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Abstract

This work reports a structureeproperty investigation of a conjugated polymer nanocomposite with enhanced conductivity. Regioregular
poly(3-hexylthiophene) (rrP3HT) was used to prepare composites with thin, short, multi-walled carbon nanotube (MWNT) addition over a
wide range of concentrations. Scanning and transmission electron microscopies demonstrated an excellent dispersion and good wetting
properties within the carbon nanotube composites. Coated MWNTs showed superstructures of P3HT self-organized on nanotube surfaces.
Changes in the long range order and on the self-ordered mesophase of the bulk material were investigated by infrared and Raman spectroscopies,
differential scanning calorimetry and X-ray diffraction. Interplay between charge transport through the semiconducting polymer and carbon
nanotube network increased the composite’s conductivity after percolation to values close to 10�2 S cm�1.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Conjugated polymer materials are of interest to both
scientists and engineers alike because they can be prepared
with similar electrical and optical properties to semiconduc-
tors or even metals, while still retaining the attractive mechan-
ical properties and processing advantages of polymers [1]. Not
long after their discovery by Shirakawa et al., conjugated or
conductive polymeric materials were quickly identified as
promising candidates for use as the active component of a
variety of electronic devices, such as low-cost alternatives to
conventional light-emitting diodes (LEDs), photovoltaic cells
and even disposable electronic chips [2,3]. Poly(alkylthio-
phene)s such as poly(3-hexylthiophene) (P3HT) have been
the focus of great attention due to a combination of their
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relatively high chemical stability in ambient conditions, their
high conductivity and the fact that the electronic band gap
of these materials generally falls within the visible region of
the electromagnetic spectrum.

Recently interest has been focused on the preparation of
solution processed thin films of regioregular poly(3-hexylthio-
phene) (rrP3HT) [4e12], due to its great potential for a variety
of applications as, for instance, field-effect transistors [4e6]
and photovoltaic cells [7,8]. It is now well known that the
optoelectronic properties of P3HT films are highly sensitive to
microstructure and film morphology which depend on many
materials and processing variables. These variables, e.g. sol-
vent type, temperature, film-casting technique, P3HT average
molar mass and polydispersity, to name a few, are often linked
together in non-trivial ways. The microscopic structure of bulk
rrP3HT prepared from solution has been investigated in great
detail for more than 15 years [13e20]. Certainly, when tailor-
ing the electronic properties of P3HT materials, the first impor-
tant consideration is to determine the effect of regioregularity and
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molar mass of the polymer on the final material’s quality and
properties [9,10,20]. Solvatochromic and thermochromic be-
haviours have also been recognized [13,14,21]. A rod-to-coil
conformational change occurs when a P3HT sample is dis-
persed in a good solvent or heated above thermal transitions
[21]. The nature of crystalline, amorphous and mesophase
properties does not appear to be completely understood up
to now. Two crystalline phases and a liquid crystalline meso-
phase have been proposed to explain the results of differential
scanning calorimetry (DSC) and X-ray diffraction (XRD)
[11e13,15,18,19]. In the context of thin films, fibrillar mor-
phology induces important enhancements in properties such
as charge carrier transport [4,5].

Carbon nanotubes (NTs) provide a tailored structure to in-
teract with conjugated polymers by means of pep electronic
interactions. A recent review on conductive nanocomposites
[22] points to the fact that NTs have good potential to enhance
the optoelectronic properties of conjugated polymers. It has
been shown that when fillers have an aspect ratio of 103 (a pos-
sible value obtainable for the case of single-walled carbon
nanotubes, SWNTs) the expected percolation threshold is
much less than 1 wt% [23]. In the case of composites formed
with multi-walled carbon nanotubes (MWNTs), spectroscopic
and microscopic investigations of conjugated polymer/MWNT
systems based on derivatives of poly(phenylenevinylene) [24]
have identified considerable polymereMWNT interaction and
strong evidence of polymer wrapping of the nanotube’s outer-
most basal-plane sidewalls. Kilbride et al. [25] reported the
conductivity behaviour of the same system with a percolation
threshold of 0.055 wt% of MWNT but only very low DC con-
ductivity of 1.4� 10�7 S cm�1 for a composite containing
4.3 wt% MWNTs. Similar low conductivity value of approxi-
mately 5� 10�7 S cm�1 was observed for a composite of
poly(3-octylthiophene) containing 5 wt% SWNT [26], how-
ever, in this case the critical mass for percolation of 4 wt%
was probably associated to SWNT bundling.

