imine form and all imine groups
were protonated by the DBSA.
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Preparation of the composites with SBS

The SBS copolymer was first introduced in a Haake
internal mixer operating with rotor Cam, at 100°C and
60 rpm. After 2 min, the conductive filler was added
and the mixture was performed for 8 min. The blends
were then laminated into a two-roll mill and compres-
sion-molded at 100°C for 3 min, and 1.0 MPa pressure.

Characterization

The electrical resistivity measurements of Pani, DBSA,
CB and the hybrid materials PaniDBSA /CB were per-
formed by the conventional four-point method, ac-
cording to the literature,'®'” on pressed pellets of com-
posites particles prepared at room temperature. The
equipment used for this measurements is composed
by an electrometer Keithley 6517A, a multimeter
Minipa ET2907 and a home made four probes device
with a medium distance between the probes of 0.171
+ 0.03 cm.

The volume resistivity of the SBS-based composites
were performed using two-plaques technique, accord-
ing to the literature'®'” and a Keithley 6517A elec-
trometer. The results involve the media of five mea-
surements. The measurements were performed in
compression-molded samples, as disks of 38 mm di-
ameter and about 1 mm thickness, for 5 min.

The morphology of the samples was determined by
scanning electron microscopy (SEM) on a JEOL equip-
ment model JSM-5300 with 10 kV of voltage accelera-
tion. The micrographs of PaniDBSA and the hybrids
PaniDBSA /CB were taken from the surface of the film
obtained after evaporation of a small aliquot with-
drawn from the reaction medium. The micrograph of
CB was taken from the powder. All samples were
coated with a thin layer of gold.

The ultraviolet-visible spectrometry measurements
were performed on a Varian UV-vis Spectrometer
Model CARY 100. The samples were dissolved in tol-
uene in a concentration of 5.5 X 107° g/mL. The
absorption effect generated by the CB particles dis-
persed in the solution was eliminated using normal-
ized curves, which was obtained by subtracting the
value of the smallest absorbance of each solution in
the corresponding UV-vis spectrum.

pH measurements of a DBSA aqueous solution
were performed in a pHmeter ANALYSER model
300M. The solution was prepared by dissolving 2.0122
g of DBSA into 200 mL of distilled/deionized water.
50 mL of this solution was then stirred with 0.4999 g of
CB for 3 h.

Wide-angle X-ray scattering (WAXS) measurements
were performed on a Miniflex Rigaku diffractometer
with copper X-ray tube (CuKea, wavelength A = 1.5418
A) and a graphite monocromator. The data were col-
lected in the step-by-step mode of 0.05° from 5 to 40°
in 20.
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TABLE 1
Resistivity and Composition of PaniDBSA/CB Hybrid Materials
Components weight
(8) Conversion of Composition of the composite Standard
PaniDBSA PaniDBSA Resistivity deviation of
Aniline CB (wt %) (wt %) CB (wt %) (Q cm) the resistivity
4.76 0.00 49 100 0 8.70 x 10° 3.97 x 10°
4.78 0.30 43 94 6 5.25 x 10° 1.25 x 10°
4.79 1.60 46 75 25 1.11 x 10° 351 X 1072
4.65 1.63 46 74 26 1.18 x 10° 137 x 1071
4.87 2.86 58 63 37 1.20 x 10° 426 x 1071
4.83 4.46 72 52 48 2.94 x 10? 2.96 x 10!
0.0 5.40 - 0 100 1.28 x 10° 1.73x 107!

Thermogravimetric analyses of PaniDBSA and the
hybrids were performed on a SDT2960 analyzer from
TA Instruments, operating under nitrogen flow, in the
temperature range of 100-700°C and at a heating rate
of 10°C/min.

The EPR measurements were performed on a
Bruker ESP-380 FT-CW spectrometer operating in X-
band (~9.5 GHz) and frequency modulation of 100
MHz. The spectra were measured at room tempera-
ture in a cylindrical resonating cavity. The g-factors
were determined against diphenylpicrylhydrazyl
standard (DPPH) (¢ = 2.0023). To avoid saturation of
the EPR signal, all spectra were measured in low
power (0.5 mW), using modulation amplitude of 0.3
mT. The EPR susceptibilities were estimated by dou-
ble-integrating the EPR signal, using the Bruker
WiInEPR® software.

RESULTS AND DISCUSSION
Electrical resistivity of the hybrid materials

The effect of the CB content on the conversion of
aniline into PaniDBSA and electrical resistivity of the
hybrid composites is summarized in Table I. With low
amount of CB, the conversion of PaniDBSA presents a
slight decrease. Higher amount of CB resulted in a
substantial increase of the conversion. This may be
due to the presence of excess of DBSA molecules
adsorbed in CB, which were not complete eliminated
in spite of the repeated washing process.

