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ABSTRACT: The synthesis of polyaniline (PANI) con-
taining different carbon nanotubes (CNTs) by in situ poly-
merization is reported in this study. The samples were
characterized by X-ray diffraction and scanning electron
microscopy. Fourier transform infrared and ultraviolet–
visible spectroscopy were used to determine the change in
structure of the polymer/CNT composites. Thermogravi-
metric analysis showed that the composites had better
thermal stability than the pure PANI. Photoluminescence
spectra showed a blueshift in the PANI–single-walled
nanotube (SWNT) composite. Low-temperature (77–300 K)
electrical transport properties were measured in the ab-

sence and presence of a magnetic field up to 1 T. Direct-
current conductivity exhibited a nonohmic, three-dimen-
sional variable range hopping mechanism. The room-tem-
perature magnetoconductivity of all of the investigated
samples except the PANI–SWNT composite were negative;
however, it was positive for the PANI–SWNT composite,
and its magnitude decreased with increasing temperature.
VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 119: 1016–1025,
2011
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INTRODUCTION

During the last few decades, conducting polymeric
materials have been investigated extensively.1–3 Poly-
aniline (PANI) is one of the best materials among
this class of polymers. It has a relatively higher con-
ductivity, a better stability, and cost effectiveness and
can be easily synthesized. PANI exhibits semicon-
ducting behavior with a relatively high conductivity
because of extended p-conjugation along the poly-
meric backbone. Different carbon nanotubes (CNTs),
such as single-walled nanotubes (SWNTs), double-
walled nanotubes (DWNTs), and multiwalled nano-
tubes (MWNTs), also have potential applications in
the fabrication of new classes of multifunctional
materials because of their excellent thermal stability
and mechanical and electrical properties.4,5 When
CNTs are introduced inside the polymer matrix,
there is a considerable increase in the mechanical and
electrical properties. This type of composite can be
used in polymer-based devices. The formation of
polymer–CNT networks leads to advanced materials
for use in electromagnetic shielding, storage devices,

electrostatic dissipation, and antennas. Hence, many
efforts have been made to prepare polymer–CNT
composites after Ajayan et al.6 Not only are these
composites highly stable in air, but also their elec-
tronic and physical properties change significantly.
Aniline polymerizes along the CNTs, which are stabi-
lized by strong p–p interactions between the polymer
and CNTs. Hence, CNTs also align simultaneously in
the polymer matrix. Many investigations reported in
the literature have been done by a combination of
CNTs and conducting polymers.7–16 Wei et al.7 stud-
ied the morphology of PANI nanotubes doped with
MWNT–(OSO3H)n and showed a one-dimensional
(1D) variable range-hopping transport. Zengin et al.8

reported the enhancement of room-temperature con-
ductivity [r(300 K)] in PANI–MWNT composite
films. Wu et al.10, Yan et al.,12 and Konyushenko
et al.13 studied the conductivity change with MWNT
content in the composites. Zhang and coworkers11,14

and Long et al.16 studied the overall temperature-de-
pendent conductivity of PANI–MWNT composites.
They also showed the negative magnetoresistance of
this system. Anglada et al.15 synthesized and charac-
terized the SWNT-conducting polymer thin films and
measured only the room-temperature resistance.
Although some electrical-transport properties of con-
ducting polymers/MWNT nanocomposites have
been investigated over the last few years, it is not pos-
sible to come to any definite conclusions about their
temperature- and magnetic-field-dependent electrical
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conductivity. As the trend in nanoelectronics and
CNT-assisted polymeric devices increases day by
day, it is necessary to have a clear idea about the elec-
trical behavior of the PANI–CNT composites. How-
ever, major previous reports have been mainly based
on the characterization of PANI–MWNT composites.
The detailed study of the conductivity and magneto-
conductivity of PANI–CNT composites has not been
extensively explored, particularly in PANI–DWNT
and PANI–SWNT below room temperature.

In this study, the fabrication and characterization of
HCl doped PANI with different CNTs (SWNT,
DWNT, and MWNT) was done. The low-temperature
(77 � T � 300 K) conductivity and magnetoconductiv-
ity (up to 1 T) of these composites was investigated
extensively.