Percolation is a volumetric phenomenon; however, as the
density of carbon nanotube samples is not always reported,
it is necessary to compare the results of conductivity studies
by using concentrations expressed in terms of weight percent
[27]. The conductivity of isotropic PMMA/SWNT studied
by Du et al. [28] exhibited a percolation threshold of
0.365 wt% and conductivity of 3.5� 10�4 S cm�1 for a
2 wt% SWNT composite. This work also reported an interest-
ing dependence of conductivity with alignment for samples
prepared by melt fiber spinning method [28]. Koerner et al.
[29] reported percolation threshold of 0.85 wt% for a thermo-
plastic polyurethane/MWNT composite. In the case of poly-
styrene and polycarbonate/SWNT composites investigated
by Ramasubramaniam et al. [30], values of 0.05 and
0.1 wt% for critical mass of SWNTs were obtained, respec-
tively. Several studies have reported low percolation thresh-
olds for epoxy/NT composites, below 0.1 wt% [31e34],
while Barrau et al. [35] measured a percolation threshold of
0.3 wt% for epoxy/NT. Park et al. [36] and McLachlan
et al. [37] obtained a percolation threshold of 0.05 wt% for
polyimide/SWNT. The semicrystalline polyethylene oxide
(PEO) was investigated by Chatterjee et al. [38] as matrix
for SWNT addition and electrical percolation was obtained
at 0.03 wt% NT. In the case of melt processed polyethylene/
NT, higher critical masses of 4 wt% [39] and 7.5 wt% [40]
were observed, but these values are associated with agglomer-
ation of carbon nanotubes in melt processed composites. The
same behaviour was observed for melt processed poly-
carbonate/MWNT with a percolation threshold between 1
and 1.5 wt% nanotubes [41]. Several of the above mentioned
works on insulating polymer/NT composites had conductivi-
ties close to 10�4 S cm�1 on the plateau near and after perco-
lation, at approximately 2 wt% [28,33,35,38,40,41]. These
works investigated very different materials and processing
conditions, yet conductivity just after percolation seems to
converge to the value 10�4 S cm�1 on the plateau after per-
colation, at variable concentration, some other NT composites
have conductivity values that range from 10�6 to 10�2 S cm�1

[26,30e32,34,36,37,39] on the plateau.
Two problems concerning poly(3-hexylthiophene)ecarbon

nanotube composites have been addressed in this work: firstly
the nature of polymereNT interaction, wrapping or not and
phase structure of the bulk materials were investigated;
secondly the conductivity trend as a function of nanotube
concentration was measured and the applicability of per-
colation models for this conjugated polymereNT system
was evaluated.

2. Experimental

2.1. Composite preparation

Short, thin, multi-walled carbon nanotubes purchased from
Nanocyl S.A. (>95% carbon purity, w10 nm diameter,
<1 mm length) were used in all composite films without
further purification. The MWNTs were dispersed at a ratio
of 1 mg MWNT:100 mL of chloroform (UniVar, AR reagent)
in an ultrasonic bath (output: 50 W) for 6 h to yield a stable
dispersion with minimal nanotube aggregation. Typically,
40 mg of regioregular poly(3-hexylthiophene) (American
Dye Source, Mr¼ 28 000 g/mol) was dissolved in a minimum
amount of chloroform. A given volume of nanotube dispersion
was added to the concentrated polymeric solution to yield the
desired loading of MWNTs in rrP3HT (from 0.01 to 30 wt%).
The composite chloroform solution was then sonicated for
further 30 min before being added to an excess amount of
methanol (UniVar, AR reagent, typically 400e700 mL) to in-
duce polymer aggregation with simultaneous precipitation of
the MWNTs through polymereNT non-covalent interactions
[42,43]. The excess solvent was then rotary evaporated from
the composite solution to yield a concentrated polymere
nanotube dispersion in methanol. Remaining methanol was
then evaporated in a petri dish on a hotplate at low temperature
to yield a thin, well dispersed nanotube/polymer composite.

The resulting composites were analysed using transmis-
sion and scanning electron microscopies (TEM and SEM),
Raman and infrared spectroscopies, differential scanning calo-
rimetry (DSC) and X-ray diffraction (XRD) to determine



1669A.W. Musumeci et al. / Polymer 48 (2007) 1667e1678
morphological, compositional and phase characteristics. The
conductivity of the composites was measured using DC-resis-
tance and AC-impedance techniques.

2.2. Instrumentation

Scanning electron microscopic (SEM) analysis of compos-
ite film cross sections was achieved by freezing the thin com-
posite film in liquid nitrogen and then fracturing the composite
and mounting vertically on a drop of silver paste. The neat
MWNT sample was imaged by drop casting a dilute MWNT
dispersion in chloroform (1 mg/100 mL) onto a polished sili-
con wafer. The samples were then coated with a thin layer
of gold to reduce charging during analysis. Secondary electron
images were obtained using an FEI Quanta 200 environmental
scanning electron microscope. Accelerating voltages of 25e
30 kV and spot size settings of 2e2.5 were used for carbon
nanotube samples whilst accelerating voltages not exceeding
15 kV and a spot size of 3e3.5 were required for the polymeric
composite material to avoid sample degradation.