The electrical resistivity of PaniDBSA/CB compos-
ites also depends upon the amount of CB in the com-
posite. At lower CB loads (up to 25%), the resistivity
decreases, suggesting that CB particles act as electri-
cally conductive bridges. The lowest value of resistiv-
ity was obtained in a composite containing 25 wt % of
CB. Similar behavior has been also reported for com-
posite constituted by Pani and graphite.'* After this
point, there is an increase of resistivity, whose values
are somewhat higher than the pure components.

UV-vis and EPR spectroscopy

The decrease of conductivity with higher amount of
CB may be attributed to changes in the oxidation state
and/or protonation degree of the polymer. UV-vis
spectroscopy is considered as an important tool for the
investigation of the electronic structure of Pani and
more specifically the charge carrier delocalization in
this polymer. Figure 1 compares the normalized UV-
vis absorption spectra of PaniDBSA and their corre-
sponding composites with CB. PaniDBSA exhibits two
absorption peaks at 400 and 830 nm, which can be
assigned to the 7—=* transition on the polymer chain
and to the polaron band transition, respectively.'® The
polaron band at 830 nm (in pure PaniDBSA) presented
a blue shift and a substantial decrease in intensity as
the CB concentration in the hybrid increases. For the
hybrid material containing 48% of CB, this polaron
band appeared at around 730 nm with a significant
decrease of the intensity. This behavior suggests that
the degree of charge delocalization becomes lower as
the amount of CB increases.
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Figure 1 Normalized UV-vis Spectra of (a) PaniDBSA and
the PaniDBSA /CB hybrid composites with (b) 6%, (c) 25%,
(d) 37%, and (e) 48% of carbon black.



538

(b)
(o)

1 I Ll L I
2020 2018 2010 2005 000D 1.09%5 199

Figure 2 EPR spectra of (a) PaniDBSA and the PaniD-
BSA/CB hybrid composites with (b) 6%, (c) 25%, (d) 37%,
and (e) 48% of carbon black.

Figure 2 illustrates the EPR spectra of the hybrid
materials as a function of the CB content. Increasing
the amount of CB in the hybrid composites resulted in
a decreasing of the EPR signal intensity at g
= 2.0041(2). The relative polaron concentration was
estimated by double integration of the EPR signal.
This estimative afforded similar polaron concentration
for the hybrid prepared with 6 and 25% of CB,
whereas for that containing 48% of CB, the polaron
concentration is roughly one order of magnitude
smaller. When comparing the EPR spectra of PaniD-
BSA with those of the hybrid composites, one can
observe a substantial decrease of the line width (AH,,,)
for the hybrid containing 25% of CB. For conducting
polymer systems, the line width is related to the struc-
tural order, that is, the conjugation length: the smaller
the line width, the greater the polaron mobility is."
From the EPR measurements, one can suggest that the
higher chain order and polaron mobility is observed in
hybrid with 25% of CB. This behavior is in agreement
to the electrical resistivity values and SEM micros-
copy.

The metallic character of these composites can be
also estimated from EPR spectra, by measuring the
asymmetric parameter A/B values of the low-field
maximum and high-field minimum amplitudes.*
This parameter was found to be 1.0 for 6% CB sample,
1.2 for 25% CB, and 1.7 in the case of 48% CB sample,
indicating an increase of the metallic character as the
CB concentration increases. These results are in accor-
dance with the resistivity measurements for the 6%
and 25% CB composites. The higher metallic character
found for the 48% CB hybrid is not understandable on
these grounds, and should be related to the appear-
ance of distinct, not polaronic, paramagnetic species in
this composite.

SOUZA ET AL.

The protonation degree and also the conductivity of
polyaniline depend on the pH of the medium. At
higher amount of CB, the resistivity of the composite
is higher probably because of the increase of the pH of
the medium caused by the adsorption of part of DBSA
by CB particles. The effect of CB on the pH of the
medium was evaluated by measuring the pH of a
DBSA aqueous solution without and with CB. These
values are listed in Table II. In fact, the presence of CB
resulted in a small increase of the pH value, which
corresponds to ~31.5% of all H" available cations
adsorbed by CB. This phenomenon may be contribut-
ing for the increasing of the conversion of PaniDBSA
at higher amount of CB and also for the decreasing in
conductivity and a blue shift of the polaron band
transition.”!