EXPERIMENTAL

The composites of acid-doped PANI with CNTs was
synthesized by in situ chemical oxidative polymer-
ization. First, 60 mg of CNTs [SWNTs (Nanocyl
1100), DWNTs (Nanocyl 2100), or MWNTs (Nanocyl
3100)] was ultrasonicated for several hours in 300
mL of a 1M HCl solution in the presence of 1.136 g
of cetyl trimethyl ammonium bromide to obtain a
well-dispersed solution. The SWNT/HCl suspension
was then preserved in a refrigerator at 1–5�C. Pre-
cooled aniline monomer (1.2 mL) and ammonium
peroxydisulfate (2.72 g) dissolved in a 125-mL 1M
HCl solution were dipped sequentially into the
SWNT/HCl suspension and stirred with a magnetic
stirrer. During this whole process, the temperature
was maintained at 1–5�C by an ice bath. The result-
ing mixture was then kept in a refrigerator for 24 h.
The resulting black-green suspension was filtered
and washed with deionized water and methanol
until the presence of cetyl trimethyl ammonium bro-
mide and other impurities was removed. The precip-
itate was then dried under a dynamic vacuum for 24
h. The same procedure was used to prepare the
PANI–DWNT and PANI–MWNT composites. For
comparison, a pure PANI specimen was also pre-
pared by the same technique.

Fourier transform infrared (FTIR), ultraviolet–visi-
ble (UV–vis), and photoluminescence (PL) spectros-
copy were used to characterize the specimens. UV–vis
spectroscopy was performed on a double-beam spec-
trophotometer (Hitachi, U-3010, Waltham, MA) with
dimethyl sulfoxide as a solvent. PL spectroscopy was
performed on a Hitachi fluorescence spectrophotome-
ter (F-2500). FTIR was recorded on a Nicolet NEXUS
FTIR spectrometer (Vernon Hills, IL) within a range
of 450–4000 cm�1 with KBr pellets. The thermal stabil-
ities of the samples were studied with a PerkinElmer
(Waltham, MA) thermogravimetric analysis (TGA)
instrument under N2 gas. The heating rate was 10�C/

min from room temperature to 900�C. X-ray intensity
scans of these samples were recorded with an XPert
Pro X-ray diffractometer (PANLYTICAL, Almelo,
Netherlands) with nickel-filtered Cu Ka radiation (k
¼ 1.5414 Å) in 2y range from 20 to 70�. Scanning elec-
tron microscopy (SEM) was used to study the mor-
phology of the PANI–CNT composites. A very small
part of the samples were dispersed in a dimethyl sulf-
oxide solution, and one drop of the dispersed solution
was placed on a glass film. SEM was conducted at 15
kV, electronic diffraction images were recorded in a
Hitachi S-300N instrument, and electronic diffraction
images were recorded.
Powdered samples of the PANI, PANI–SWNT,

PANI–DWNT, and PANI–MWNT composites were
pressed to form pellets 1 cm in diameter under 500
MPa. To measure the electrical conductivity, stand-
ard four-probe measurements were done with good
contact ensured by a highly conducting graphite ad-
hesive (Electrodag 5513, Acheson, Williston, VT) and
fine copper wires as connecting wires. Direct-current
(dc) conductivity was measured by an 81=2 digit Agi-
lent 3458A multimeter. The temperature dependence
of conductivity was measured in a liquid nitrogen
cryostat with an ITC 502S Oxford temperature con-
troller. We measured dc magnetoconductivity by
placing the cryostat under a transverse magnetic
field with variation up to 1 T by an electromagnet.

