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ABSTRACT: Polyaniline doped with dodecylbenzene
sulfonic acid and conductive carbon black (PAn.DBSA/
CB) hybrid materials have been prepared by in situ poly-
merization. The electrical resistivity of the PAn/CB was
measured as a function of CB. The minimum resistivity
was noticed for the composites with 25 wt % of CB as
compared to other systems. Small angle x-ray diffraction
data was used to characterize the molecular arrange-
ments of these composites. The refinement parameters
such as periodicity (L), phase lengths (<Y> and <Z>),

phase ratio (<Y>/<Z>), and probability distribution of
phases [yz (crystalline), yy (amorphous)] for PAn, CB,
and PAn/CB composites have been measured by SAXS
data. It was observed that there is decrease in the crys-
tallinity with increase in CB content in the composites.
© 2009 Wiley Periodicals, Inc. J Appl Polym Sci 116:
673-679, 2010
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INTRODUCTION

Ever since the discovery of inherently conducting
polymers (ICPs), research dealing with the applica-
tions of these unique materials continues to grow.
When these ICPs are combined with other conduct-
ing materials, some unique properties can be pro-
duced. They have extensively used in electrochromic
displays,1 electronic devices,?> chemical sensors,>*
etc. The use of ICPs, especially polyaniline (PAn)
and polypyrrole (PPy), and carbon black (CB) as
conductive additives in the thermoplastic industries
are limited due to undesirable properties of each at
high temperatures. Carbon black-ICP composites,
however, have shown improved performance at
higher temperatures.’

Among the conducting polymers, PAn has
attracted renewed interest from recent researchers as
it is highly conducting and easy to synthesize both
chemically (in powder form) and electrochemically
(as a film). It is cheap and stable to heat and atmos-
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phere. It is also the first conducting polymer avail-
able commercially.®

The development of composites constituted by
conducting polymers with other conducting materi-
als is also very important to combine the specific
properties of each component. Del Rio et al.” have
first reported the electrochemical synthesis of PAn/
CB composites in a solution containing aniline and
carbon black suspension. Before this, similar opera-
tion for the synthesis of polypyrrole and CB compo-
sites had been reported.

Polyaniline conducting composites with CB,”!
graphite,">"> metal powders,'* and carbon nanotubes
(CNTs)'"" are routes to improve effectively the
electrical and thermal conductivity. Among them,
the low cost PAn/CB composites are expected to
have potential aopplications in detection discrimina-
tion of amines,? novel rubbers,? and rechargeable
batteries.”” The composites of PAn with other con-
ducting fillers are more stable than pure PAn and
result in easy processability with thermoplastics.

The hybrid conducting composite materials have
been prepared by in situ polymerization of aniline in
the presence of Printex XE2B CB using dodecyl ben-
zene sulfonic acid (DBSA) as the protonating agent
and ammonium persulfate as the oxidizing agent."'
The use of DBSA is very interesting because of the
better processibility and compatibility that can be
achieved when these materials are used in blends
with insulating polymers. In this article, authors
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reported the microcrystalline behavior of PAn proto-
nated with dodecyl benzene sulfonic acid (DBSA). It
is surprising that, there is a Bragg like reflection at g
(= 4nsinb/%) = 0.007/A, which gives a long perio-
dicity of 930 A. Such long periodicity is only
observed in natural materials like collagen.” Taking
this as a Bragg like reflection, we have carried out
the profile analysis on the basis of Hosemann’s two
phase model.

EXPERIMENTAL
Materials

Carbon black (CB; printex XE-2, DBP = 370 mL/100
g, BET = 1000 m®/g, density = 2.04-2.11 g/cm°)
was kindly supplied by Degussa (Frankfurt, Ger-
many). Aniline (analytical grade from Vetec, Brazil),
ammonium peroxydisulfate (APS) (analytical grade
from Vetec, Brazil) and DBSA (commercial grade
from Solquim LTDA, Brazil) were used without fur-
ther purification.