The increase of resistivity with the presence of large
amount of CB may be also attributed to a reduction
process that takes place during the polymerization of
aniline imparted by CB. It was reported in the litera-
ture that, among several types of carbonaceous mate-
rials, carbon black displays the highest ability toward
chemical oxidation.”” The reduction process of the
Pani chain by the CB may also be responsible for the
significant blue shift of the polaron band, according to
the results reported by Albuquerque et al.>>**

SEM morphology of hybrid composites

The peculiar electrical behavior of PaniDBSA/CB
composites, especially with low amount of CB, may be
also related to the morphology. Figure 3 presents the
SEM micrographs of the hybrid composites as a func-
tion of the CB content. The morphology of PaniDBSA
is characterized by the presence of tubules and plates,
as also reported by other authors.*>* The PaniD-
BSA /CB composite containing 25 wt % of CB displays
more defined microtubules with higher aspect ratio.
Beyond this concentration, these microtubules are not
formed and the morphology looks similar to that of
pure CB, characterized by the presence of grains,
whose diameter varies from 3 to around 10 um [see
Figs. 3(b)-3(d)]. From these results, on can assume that
the lowest resistivity found in PaniDBSA /CB compos-
ite with 25 wt % of CB is better related to the orienta-

TABLE II
pH of DBSA Aqueous Solution Without and With CB
Average 99% CI
DBSA
pH 1.98 0.18
[H'] 1.06 X 102 935 x 1074
DBSA/CB
pH 2.14 0.82
[H'] 719 X 1073 2.76 X 1073

ClI, confidence interval.
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Figure 3 Micrographs of (a) PaniDBSA and the PaniDBSA /CB hybrid composites with (b) 25%, (c) 37%, and (d) 48% of

carbon black.

tion of the polymer chain, favoring the polaron mo-
bility as confirmed by EPR spectra. The different be-
havior observed from UV-vis spectroscopy of the 25%
CB hybrid can be attributed to the fact that the UV—vis
spectra were taken from the solution and do not reflect
the chain orientation observed in the solid state.

X-ray diffraction scattering

Figure 4 shows the X-ray diffraction patterns of the
PaniDBSA and PaniDBSA /CB composites. PaniDBSA
exhibits six main reflections at 260 = 17°, 23°, 26°, 30°,
35°, and 36°. The structure of the crystalline phases of
PaniDBSA is orthorhombic.?®* * These results agree
with those of Fischer et al.,?® Lux?®® and Zilberman et
al.** who observed reflections at the same angles for
Pani powder prepared from solutions of concentrated
sulfuric acid. The presence of 6% of CB in the com-
posite resulted in different X-ray diffraction patterns
with peaks of lower intensity, indicating a decreasing
of crystallinity and also the formation of different
crystallites. Those sharp peaks become weak and

26

Figure 4 XRD patterns of (a) PaniDBSA and the PaniD-
BSA/CB hybrid composites with (b) 6%, (c) 25%, (d) 37%,
and (e) 48% of carbon black.
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Figure 5 Thermogravimetric analysis of (a) PaniDBSA and
the PaniDBSA /CB hybrid materials with (b) 6% and (c) 25%
of carbon black.

broad as the concentration of CB in the composite
increases. This indicates that the presence of CB in a
high proportion disturbs the crystallization of the Pani
chains. The PaniDBSA /CB composites with 37 and 48
wt % of CB exhibit similar amorphous pattern as
found in CB sample. This result is possibly because the
high CB concentration has acted as thread “impuri-
ties” to the growth of the Pani crystallites and more
and more amorphous Pani was formed.

It is interesting to point out that the composite with
25 wt % of CB, which presents the lowest resistivity
and also a tubular morphology, does not give sharper
peaks in X-ray diffraction. These results suggest that
the higher conductivity (lower resistivity) achieved in
this sample is mainly due to the higher chain order
and polaron mobility as observed in the EPR spectra,
indicating a better contribution of intrachain conduc-
tivity.

Thermogravimetric analysis

The decomposition thermograms of the PaniDBSA
and its hybrids are shown in Figure 5. The presence of
CB improves the thermal stability of the hybrids. This
stability is reflected by the displacement of the decom-
position curve toward a little higher temperature,
mainly in system containing 6% of CB. According to
Avlyanov,'* the improved thermal stability of doped,
conjugated polymers on the carbon black can be ex-
plained by multiple 77— interactions between the un-
saturated backbone of the intrinsically conductive
polymer (ICP), the aromatic rings of the CB substrate,
and the planar aromatic dopant ions. These interac-
tions should limit the rotational freedom of the conju-
gated polymer segments and therefore enhance the
thermal stability of the polymer.
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The higher amount of nondegradable residue in
hybrid containing 25% of CB (around 46%) is related
to the amount of CB and the residue coming from the
PaniDBSA, since pure PaniDBSA normally gives rise
to around 24% of nondegradable residue.