RESULTS AND DISCUSSION

The FTIR spectra of the PANI and PANI–CNT com-
posites are shown in Figure 1. Pure PANI gave

Figure 1 FTIR spectra of PANI and different PANI–CNT
composites.
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characteristic peaks at 3500, 2400, 1561, 1490, 1292,
1107, and 800 cm�1. The peaks were attributed to
the NH stretching of secondary amine, NHþ stretch-
ing of amine, quinoid ring stretching and benzoid
ring stretching, CAN stretching, vibrations of the
dopant, and substitution in the benzene ring, respec-
tively.17 All of the peaks indicated the formation of
emeraldine-base PANI. The incorporation of CNTs
in the PANI matrix reduced the peak area without
any shift of the peaks at 1561, 1490, 1292, 1107, and
800 cm�1. This spectrum indicated that the structural
change of PANI occurred with doping because of
the molecular interaction of CNT with different reac-
tion sites of PANI. Therefore, the FTIR spectrum
analysis confirmed that the CNTs were embedded
within the PANI matrix, which was clearer in the
SEM pictures.

Figure 2 gives the scanning electron micrographs
of the bare MWNT [Fig. 2(a)], PANI–SWNT [Fig.
2(b)], PANI–DWNT [Fig. 2(c)], and PANI–MWNT
[Fig. 2(d)] samples, respectively. Columnar growth
was been observed in the PANI–DWNT and PANI–
MWNT samples; however, pellet-type growth was
observed in the PANI–SWNT sample. Compared
with the bare MWNTs, the diameter of the PANI–
CNT composites became larger after in situ polymer-
ization, which suggested that the aniline monomer
was uniformly polymerized on the surface of the
CNT and formed columnar and pellet-type growths.
So we conformed from the SEM image that, in all of

the PANI–CNT samples, the polymers were coated
over the CNTs.
UV–vis spectroscopy was done to characterize the

interfacial interaction between the polymer and
CNTs, and the spectra are shown in Figure 3. The
two characteristic absorption peaks of the samples at
approximately 330 and 630–660 nm were attributable
to the p ! p* transition in the benzoid ring and exci-
tation absorption of the quinoid rings, respec-
tively.18,19 When the tubular nanostructure of PANI–
CNT was formed, the p ! p* energy increased
because of the interface of CNTs in the polymer
backbone. As a result, the wavelength decreased.
The lower intensity of the exciton absorption band
of the quinoid rings supported the dominance of the
benzoid ring. The shape of the curve depended on
the carrier concentration, lifetime, and transition
energy. The broad and narrow peaks were contribu-
tions of delocalized and localized charge carriers.
The electrical conductivity depended on the mobility
of these charge carriers.
TGA was done to investigate the thermal stability

of the PANI–CNT composites. Figure 4 shows TGA
thermal curves of the different composites. The mass
loss of the PANI samples in the temperature range
50–110�C was mainly attributed to the loss of water
molecules and the lower molecular weight oligomers
from the polymer matrix. The rapid mass loss
between 400 and 600�C occurred because of the oxi-
dative degradation of the polymer in air. However,

Figure 2 SEM images of (a) bare MWNT, (b) PANI–SWNT, (c) PANI–DWNT, and (d) PANI–MWNT.
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in the PANI–CNT composites, mass loss occurred
slowly up to 600�C because of the removal of dopant
molecules from the polymer structure. Rapid mass
loss occurred around 600, 700, and 750�C for PANI–
DWNT, PANI–SWNT, and PANI–MWNT, respec-
tively (Table I), because of the rapid degradation of
the polymer chain.18 TGA indicated that the PANI–
CNT composites were thermally more stable than
PANI. We also observed that PANI–SWNT was
more stable than PANI–DWNT but less stable than
PANI–MWNT. Generally, the better thermal stability
may have occurred because of the dominancy of the
benzenoid structure over the quinoid structure in
the PANI and PANI–CNT composites. Because the
peak height and area of the UV–vis spectra indicated
the percentage presence of the benzenoid and qui-
noid ring, it was clear when we compared the peak