Transmission electron microscopic (TEM) analysis was
carried out with a JEOL TEM-2010 with an acceleration volt-
age of 200 kV. Samples for TEM studies were prepared by
sonication of diluted dispersions in methanol and drop casting
on a carbon-coated copper grid.

For Raman spectroscopy a small amount of sample was
placed on a polished metal surface on the stage of a Leica
microscope, which was equipped with 10� and 50� short
and long working distance objective lenses. The microscope
was part of a Renishaw 1000 microscope system that also in-
cluded a monochromator, RSSF notch filter system and charge
coupled detector. Raman spectra were excited by a Renishaw
near-infrared diode laser, emitting at 785 nm, and recorded
through Wire2 software. The 785 nm laser was the preferred
excitation wavelength for the composite samples due to the
reduced fluorescence and more stable background achievable.
The samples were analysed at an intensity of 10e0.05% laser
power (13.5e0.0675 mW at the sample surface, respectively)
with a slight defocusing of the laser beam in order to avoid
laser-induced sample degradation. Spectra were typically taken
from 2000 to 100 cm�1 in the Stokes region and were cali-
brated against the 520.5 cm�1 line of a silicon wafer. The sig-
nal to noise ratio was enhanced by repeated acquisitions,
typically through 4� 60 s scans. Spectroscopic manipulations
such as baseline adjustment, smoothing and normalisation
were performed using the GRAMS spectracalc software pack-
age (Galactic Industries Corporation, NH, USA). Band com-
ponent analysis was undertaken using the Jandel ‘Peakfit’
software package. Band fitting was done using a Gausse
Lorentz cross-product function with the minimum number of
component bands used for the fitting process. The Gausse
Lorentz ratio was maintained at values greater than 0.7 and fit-
ting was undertaken until reproducible results were obtained
with squared correlations greater than 0.995.

Infrared spectra were obtained using a Nicolet Nexus 870
FTIR spectrometer with a smart endurance single-bounce dia-
mond attenuated total reflectance (ATR) cell. Spectra over the
range 4000e525 cm�1 were obtained by the co-addition of 64
scans operated at a resolution of 4 cm�1 and a mirror velocity
of 0.6329 cm/s. Spectral manipulations such as baseline
adjustment, smoothing and band fitting were performed using
GRAMS� and Jandel ‘Peakfit’ software packages.

Samples were prepared for X-ray diffraction by heating the
polymeric composite on hotplate to w200 �C and compress-
ing the material into a thin film on a low background silicon
wafer. The silicon wafer was then mounted on customised
aluminium sample holders to allow X-rays to be detected at
small scattering angles. X-ray diffraction patterns were
collected using a Philips X’pert wide angle X-ray diffractom-
eter, operating in step scan mode, with Cu Ka radiation
(1.54052 Å). Patterns were collected in the range 4e30� 2q

with a step size of 0.02� and a rate of 8 s per step (overall
scan time w3 h). The instrument was run in parallel beam
mode with an incident angle of 4.5� and the sample spun at
60 rpm during analysis. Crystallite size calculations were
made in the PANalytical-X-Pert Highscore software package.
Diffraction patterns were firstly baseline corrected before pro-
file-fitting to the first reflection was preformed. The full-width
at half-maximum (FWHM) height of the peak and peak posi-
tion was then obtained from the fit to the first reflection and the
polymer crystallite size was estimated through the Scherrer
Calculator tool.

Differential scanning calorimetric measurements were
carried out with a Q100 TA Instruments DSC which was
calibrated with an indium standard. Cyclic runs between
room temperature and 300 �C were performed at 10 �C/min
with approximately 3 mg samples placed in aluminium cruci-
bles under nitrogen atmosphere. First and second heating runs,
as well the cooling runs, were analysed.

AC-impedance measurements were carried out at a range of
temperatures from 150 to 25 �C. AC-impedance measure-
ments were carried out using a Princeton Applied Research,
Model 273A Potentiostat coupled with a Lock in amplifier
(Model No. 5210). Impedance data were acquired through
PowerSuite Software, in the frequency range 0.12e5 Hz
with an AC amplitude of 40 mV. DC current measurements
were carried out on a Fluke 45 Digital multimeter. A symmet-
rical cell of two stainless steel electrodes was designed to
sandwich a polymer composite film under pressure in the
middle. Samples of thickness in the range 100e250 mm
were previously measurement annealed for 16 h at 150 �C
under pressure between the electrodes to assure good electric
contact.