Effect of hybrid materials on processability and
resistivity of SBS-based composites

Figure 6 compares the torque-time curves of the SBS-
based composites as a function of the conducting filler
nature. All these composites were prepared with 15 wt
% of conducting filler. The initial increase in torque
results from the addition of the SBS into the mixer. The
second increase of torque after 2 min corresponds to
the load insertion of the filler into the internal mixer.
After this, the torque drops as the polymeric material
soften until a value characteristic of the blend.

The presence of CB resulted in a substantial increase
of final torque, indicating a decrease of processability.
On the other hand, the presence of PaniDBSA resulted
in a decrease of final torque as a consequence of the
plasticizer effect imparted by DBSA. The final torque
of SBS loaded with 15 wt % of the hybrid material
(containing 25% of CB) was similar to that of pure SBS,
indicating no influence of this filler on the processabil-
ity of SBS.

The effect of the hybrid material on the resistivity of
SBS-based composites is summarized in Table III. SBS
loaded with CB presents a percolation threshold lower
than 15% of CB. With 15% of CB, the resistivity is
several orders lower than the SBS loaded with the
same amount of PaniDBSA or PaniDBSA /CB hybrid
material. It is important to emphasize the significant
lower resistivity of the SBS loaded with PaniD-
BSA/CB hybrid compared to pure PaniDBSA. It is
believed that during the blend preparation in the in-
ternal mixer, the relatively high temperature and

)
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Figure 6 Torque-time curves of (a) pure SBS and the SBS-
based conducting composites containing (b) 15% of PaniD-
BSA, (c) 15% of PaniDBSA/CB, and (d) 15% of CB.
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TABLE III
Resistivity Values of SBS Conducting Composites as a Function of the Composition and Conducting Filler Nature
Filler SBS/PaniDBSA SBS/PaniDBSA /CB SBS/CB
content (%) VR (© cm) 99% CI VR (Q cm) 99% CI VR (Q cm) 99% CI
0 2.8 X 10" 8.4 x 10" 2.8 X 10" 8.4 x 10" 2.8 X 10" 8.4 x 10"
15 6.3 X 1012 3.2 x 10! 6.3 x 10%° 2.0 X 10° 1.6 X 10° 1.3 x 10*
30 2.9 X 10° 6.4 x 10* 5.8 X 10° 6.1 x 10" 2.0 X 10? 1.9 x 10°
45 8.3 X 10* 4.0 X 10? 4.8 x 10! 3.1 x 10° - -
VR, volume resistivity; CI, confidence limit.
shearing forces contribute for the dedoping of the  References

PaniDBSA. The presence of CB in the hybrid material
avoids the degradation of PaniDBSA, thus resulting in
lower resistivity. These results are very important for
technological purpose, since relatively high conduc-
tivity values can be reached without affecting the pro-
cessability of the matrix.

CONCLUSIONS

PaniDBSA /CB hybrid materials were synthesized by in
situ polymerization. The presence of low amount of CB
(up to 25 wt %) resulted in a decrease in resistivity as
compared to pure PaniDBSA. The composite containing
25 wt % CB also displayed a tubular morphology char-
acterized by microtubules with high aspect ratio. Higher
amount of CB give rise to materials with higher resistiv-
ity values and a granular morphology, similar to pure
carbon black. The higher resistivity values achieved in
composites with higher amount of CB are in agreement
with the blue shift of the polaron band transition ob-
served in UV-vis spectroscopy and also with the de-
crease in crystallinity observed in X-ray diffraction pat-
terns. These phenomena were attributed to an increase
of the pH of the medium caused by the adsorption of
part of DBSA by the CB particles and also to an oxidation
process of the Pani chain.

Surprisingly, the composite containing 25% of CB,
which displayed the lowest resistivity value, also pre-
sented a decrease in crystallinity and a blue shift of the
polaron band transition. However, the EPR data con-
firm the increased polaron mobility in this sample.
These results indicate that the lower value of resistiv-
ity is better associated to the tubular morphology,
which makes easier the polaron mobility. At this CB
concentration, the decrease in crystallinity does not
exert substantial influence on resistivity.

Regarding SBS-based conducting composites, those
containing CB presented the lowest percolation
threshold. However, the PaniDBSA /CB hybrid filler
presents the better combination of conductivity and
processability.
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