heights of the benzenoid structure (Ib) and quinoid
structure (Iq) in the UV–vis spectra, the peak at
lower wavelength corresponded to the benzenoid
structure, and the at higher wavelength corre-
sponded to the quinoid structure). From the UV–vis
spectra, the calculated values of the peak height ra-
tio (Ib/Iq) were 1.52, 1.81, 1.60, and 1.99 for PANI,
PANI–SWNT, PANI–DWNT, and PANI–MWNT,
respectively (Table I). As the Ib/Iq of PANI was
lower than that of the PANI–CNT composites, the
inferior thermal stability of PANI was due to the
presence of a smaller benzenoid ring in its structure
compared to the PANI–CNT composite.20 On the
other hand, when we arranged the samples accord-
ing to percentage presence of the benzenoid ring
over the quinoid ring, it was PANI < PANI–DWNT <
PANI–SWNT < PANI–MWNT. Therefore, the ther-
mal stability, as observed in the TGA study (PANI <
PANI–DWNT < PANI–SWNT < PANI–MWNT),
may have been due to the presence of more benzenoid
structures than quinoid structures in the PANI and
different PANI–CNT composites.
The PL spectra of the PANI and PANI–CNT com-

posites, shown in Figure 5, were determined with an
excitation wavelength of 300 nm. The PANI–CNT
samples showed a higher PL intensity than PANI;
however, the maximum enhancement of intensity

Figure 3 UV–vis spectroscopy of PANI and different
PANI–CNT composites.

Figure 4 TGA curves of PANI and different PANI–CNT
composites.

TABLE I
Decomposition Temperature (Td) and Ib/Iq of PANI and

the PANI–CNT Composites

Sample Td (
�C) Ib/Iq

PANI 400 1.52
PANI–SWNT 700 1.81
PANI–DWNT 600 1.60
PANI–MWNT 750 1.99

Figure 5 PL spectra of PANI and different PANI–CNT
composites.
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was observed in PANI–SWNT. It was reported that
the p-bonded surface of CNTs might interact
strongly with the conjugated structure of PANI,
especially through the quinoid ring.21,22 Because of
this, the alignment of the polymer chain on CNTs
was observed in the PANI–CNT composites,23 which
have may favored the formation of singlet excitons.
This singlet exciton thus formed decays to the
ground state with the emission of light. It was also
observed that singlet exciton formation increased
with increasing conjugation length of the polymer
chain.10 This was due to the delocalization length of
the singlet exciton in the conjugated polymers,
which was comparable to its conjugation length. The
triplet excitons were mostly responsible for PL emis-
sion because conjugated polymers cannot produce
the spin flip, which is necessary for optical transition
electrons. Hence, one should expect higher PL emis-
sion from PANI–CNT composites. Emission peaks
were found around 449, 427, 441, and 434 nm for
PANI, PANI–SWNT, PANI–DWNT, and PANI–
MWNT, respectively. We observed that the peak
position shifted to the lower position for the PANI–
CNT samples compared to the PANI sample, and
the maximum shift (blueshift) was observed in
PANI–SWNT.

Figure 6 presents the X-ray diffraction (XRD) for
PANI various PANI–CNT composites. In the XRD
diffractogram, PANI showed broad peaks at 2y
angles of 15� (weak), 20.4� (low intense), and 25.2�,
as reported earlier.24,25 These peaks in PANI may
have arisen because of the regular repetition of the
monomer unit aniline The XRD pattern of the
PANI–CNT composites revealed their crystalline na-
ture, which was similar to that of pure PANI and
indicated the absence of another crystalline order.
However, because of the incorporation of CNTs in
PANI, the peaks were sharper, and the peak inten-
sity increased in the composites more than in PANI
prepared under the same conditions. It was reported
that such behavior may arise (1) because the pres-
ence of CNTs can introduce a dopant effect on PANI
and increase effective delocalization on polymer
chains8 or (2) because of the ordering of PANI mac-
romolecules along the CNT axis.14 Therefore, we
concluded that sharper and higher peak intensities
in our investigated PANI–CNT composites, com-
pared to those in PANI, were due to the dopant
effect of the CNTs and the ordering of polymer
chains along the CNTs.
To form an idea of the conductivity of the PANI–