3. Results and discussion

Analysis of scanning electron microscopic (SEM) and
transmission electron microscopic images of the MWNT sam-
ples confirmed the distribution of length, l, and diameter, d, in
the material, lzð0:94� 0:22Þ mm; d ¼ ð10:3� 1:2Þ nm, see
Fig. 1. The length was assessed from SEM pictures by measur-
ing thirteen isolated and uncurled nanotubes in low concen-
trated regions of the sample. The diameter was evaluated
from analysis of 55 nanotubes; an estimated average number
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of 8� 2 walls per MWNT was obtained from observation of
15 nanotubes in high-resolution TEM images. The manufac-
turers stated carbon purity of >95% and metal oxide impurity
of <5% were confirmed by thermogravimetric analysis (not
shown).

Typical cryo-fractured surface images are presented in
Fig. 2a, where the P3HT and composites were prepared by
addition of the poor solvent methanol to chloroform-dispersed
solutions. In the case of a pure P3HT film initially a morphol-
ogy of globular aggregates was observed. After thermal
annealing, the films became more compact, as observed in
Fig. 2a, and the film surfaces displayed a shiny metallic lustre
to the naked eye. The pure polymer precipitated easily from
solution with methanol addition, whereas the composite dis-
persions were stable in solution for a long period of time or
did not precipitate at all. This observation is a first indication
of a strong interaction between NT and polymer that disturbed
the polymer self-organization, inducing a new structural ar-
rangement. It thus appears that the polymereNT self-assembly
in a poor solvent minimised the surface area of the aggregates
exposed to solvent, hindering easy precipitation. Nevertheless,
all dispersions possessed the typical magenta colour

Fig. 1. (a) SEM and (b) TEM images of short, thin MWNT.
characteristic of polymer molecule rod conformation in a
poor solvent [21].

The SEM images in Fig. 2b and c displayed the typical
morphology of the very good dispersion of the MWNT in
the polymer matrix for the composites in this work. It was
observed that isolated MWNTs embedded in polymer matrix
were present over the full range of nanocomposite concentra-
tions studied. Considering the individual MWNT dimensions
evaluated by SEM and TEM it was concluded that nanocom-
posites with a filler aspect ratio of 91� 24 were produced.

In order to look for more information about the polymere
NT interface, TEM images of drop coated, much diluted dis-
persions of 4 and 17 wt% composites were obtained. Typical
images are shown in Fig. 2def. It is possible to observe fully
coated and partially coated MWNTs because of the high dilu-
tion employed to prepare the samples for TEM. After a careful
examination of 20 TEM images no special ordered polymer
wrapping structure or crystal growth was discerned in the
P3HT/MWNT system. This is unlike the ordered helical-
wrapping structures observed by McCarthy et al. [24] for
PmPV/MWNT. There was, however, a distinct tendency for
polymer chain alignment (of rod segments) with the NT
main axis, as can be observed in Fig. 2f and specifically in
Fig. 3.

Fig. 3 shows coated MWNTs with regions of aligned
rod-like self-assembly of P3HT chains. This interpretation is
supported by observations made using scanning tunnelling
microscopy (STM) of P3AT self-organization in strands on
highly oriented pyrolytic graphite (HOPG) [44e46]. The alkyl
side chains organize in a planar interdigitated fashion along
the three main graphite axes with the conjugated backbones
orientated perpendicular to them in highly ordered lamellae.

FTIR spectra of P3HT and composites are presented in
Fig. 4. According to Furukawa et al. [47] and Trznadel et al.
[20] the ratio between the intensity of the antisymmetric
C]C stretching peak (mode at 1509 cm�1) and the intensity
of the symmetric stretching peak (mode at 1456 cm�1) can
be used to probe the average conjugation length of P3HT.
Fig. 4 shows an inset with the trend in the calculated ratio
that is with increasing MWNT content an increase of conjuga-
tion length is observed. This is a very interesting result which
corroborates the TEM evidence for alignment of polymer seg-
ments on the NT surface. Considering that TEM image anal-
ysis of diluted composite films was limited to a small number
of P3HT layers deposited upon the NT surface, the result of
FTIR for the bulk composite films, on the other hand, indi-
cates that the P3HT interfacial arrangement on the MWNT
filler has consequences on the structure of the bulk material
as a whole.