Synthesis of PAniDBSA and the hybrid materials

Polyaniline doped with DBSA (PAn.DBSA) and their
composites with carbon black (CB) were synthe-
sized 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 in 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, fil-
tered, washed several times with methanol, and
dried. In the case of PAn.DBSA-CB composites
(PAn.DBSA /CB) different amounts of CB were first
dispersed in toluene. After the polymerization, the
emulsion of PAn.DBSA/CB was precipitated in
methanol. The dark green precipitate was filtered,
washed several times with methanol, and finally
vacuum dried for 24 h. The conversion of aniline
into polymer was determined gravimetrically from
the difference between the total weight of sample
obtained in the experiment and the weight of CB
initially present in the medium. Assuming that the
formed PAn contains 50% of the nitrogen in the
imine form, all imine groups were protonated by
the DBSA.

Characterization

The electrical resistivity measurements of PAn.DBSA,
CB, and PAn.DBSA/CB were performed by the
conventional four probe method, as per the procedure
reported elsewhere.”* The equipment used for this
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measurements is composed by an electrometer Keith-
ley 6517A, a multimeter Minipa ET2907 and a home
made four probes device with a minimum distance
between the probes of 0.171 & 0.03 cm. The specimens
for surface resistivity measurements were pressed into
disks of 38 mm diameter and about 1 mm thickness
using hydraulic press for 5 min.

Small angle X-ray scattering

Small X-ray scattering (SAXS) measurements were
performed using the beam line of the Brazilian’s
Synchrotron Light Laboratory (LNLS—DBrazil; D11A-
SAXS1 #5324/06; D11A-SAXS1-7086/08). This beam
line is equipped with an asymmetrically cut and
bent silicon (111) monochromator (A = 1.488A),
which yields a horizontally focused X-ray beam. A
linear position sensitive X-ray detector (PSD) and a
multichannel analyzer were used to determine the
SAXS intensity, I(g), as function of the modulus of
the scattering vector g = (4n/A)sinf, 0 being the
scattering angle. All SAXS spectra were corrected for
the parasitic scattering intensity produced by the
collimating slits, for the non-constant sensitivity of
the PSD, for the time varying intensity of the direct
synchrotron beam and for differences in sample
thickness. Thus, the SAXS intensity was determined
for all samples in the same arbitrary units, so that
they can be directly compared. Since the incident
beam cross-section at the detection plane is small, no
mathematical desmearing of the experimental SAXS
function was needed.

Theory of SAXS

The linear paracrystalline model of polymer mor-
phology comprises of stacks containing a finite num-
ber of crystalline lamellae separated by amorphous
segments. The thickness of successive lamellae along
a stack is randomly selected from a certain probabil-
ity density function, as the length of amorphous seg-
ment, although they may be distributed according to
a different function. If it is assumed that the trans-
verse width of a stack is infinite and that the lamel-
lae boundaries are flat and normal to the axis, then
the X-ray beam normal to stack axis will be scattered
along a line in reciprocal space parallel to the stack
axis on the distribution of intensity along this will

be given at small angles. The equation is given by

20(nS)* (1 - Hy)
s e

+]z(l — Hy)(1 - HyJ2)" H (1)

(1 -HyJz)
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TABLE I
Resistivity and Composition of PAn.DBSA/CB Hybrid Materials

Components Composition of the
weight (g) composite

Conversion of PAn.DBSA Resistivity
Aniline CB PAn.DBSA (wt %) (wt %) CB (wt %) (Q cm)
4.76 0.00 49 100 0 8.70E + 00
4.79 1.60 46 75 25 1.11E + 00
4.83 4.46 72 52 48 2.94E + 02
0.0 5.40 - 0 100 1.28E + 00

where, Hy and [, are, respectively, the Fourier trans-
forms of the normalized distribution function of
lengths Y and Z of the amorphous and crystalline
phase segments, S(=4nsin/1) is the scattering vec-
tor, 20 is the scattering angle, and A is the wave-
length of radiation N(=20 units) is the number of
repeating units in a stack, Ap is the difference
between the electron densities of the phases and I(s)
is the scattering intensity as a function of scattering
angle parallel to stack axis. If it is assumed that the
fiber comprises of parallel stacks, incoherently
arranged, there will be distribution of intensity
scattered by fiber. A correction of broadening of
intensity profile has been reported®® and incorpo-
rated here.