CNT composites, we measured the temperature de-
pendence of dc conductivity of the samples from 77
to 300 K. There was an increase in the r(300 K) and
the conductivity ratio [qr ¼ r(300 K)/r(77 K)] from
0.44 to 1.09 X�1 m�1 and from 1.39 to 3.89, respec-
tively (Table II). As CNTs are relatively good elec-
tron acceptors and PANI can be considered a good
electron donor, this enhancement may have been
due to the dopant effect or charge transfer from the
quinoid unit of PANI to the CNTs. Interaction
between the CNTs and quinoid ring of the PANI
increased the charge-transfer process between them.
It was reported that the localization length (Lloc) of
CNTs is around 10 nm for the presence of a large p-
conjugated structure, whereas for crystalline and
amorphous PANI, it is only around 2 nm.26 There-
fore, there would have been an enhancement of the
average Lloc in the polymer/CNT composites. This
happened because of strong coupling between the
poorly conducting polymer and highly conducting
CNTs. The temperature dependence of resistivity is

Figure 6 XRD of PANI and different PANI–CNT
composites.

TABLE II
Experimentally Obtained Conductivity Parameters of PANI and the PANI–CNT Composites

77 � T � 110 K 110 � T � 300 K

Sample r(300 K) (X�1 m�1) qr q(0) (Xm) Ea (meV) q(0) (Xm) Ea (meV)

PANI 0.44 1.39 2.49 1.6 1.87 4.4
PANI–SWNT 0.70 3.89 2.80 4.6 0.64 19.2
PANI–DWNT 1.09 1.62 1.25 1.2 0.65 7.8
PANI–MWNT 0.58 2.26 2.71 2.5 1.07 12.4
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presented in Figure 7 for the different PANI–CNT
composites. All of the samples showed semiconduct-
ing behavior; that is, their resistivity decreased with
increasing temperature. This occurred because of an
increase in the charge transfer between the polymer
and CNTs with increasing temperature. In general,
in a disordered semiconducting system, the tempera-
ture-dependent resistivity [q(T)] follows the Mott
variable range-hopping model:27

qðTÞ ¼ q0exp
TMott

T

� �c� �
(1)

where q0 is a constant; TMott ¼ 24
pkBL3locN EFð Þ is the char-

acteristic Mott temperature, which depends on the
hopping barrier, electronic structure, and energy dis-
tribution of the localized states; kB is the Boltzmann
constant; Lloc is the localization length; N(EF) is the
density of states at the Fermi level; and c is the vari-
able range hopping (VRH) exponent, whose value
determines the dimensionality of the conducting me-
dium by the relation c ¼ 1/(1 þ d), where d defines
the dimensionality of the charge transport mecha-
nism. For three-dimensional (3D), two-dimensional,
and 1D systems, possible c values are 1=4, 1=3, and 1=2,
respectively. To find the mechanism of the elec-
tronic-transport properties of the investigated sam-
ples, the measured dc conductivity was analyzed
with the help of eq. (1). First, we have plotted a
graph of ln[q(T)] with T�1/2 for all of the samples
(not shown in this article). The nonlinear behavior of
the graph suggested that quasi-1D transport was not
the dominating transport mechanism in the PANI
and PANI–CNT composites. Second, we plotted a

graph of ln[q(T)] with T�1/4 for all of the samples,
as shown in Figure 7. We observed that, for the
PANI sample, a linear variation was obtained for the
full investigated temperature range (77 � T � 300
K); however, in the case of the PANI–CNT compo-
sites, a deviation from linearity was observed at
lower temperatures (T < 180 K). This indicated that
the 3D charge-transport mechanism (c ¼ 1=4) was the
suitable conduction mechanism for the investigated
samples. Values of Tmott were determined from the
slopes of these linear variations of ln[q(T)] with T�1=4,
and it was between 273 and 110,145 K for different
samples. The value of Tmott strongly depended on
the disorder present in the sample, which was meas-
ured by qr, and its value increased with increasing
qr. Hence, the high value of Tmott (110,145 K) for
PANI–SWNT was due to the large qr (qr ¼ 3.9) com-
pared to the other samples. Similar observations
were obtained in many previous studies.28,29 The
value of c ¼ 1=4, as obtained, contradicted the results
obtained by Long et al.16 and Wang et al.30 Accord-
ing to them, quasi-1D transport is the dominating
transport mechanism in PANI and PANI–CNT com-
posites. If the conducting chains are isolated, strong
interchain coupling in polymer composites shows a
1D transport mechanism. However, for nonisolated
conducting polymer chains, where conducting
islands are present between the insulating matrix,
the electronic wave functions extend in three dimen-
sions. An SEM picture revealed that the conducting
polymer chains were nonisolated and the CNTs
were embedded in the PANI matrix. So, 3D VRH
was the dominating charge-transport mechanism;
this was supported by our experimental data. In the
low-temperature range (77 � T � 180 K), the
observed deviation from linearity in the ln[q(T)] ver-
sus T�1/4 curve for the PANI–CNT composites may
have been due to the dominant conduction mecha-
nism through polymer chains, which may be clear
through the study of the activation behavior of the
composites. The activation behavior of the PANI–
CNT composites were studied with the Arrhenius
equation:

qðTÞ ¼ qð0Þexp Ea

kBT

� �
(2)

where q(0) is the resistivity at infinite temperature,
Ea is the activation energy, and kB is the Boltzmann
constant. With eq. (2), Ea was calculated from the
slope of the straight-line plot of ln[q(T)] versus 1/T.
A plot of ln[q(T)] with 1000/T is shown in Figure 8,
which indicates the presence of two activation
regions (two different slopes). From the slopes of the
straight-line portions of the two regions, Ea’s of dif-
ferent PANI–CNT composite samples were calcu-
lated (Table II). At low temperatures, the calculated
values of Ea were 1.2 meV for PANI–DWNT, 2.5

Figure 7 Temperature dependence of the dc conductivity
of PANI and different PANI–CNT composites. The solid
lines are fitted to eq. (1).
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meV for PANI–MWNT, and 4.6 meV for PANI–
SWNT, whereas at higher temperatures, its values
were 7.8 meV for PANI–DWNT, 12.4 meV for
PANI–MWNT, and 19.2 meV for PANI–SWNT. As
the activation behavior of PANI–CNT was closer to
PANI at low temperatures than at high tempera-
tures, it was clear that the polymer and CNT interac-
tion was more prominent at higher temperatures
than at lower temperatures. Because Ea of the CNTs
was large, the strong interaction between the CNTs
and conducting polymers resulted in a large Ea at
higher temperatures, because of which a deviation
from nonlinearity was observed in the ln[q(T)] ver-
sus T�1/4 plot. Therefore, we concluded that, in the
higher temperature region, charge-transport mecha-
nisms were dominated by CNTs and polymer chains
than in the lower temperature region. On the other
hand, the conductivity values of all of the PANI–
CNT composites were greater than that of PANI in
the high-temperature range; however, the conductiv-
ities of PANI–SWNT and PANI–MWNT were lower
than that of PANI. Basically, the conductivity of a
material depends on the presence of disorder within
the materials, which is measured by its qr. We
observed from the conductivity study that the values
of qr were 3.9 for PANI–SWNT, 2.3 for PANI–
MWNT, and 1.39 for PANI. This suggested that the
disorder present in PANI–SWNT and PANI–MWNT
was greater than that in PANI. Therefore, at low
temperatures, the lower conductivity in PANI–
SWNT and PANI–MWNT in comparison to PANI
may have been due to the presence of higher disor-
der in PANI–SWNT and PANI–MWNT. We
observed from the conductivity study (Table II) that
the r(300 K) of PANI–DWNT was greater in com-
parison to the others; therefore, this composite
would be the best electronic conductor.