The Raman spectra of pure P3HT and MWNTs as well as
MWNT/P3HT composites are presented in Fig. 5. The Raman
spectrum of the neat MWNTs shows two broad peaks at 1306
and 1600 cm�1 which are attributed to the D and G-bands,
respectively, commonly observed in an MWNT spectrum
[40,48]. The native poly(3-hexylthiophene) spectrum is identi-
cal to previous results for rrP3HT, it features all vibrational
frequencies expected for the conjugated polymer [49].
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Fig. 2. SEM images of cryo-fractured surfaces of (a) P3HT and P3HT/MWNT composite films with (b) 1 wt% and (c) 17 wt% of MWNT. (d)e(f) TEM images of

a drop coated from methanol sample of 4 wt% MWNT composite.
Interestingly an upshift of the carbon nanotube peaks of
10e15 cm�1 was observed in all composite samples. We
have introduced the spectrum for a very concentrated sample,
55 wt% MWNT, in order to clearly show the displacement of
the peaks. The observed upshift in the Raman signal in both
the G and D-band frequencies is a direct consequence of an
increase in the carbon nanotube CeC bond strength. Two
possible explanations to the observed shift are detailed. Wise
et al. [50] have reported the effect of electron donoreacceptor
type charge addition to SWNTs with respect to shifts in
characteristic Raman active vibrational modes. Specifically,
removing charge from an SWNT results in an upshift in the
G-band. Wise et al. [50] observed a downshift in the Raman
D-band which was attributed to additional electron density
in the SWNT’s antibonding orbitals from charge injection
causing a weakened average CeC bond length [50].
Thus, based on these considerations and the observed upshift
in the MWNTepolymer matrix, it could be proposed
that the MWNTs donate electronic charge to the polymer
matrix.
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Fig. 3. TEM images of coated MWNT by P3HT; from 4 wt% dispersion in methanol.
Otherwise, in a recent report by Baskaran and co-workers
[48] concerning interactions between poly(butadiene)/MWNT
composites, a similar upshift of 10e15 cm�1 was observed in
the Raman spectra. The reported upshift was larger towards
higher concentrations of poly(butadiene) in the composite
material and attributed to an effect of the increased probability
of enhanced coverage of the MWNTs surface with polymer,
this in turn affects the freedom of CeC vibration on the gra-
phene plane due to CHep interactions. Thus, they concluded
that CHep interactions observed between nanotube and poly-
mer are stronger than that of the pep interactions observed
between nanotube bundles, resulting in a restriction of the
CeC bond vibrations and a corresponding upshift of the
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Raman signal. A 17 cm�1 upshift in G-band Raman signal
of MWNTs embedded in melt-blended polyethylene/MWNT
composites and the evolution of a shoulder to this peak have
also been observed [40], where the changes were attributed
to compressive forces exerted on the MWNTs by PE chains
following intercalation into MWNT bundles. Considering

Fig. 5. Raman spectra of pure MWNT and P3HT as well as MWNT/P3HT

composites of various compositions.
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Table 1

DSC (10 �C/min) and X-ray diffraction results for P3HT and P3HT/MWNT composites

First heating run Second heating run Second cooling run XRD

Tm
1 (�C) DH1 (J g�1) Tm

2 (�C) DH2 (J g�1) Tc (�C) DHc (J g�1) Crystallite size (nm)

0 218 and 230 14 215 and 230 13 174 14 37.2

0.1 222 9.6 218 and 230 8.2 185 10 35.7

1 223 19 223 13 176 12 37.0

4 214 12 220 11 181 12 32.1

17 210 8.6 215 8.3 180 7.9 28.9

Accuracy: Tm� 1 �C and DH� 1 J g�1.
this behaviour is common to solution processed and melt
extruded nanocomposite systems, conjugated, branched and
linear alkyl-chain type polymers, the proposed compression-
induced effect on MWNT Raman G-band position appears
to be consistent with the results obtained for rrP3HT/MWNT
composites.

P3HT and P3HT/MWNT composites’ bulk structures were
investigated by DSC and X-ray diffraction. The thermal tran-
sitions of poly(alkylthiophenes) have been intensively studied
by these techniques [11e19]. For regioregular P3AT it has
been proposed that the semicrystalline structure can show
two types of crystals, one of them is interdigitated [51,52].
Side chain crystallization and the presence of a nematic meso-
phase in the liquid have also been proposed to occur based
on different methods, materials and measurement conditions
[12,13,15,18,19,51,52]. Table 1 shows a summary of DSC
results taken under cyclic runs at 10 �C/min. A very low
heat of melting is obtained for P3HT which is consistent
with partial crystallinity and nematic mesophase in liquid.
Fig. 6 shows DSC curves for the second heating run. The first
important observation is that P3HT and 0.1 wt% MWNT com-
posite present two overlapped thermal events in the melting
region. Causin et al. [52] have assigned a similar decoupled
endotherm for P3BT to a crystalenematic transition followed
by isotropization. However, there is evidence for persistence
of the liquid crystal mesophase in P3HT at temperatures as
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high as 250 �C [12]. Winokur et al. [13] have also reported
the observation of the nematic phase at high temperatures
even with a non-regioregular sample. Upon cooling, the
DSC measurements did not show two peaks, only one crystal-
lization peak with approximately the same heat involved on
melting (see Table 1). Therefore, it is proposed that the two
overlapped transitions for P3HT and 0.1 wt% composite
observed in our experimental conditions are related to two dif-
ferent crystals, one probably interdigitated [51], which is
formed with a slow kinetic during the thermal treatment asso-
ciated to the cyclic DSC runs. Also, a related work assumed
the existence of two crystal structures, one interdigitated, for
P3HT and its nanocomposites with montmorillonite clay [53].