D =

B[(1 — A%)(1 — A%B?) sin X sin ¢ + {(1 + A?B?) cos X — 2AB}{(1 + A?) cos ¢ — 2A}]

Using exponential distributions for Hy and ],
Hosemann’s eq. (1) is expressed in a form which
is amenable to computational analysis and is given

by:

2[(nS)> C (D+E)
== 2
Ap? F * F2 @
where,
F=1+A?B?> —2AB cos X (3)

C=N{1-A?B>*~A(1-B?) cos¢—B(1—A?) cosy} (4)

G=1-AVBN cosNX (6)

E = ANBN*1sin NX[(1 — A%B2){(1 + A?) cos b —2A}
x sinX — (1 — A?) x {(1+ A?*B?) cos X —2AB} sind] (7)

For given values of A, B, x, and ¢, I(S) can be
evaluated from the egs. (2)~7). A, B, y, and ¢ are
the values of Fourier transforms of the probability
distributions of the amorphous and crystalline phase
lengths. A and y are related to the distribution of
phase-Y segment lengths and B and ¢ to that of
phase-Z segment lengths.””

Scanning electron microscopy

The morphology of the samples was measured by
scanning electron microscopy (SEM) on a JEOL
equipment model JSM 5300 with 10 kV of voltage

= ©)

acceleration. All samples were coated with thin layer
of gold and microphotographs were recorded.

RESULTS AND DISCUSSION
Electrical resistivity of the hybrid materials

The effect of the CB content on the conversion of an-
iline into PAn.DBSA and electrical resistivity of the
hybrid composites have been studied and obtained
values are given in Table I. The degree of conversion
of PAn.DBSA at low CB loading level is low. How-
ever, at higher amount of CB, the conversion of PAn
is substantially high. This may be due to the ability
of the CB in adsorbing DBSA molecules, thus mak-
ing difficult the complete elimination of the acid
during the washing process.

The electrical resistivity of PAn.DBSA /CB compo-
sites also depends upon the amount of CB in the
composite. At lower CB loads (25 wt %); the mini-
mum values of resistivity was noticed. This result
indicates that, CB particles act as electrically

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 SAXS data profiles for pure sample and different concentration of CB; (a) PAn, (b) 25% CB, (c) 48% CB, and

(d) 100% CB.

conductive bridges. Similar behavior has been also
reported for composite constituted by PAn and
graphite.®® After this point, there is an increase of
resistivity, whose values are slightly higher as
compared to pure systems.

Microstructural parameters

Figure 1 shows the small angle x-ray diffraction pat-
terns of the PAn.DBSA, CB, and PAn.DBSA/CB
composite. The structure of the crystalline phases of
PAn.DBSA is orthorhombic.?*! Using egs. (1)-(7)
and SAXS data, the microcrystalline parameters
have been computed for all the samples. For this
purpose we have written a refinement program

which simulates SAXS profile with refinement
parameters like periodicity (L), phase lengths (<Y>
and <Z>), phase ratio (<Y>/<Z>), number of
repeat unit in the stack (N), crystallinity, and
probability distribution of phases vz (crystalline),
vy (amorphous) for different concentration of
PAn.DBSA /CB and the values obtained after several
refinement with good convergence, are given in the
Table II.

The increase in CB content in composite resulted
in different SAXS patterns with peaks of lower
intensity, indicating a decrease in percentage of
crystallinity region. Sharp peaks in pristine sample
become weak and broad as the concentration of CB
in the composite increases. This indicates that the

TABLE II
Microstructural Parameters of PAn.DBSA/CB Hybrid Materials Obtained Using SAXS
PAn.DBSA CB Periodicity Phase <Y> <Z> Crystallinity
Sample (wt %) (Wt %) in A ratio Yy Y2 in A in A N e
PAn 100 0 828.38 0.0062 0.604 0.001 5.12 823.26 10 0.99
PXE (25%) 75 25 930.74 0.0156 0.001 0.011 14.52 916.22 15 0.98
PXE (48%) 52 48 892.15 0.0936 0.153 0.027 83.50 809.00 12 0.90
CB 0 100 903.44 0.1 0.197 0.030 90.34 813.10 10 0.90