The magnetic-field-dependent conductivity (mag-
netoconductivity) of the samples was measured
within the temperature range 77 � T � 300 K under
the influence of a varying magnetic field up to 1 T.
The variation of magnetoconductivity with magnetic
field strength at room temperature (300 K) is shown
in Figure 9. All samples showed a negative magne-
toconductivity at room temperature, except PANI–
SWNT, which showed a positive magnetoconductiv-
ity. The maximum percentage changes of conductiv-

ity r B;Tð Þ�r 0;Tð Þ
r 0;Tð Þ � 100

h i
under a magnetic field of 0.8

T at 300 K were �0.3% for PANI, �0.4% for PANI–
DWNT and PANI–MWNT, and 6.5% for PANI–
SWNT, where B is the magnetic field strength and r
is the conductivity. We observed that, when CNTs
were incorporated into the PANI matrix, the per-
centage change of magnetoconductivity was nearly
the same for the PANI, PANI–DWNT, and PANI–
MWNT samples, but a large change was observed in
PANI–SWNT compared to PANI. So we concluded
that, as SWNT was incorporated into the polymer ma-
trix, Lloc became higher than the other types of compo-
sites, which is explained below. The experimental data
followed a simple phenomenological model consisting
of two simultaneously acting hopping processes: the
wave function shrinkage model31,32 and the forward in-
terference model.33–35 According to the wave function
shrinkage model, the wave functions of the electrons
contract under a magnetic field, and the average

Figure 8 Variation of the dc conductivity (rdc) with tem-
perature of different PANI–CNT composites.

Figure 9 Variation of the dc magnetoconductivity with
perpendicular magnetic field of (a) PANI, PANI–DWNT,
and PANI–MWNT at 300 K [the solid lines were fitted to
eq. (3)] and (b) PANI-SWNT at 300 K [the solid lines were
fitted to eq. (4)].
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hopping length (Rhop) decreases, which results in a neg-
ative magnetoconductivity; that is, the conductivity
decreases with increasing magnetic field. The magneto-
conductivity ratio under a small magnetic field can be
written as31

ln
rðB;TÞ
rð0;TÞ

� �
¼ �t1

e2L4loc
�h2

TMott

T

� �3=4

B2 (3)

where t1 ¼ 5/2016 and Lloc is the localization length.
Again, the forward interference model is about the
effect of forward interference among random paths
in the hopping process between two sites spaced at
a distance equal to optimum hopping distance,
which results in a positive magnetoconductivity.
This can be expressed as

rðB;TÞ
rð0;TÞ ¼ 1þ

CsatB
Bsat

1þ B
Bsat

(4)

where Csat is a temperature-independent parameter,
Bsat defines the magnetic field at saturation and

Bsat ¼ 0:7 h
e

� �
8
3

� �3
2 1

Lloc

� �2
T

TMott

� �3
8

. Rhop is given by

Rhop ¼ 3
8

� �
T

TMott

� �1
4
Lloc and becomes smaller in PANI

for its small Lloc. Thus, the magnetoconductivity of
PANI follows a wave function shrinkage model
(negative magnetoconductivity), and this was widely
observed in our previous studies of PANI sam-
ples.28,29 However, a large positive magnetoconduc-
tivity was reported for CNT films and pellets at
weak magnetic field because of their large Lloc and
Rhop values.36,37 This observation was interpreted in
terms of the quantum interference effect. Therefore,
in the PANI–CNT composites, the competition of
these two (wave function shrinkage and quantum
interference) contributions changed the sign and
magnitude of the magnetoconductivity. As the mag-
netoconductivity decreased with magnetic field at
300 K for the PANI, PANI–DWNT, and PANI–
MWNT samples, we assumed that the wave function
shrinkage model dominated over the interference
model. So, the experimental data were analyzed
with the wave function shrinkage model. A plot of
ln[r(B,T)/r(0,T)] with B2 showed a linear variation
for different samples, as shown in Figure 9. The
points are the experimental results, and the curve
represents the theoretical best fit in accordance with
the wave function shrinkage model at low magnetic
field. Figure 9 shows that experimental results were
in good agreement with the theoretical model. From
the slope of the curves, Lloc was calculated; its values
were 30, 29, and 17.5 nm for PANI, PANI–DWNT,
and PANI–MWNT, respectively. The variation of Lloc