For the composites with 1 wt% of MWNT and higher
MWNT concentrations, the crystalemesophase transition is
characterized by one peak only. For 1 wt% MWNT sample,
an increase of transition temperature and heat of transition
was observed (see Fig. 6 inset and Table 1), and for the higher
MWNT-content composites the crystal structures appear to be
less stable and less concentrated. The result of decrease in
crystallinity with carbon nanotube addition of 4 wt%, for in-
stance, is again opposite in behaviour compared to the results
reported by Ryan et al. [54], for up to 5 wt% PmPV/MWNT.
They observed a nucleating effect upon the polymer crystallin-
ity that was attributed to carbon nanotube inclusion in the host.
On the other hand, Chatterjee et al. [38] observed a strong de-
crease of crystallinity in PEO by addition of SWNT in a low
concentration range of up to 0.2 wt% SWNT. Also, McNally
et al. [40] observed decrease of crystallinity in series of
PE/MWNT composites. Therefore, it seems that the effect
of carbon nanotubes in polymer crystallinity is specific for
each pair of components in the systems e nanotube and
polymer e and the range of compositions studied.

It is interesting to note that the 1 wt% MWNT composite
actually shows increase of melting temperature and heat of
fusion in relation to the 0.1 wt% material. This behaviour
can be ascribed to the influence of nanotubes increasing the
order of the crystalline structure in a range of intermediary
compositions. Considering that, when deposited on HOPG,
monolayers of P3AT self-organize in interdigitated meso-
phases [44e46], this can be also the case for P3HT/MWNT.

X-ray diffraction patterns obtained at room temperature are
presented in Fig. 7a. The scattering peaks at 5.2, 10.5 and 15.8
2q arise from the first, second and third order reflections from
the large length d-spacing (16.8 Å) for P3HT [15,55] and cor-
respond to the in-plane interchain distance a (see Fig. 7b). In
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addition to an amorphous halo at wide angle, a peak with
moderate intensity appears at 23.5 2q, d-spacing 3.8 Å, which
represents the stacking distance of the thiophene rings or
interplane distance b.

There is no change in the scattering peaks’ position with
MWNT addition in the composites. However, the full-width
at half-maximum (FWHM) provides some evidence for impor-
tant changes occurring within the films. The FWHM for the
more intense peak at 5.2� 2q was used to calculate the crystal-
lite size with the aid of the Scherrer equation. The results are
presented in Fig. 7c. The sample with 1 wt% MWNT showed
discontinuity in the general tendency of decrease in crystallite
size with MWNT addition. A discontinuity in the DSC results
for the maximum of melting temperature was also observed
for the main peak in the case of the 1 wt% sample. Therefore,
it can be affirmed that the phase organization in the com-
posites presents two different regions before and after 1 wt%
addition. After 1 wt% MWNT addition there is a decrease in
polymer crystallite size and DSC transition temperature trend
also indicates a decrease in long range order. It should be
pointed out that despite this decrease in long range order of
P3HT crystals, the conjugation length of P3HT chains, from
the FTIR measurements, actually shows an increase over the
range of compositions studied. Therefore, highly concentrated
composites show smaller long range order but higher confor-
mational order, which is coherent with a structure influenced
by the presence of this special kind of nanofiller (MWNT)
in high concentration.
3.1. Conductivity

In majority of recent studies on polymer/MWNT com-
posites, where relatively pure NTs have been efficiently
debundled and isotropically dispersed in polymer matrices,
there is a convergence and increasing agreement in relation
to the percolation threshold for electrical conductivity. Critical
masses below 1 wt% and frequently in the order of 0.01e
0.1 wt% are observed [22,25,30,32e34,36e38]. In general
the efficient interaction between NT and polymer provides
good dispersion and a low percolation threshold, but only
relatively low conductivity near and above percolation,
frequently around 10�4 S cm�1 is achieved at close to 2 wt%
nanotube loading [28,33,35,38,40,41]. The polymer layer in
the internanotube connections is supposed to be the highest
resistance section in the electrical pathway. This polymer layer
is a barrier to efficient carrier transport between NTs and
models for conductivity based on fluctuation-induced tunnel-
ling have been proposed [25].