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Simulated and experimental intensity curves using SAXS profiles and employing the model parameters;

(a) PAn, (b) 25% CB, (c) 48% CB, and (d) 100% CB.

presence of CB in a high proportion disturbs
the crystallization region of the PAn chains. The
PAn.DBSA/CB composite with 48 wt % of CB
showed amorphous pattern similar to pure CB. This
may be due to the high CB content as acted as thread
“impurities” to the growth of the PAn crystallites,
which results in formation of amorphous PAn.

Figure 2 shows simulated and experimental inten-
sity curves using SAXS profiles and employing
model parameters. Here, model parameters are
periodicity of the stacks, length of the amorphous
segment, length of the crystalline segment and width
of the distribution. It is evident from Table II that,
there is an increase in the periodicity, phase ratio
and phase length of amorphous region with increase
in CB content. The probability distribution function
of crystalline length for pure sample is too low,
which increases with concentration of CB. The com-
posite containing 25 wt % CB exhibits significantly
high value of periodicity and probability distribution
of crystalline length. High value of periodicity indi-
cates the crystalline like order in polymer network
extends to a large segment, compared to amorphous
region. Stacking of crystalline regions is separated
by amorphous segments. In PAn, amorphous seg-
ment is only 0.6% of the total long range ordering.

With the addition of CB (25 wt %), this amorphous
segment increases slightly to 1.6% associated with
increase in crystalline segment from 823 A to 916 A.
This slight increase in amorphous segment reduces
overall crystalline long range order only marginally.
Further increase in CB is associated with increase in
amorphous region and hence therein appreciable
decrease in the long range crystalline order. A sche-
matic representation of two phase paracrystalline
model (for SAXS and WAXS) is shown in Figure 3.

. Urystalline
Reghol

P 1. tbmm
WA
BANS

Amarphemss
= Reghan

Figure 3 Two phase paracrystalline model (not drawn to
scale).
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Figure 4 SEM photomicrographs of PAn/CB composites;
(a) PAn, (b) 25% CB, and (c) 48% CB.

Journal of Applied Polymer Science DOI 10.1002/app
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The resistivity data reveals that, the composite
with 25 wt % of CB, which presents the lowest resis-
tivity and also a tubular morphology, does not show
sharper peaks in x-ray diffraction, suggesting that
the most important feature to achieve higher con-
ductivity is the formation of microtubular morphol-
ogy.'! These results evidently emphasis that with
greater ordered entangled polymer network with a
periodicity of the order 1000 A results in a good re-
sistivity material. It should be emphasized here that,
the crystalline like order with a periodicity in the
range 10-100 A (WAXS) may have entirely different
features compared to the crystalline like order in the
periodicity of range 1000 A (SAXS). We have inte-
grated the connection between physical measure-
ments in terms of long range crystalline like order
with periodicity of 1000 A.

Figure 4(a—) shows the SEM images of the
PAn.DBSA and PAn.DBSA/CB composites. Figure
4(a) indicates the fiber structure for PAn. SEM
images of PAn with lower content of CB (25%) also
indicate the fiber structure, whereas higher CB con-
tent systems showed domains (spherical shape) of
PAn/CB composites. The SEM photographs clearly
indicates that the morphology with the composition
of the composites and presence of physical interac-
tion between PAn and CB.

CONCLUSIONS

PAn.DBSA/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 PAn.DBSA. The
composite containing 25 wt % CB also displayed a
tubular morphology characterized by microtubules
with high aspect ratio. Higher amount of CB give
rise to materials with higher resistivity values simi-
lar to pure carbon black. Surprisingly, the composite
containing 25% of CB, which displayed the lowest
resistivity value, also presented a decrease in crystal-
linity. Further, there is a maximum associated with
the crystalline phase lengths, phase ratio, and perio-
dicity with the composite containing 25% of CB
inconformity with the other physical measurements.
At this CB concentration, the decrease in crystallinity
and protonation degree do not exert substantial
influence on resistivity.
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