with the resistivity ratio is shown in the inset of Fig-
ure 9(a). The higher the resistivity ratio was, the
higher was the disorder. Again, for high disorder,
electronic wave functions are more localized within
smaller regions; this results in smaller Lloc. Thus, there
was an inverse relationship between Lloc and the resis-
tivity ratio, and hence, Lloc depended on the disorder
present in the samples, which could be characterized
by the resistivity ratio (qr). On the other hand, the
observed positive magnetoconductivity of PANI–
SWNT was analyzed with the quantum interference
effect. In Figure 9(b), the points are the experimental
results, and the solid line represents the theoretical
best fits to eq. (4), with Csat and Bsat as fitting parame-
ters. We observed from the fitting that the experimen-
tal results were in good agreement with the quantum
interference model. From the best-fit parameter, Lloc
was calculated to be 43.2 nm. Hence, Lloc of PANI–
SWNT was larger compared to that of the PANI,
PANI–DWNT, and PANI–MWNT samples. Rhop was
calculated with the following formula:

Rhop ¼ 3

8

� �
T

TMott

� �1
4

Lloc

This yielded values of 11.1, 70.8, 19.2, and 17.1 nm
for PANI, PANI–SWNT, PANI–DWNT, and PANI–
MWNT, respectively. We observed that Rhop of
PANI–SWNT was larger than the values of the other
investigated samples, which was evident of a large
positive magnetoconductivity in PANI–SWNT. On
the other hand, the small negative magnetoconduc-
tivities of PANI, PANI–DWNT, and PANI–MWNT
were due to their small Rhop values.
Figure 10 shows the variation of the magnetocon-

ductivity of PANI–SWNT with various magnetic

Figure 10 Variation of the dc magnetoconductivity with
perpendicular magnetic field of the PANI–SWNT sample at
different temperatures. The solid lines were fitted to eq. (4).
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fields at different temperatures. The positive magne-
toconductivity at all temperatures provided strong
evidence to support the fact that the Rhop of the
composites was enhanced and the electronic trans-
port was dominated by SWNT. As shown in Figure
10, the experimental data were well described by the
quantum interference model. From the best-fit val-
ues of the parameters, we calculated Rhop for differ-
ent temperatures, and its variation with temperature
is shown in inset of Figure 10. As the temperature
decreased, the value of Rhop increased, so the quan-
tum interference effect dominated over the wave
function shrinkage effect, and ultimately, the magni-
tude of the magnetoconductivity increased with
decreasing temperature.

CONCLUSIONS

PANI–CNT composites were synthesized by in situ
chemical oxidative polymerization, and their struc-
ture, morphology, thermal stability, PL, and low-
temperature conductivity were investigated. FTIR
analysis revealed the formation of PANI and the
change in polymer structure due to the introduction
of CNTs in the polymer matrix. SEM images con-
firmed that, in all of the PANI–CNT samples, the
polymers were coated over the CNTs. TGA provided
evidence for better thermal stability in the different
PANI–CNT composites. PANI–SWNT possessed the
maximum PL intensity for greater chances of excita-
tion formation; this resulted from increased p-elec-
tron mobility. UV–vis spectra supported the pres-
ence of quinoid and benzoid rings; however, the
lower intensity of the exciton absorption band of the
quinoid rings supported the dominance of the ben-
zoid ring. The formation of hybrid materials was
confirmed by XRD analysis. The X-ray peaks became
sharper, and peak broadening occurred because of
the superimposition of the peaks of the CNTs and
polymers. The electrical-transport properties of the
investigated samples were measured in the tempera-
ture range 77 � T � 300 K in the presence and ab-
sence of a transverse magnetic field up to 1 T. Incor-
poration of CNTs in the polymer matrix increased
the r(300 K) and qr. The maximum conductivity was
found in the PANI–DWNT composite. So this com-
posite may be used as the best electronic conductor.
All of the composite samples had two activation
processes, one due to a dominant charge-transfer
process by PANI at lower temperatures and the
other due to PANI–CNT composites at higher tem-
peratures. Negative magnetoconductivities were
observed in PANI and the PANI–DWNT and PANI–
MWNT composites, which was explained by the
wave function shrinkage model, whereas the posi-
tive magnetoconductivity of PANI–SWNT was inter-

preted by the quantum interference effect. Rhop

increased from 70.8 to 116.0 nm with decreasing
temperature from 300 to 100 K for PANI–SWNT.
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