Fig. 8 shows the results of DC conductivity as a function of
temperature and MWNT loading for P3HT/MWNT. Chen and
Ni [55] have reported conductivity results for pure P3AT
neutral polymers. Conductivity values between 10�9 and
10�8 S cm�1 were observed and dependence with temperature
was characterized in the range 0e200 �C. This dependence
was assigned to two competitive factors: increase in electron
mobility with increasing temperature and simultaneous in-
crease in ring distortion due to a relaxation. A maximum of



1675A.W. Musumeci et al. / Polymer 48 (2007) 1667e1678
2.2 2.4 2.6 2.8 3.0 3.2 3.4

-7

-6

-5

-4

-3

-2

-1

lo
g 

co
nd

uc
t. 

[S
 c

m
-1

]

-7

-6

-5

-4

-3

-2

lo
g 

co
nd

uc
t. 

/ [
S 

cm
-1

]

-6

-5

-4

-3

-2

lo
g 

co
nd

uc
t. 

/ [
S 

cm
-1

]

1/T [ 10-3 K-1]

90 °C

0.1 wt%

1 wt%

4 wt% 

17 wt%

(a)

0 5 10 15 20 25 30

-1.0 -0.5 0.0 0.5 1.0 1.5

t = 1.68
r2 = 0.994

pc= 0.1 wt%

log (p-pc)

wt% MWNT

(b)

Fig. 8. Plot of the log of the conductivity (in S cm�1) measured through DC-resistance technique after thermal annealing at 150 �C for 16 h: (a) as a function of

inverse of temperature for typical composites with concentration shown in the figure and (b) as a function of loading of MWNTs, at 90 �C. Inset shows the linear

behaviour of conductivity when plotted against [( pepc)] with critical mass pc¼ 0.1 wt%.
conductivity was observed at 104 �C for P3BT and 72 �C
for P3OT [55]. Also, Meijer et al. [56] observed P3HT con-
ductivity between 10�10 S cm�1 at �23 �C and 10�9 S cm�1

at 77 �C, when characterizing a diode with ITO and Au
electrodes.

The results of conductivity as a function of temperature for
P3HT/MWNT composites in the range 25e150 �C studied
here do not show variations for the sample with 4 wt% of
MWNT (Fig. 8a). An increase of conductivity with tempera-
ture was observed for the highly concentrated, 17 wt%
MWNT sample, which can be associated to a mechanism of
conductivity based on fluctuation-induced tunnelling [25,35]
as will be discussed later. The lowest concentrated composites
(0.01 and 0.05 wt%, curves not shown) exhibited a slight fluc-
tuation of conductivity with temperature which can be related
to the pure polymer conformational changes as described by
Chen and Ni [55]. Besides this consideration, and also to
improve contact on the electrical measurements, it was consid-
ered adequate to compare DC-conductivity measurements
obtained at 90 �C for further analysis in this work.
A power law related to percolation theory can be used to
model conductivity in the form

s¼ soðp� pcÞt; for p> pc ð1Þ

where pc is the critical mass or percolation threshold and the
exponent t should be close to 2 for a three dimensional perco-
lating system [35]. The results obtained from DC conductivity
of P3HT/MWNT at 90 �C, as shown in inset of Fig. 8b, are
pc¼ 0.1 wt% and t¼ 1.68. These results were obtained by
testing the linearity of the curve in Fig. 8b inset up to the low-
est possible concentration. The value obtained for pc compares
well with several previous works where good dispersions of
carbon nanotubes, both SWNT and MWNT, were obtained
[1,6,25,30,33,34,36e38]. The exponent t also shows similar
value to previous works [30,34e36,38]. Another fit was
performed by using the percolation law as presented by
McLachlan et al. [37] and the value of t changes only slightly,
t¼ 1.59 in this case. The low value of t has been interpreted
as associated to a fluctuation-induced tunnelling model
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[25,31,34,35], where thermally induced hopping between the
NTs separated by a thick polymer barrier dominates the
conductivity behaviour.

To test the fluctuation-induced tunnelling model it was pro-
posed to plot the log of DC conductivity as a function of p�1/3,
a good linear fit was considered to corroborate the approach
[25,34,35]. This plot for P3HT/MWNT gives an acceptable
linear behaviour for the intermediary range of compositions,
between 0.25 and 10 wt% MWNT composites as observed
in Fig. 9. The highly concentrated samples cannot be included
in this adjustment as the quality of the linear fit decreases very
rapidly. This result indicates that in the case of the highly con-
centrated samples a more efficient transfer of charge in the
contact between tubes is achieved. This is not a surprise con-
sidering the higher level of conductivity attained with the com-
posites in the concentrated range as can be observed in Fig. 8.
Therefore, these results point to the fact that after percolation
two different regimes can be characterized in the conductivity
of P3HT/MWNT composites: a first regime with conductivi-
ties up to 10�4 S cm�1 and with compositions up to 10 wt%,
which can be satisfactorily fitted with a tunnelling model;
and a second regime where the conductivities can be raised
to 10�2 S cm�1 in highly concentrated samples where the
nanotubes interact closely. From our review of the literature,
this scenario is quite general as it can accommodate several
different experimental results [25,28e30,33,35e38].

An intriguing observation is the fact that the sample with
17 wt% of MWNT cannot be included in the region where
a supposed fluctuation-induced tunnelling model would apply
(Fig. 9), although, it is the sample that shows dependence of
conductivity on temperature in Fig. 8a. This apparent contra-
dictory result may be a consequence of a complex interplay
of the conductivity through the carbon nanotube network
assisted by transport through carbon nanotube-bridging conju-
gated polymer chains.
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indicated in the figure.
Good agreement was also observed between DC and AC
data. AC-impedance data for P3HT/MWNT composites are
shown in Fig. 10. The highly concentrated samples displayed
a frequency independent conductivity in the range of low
frequency and a tendency to increase at higher frequencies.
This behaviour has been observed for several systems
[25,31,34,35,37] and is a matter of some debate in the litera-
ture. In our results the conductivity as a function of frequency
for the diluted composites did not show the expected trend of
a dielectric material. A typical dielectric should exhibit a linear
increase of conductivity with frequency with a slope of unity
in a logelog plot. Instead, the low frequency range presented
a modulation which can be assigned to the contribution of
P3HT to the total conductivity. A complete study of AC im-
pedance will be discussed in a future publication. The contri-
bution of P3HT to the overall conductivity in the composites is
an interesting finding. There is a tendency to treat conjugated
polymers and insulating polymers in a similar way within the
field of polymer/carbon nanotube composites by applying per-
colation treatments. This is somewhat surprising considering
that a conjugated polymer might be expected to facilitate
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electron transport in a composite. For some unknown reason
up to now, conjugated polymer based nanocomposites have
presented lower levels of conductivity than insulating poly-
mers after percolation in some works [25,26]. It should be
noted that there is a previous report of conjugated polymer
contribution to the electrical and optical properties of
a P3HT/MWNT composite used to prepare photovoltaic de-
vices by Canestraro et al. [57]. Therefore, the results of AC
and DC conductivities obtained here for P3HT/MWNT com-
posites can be considered as a combination of carbon nanotube
network conductivity and conjugated polymer charge transport
playing different roles in different regions of MWNT con-
centration. For the low concentration composites, before per-
colation, the conductivity around 10�6 S cm�1 and frequency
dependent (Fig. 10) is associated with charge transfer trough
the semiconductor polymer.

The behaviour of conductivity will be discussed further by
considering the information collected from SEM, TEM, FTIR,
Raman, DSC and X-ray diffraction data in this work. The main
conclusions of these studies can be summarized as follows: (a)
a good dispersion of MWNT was achieved; (b) MWNT is
efficiently wetted by P3HT; (c) conjugation length of P3HT
increases with MWNT addition; (d) restriction of the CeC
bond vibrations was observed on the MWNT through the poly-
mer coating; (e) P3HT crystallinity decreases with increase in
MWNT concentration after 1 wt% addition. Figs. 2e7 show
a behaviour which supports the analysis of three different
regions on the conductivity changes: before percolation, after
percolation and up to 4 wt% and higher concentrated samples.
Polymer conjugation length increases steadily with addition of
0.1 wt% MWNT and stays approximately constant for more
concentrated samples. The structural studies indicate increase
of long range order in the 1 wt% composite and increase of
mesophase self-organization upon further nanotube addition.
This trend may contribute to enhancement of composite con-
ductivity, for example, on the effective barrier height to the
electron tunnelling effect. The upshift of Raman bands for
MWNT supports the conclusion that the nanotube coated
with polymer is responsible for the new conductive structure
of the nanocomposites.

Conductivity of an MWNT mat is reported to be approxi-
mately 10 S cm�1 [58], limited by the resistance of tube�tube
contact. Therefore, the maximum conductivity levels expected
for composites, where a polymer coating is located between
NT, will depend on the type of polymer and coating thickness
between tubes. The interplay of dispersion of nanotubes and
contact between tubes is the central key to take full advantage
of the nanometric scale of the filler. The use of self-ordered
rod-like P3HT connections between tubes allowed the en-
hancement of charge transfer in the nanocomposite by 3 or
4 orders of magnitude when compared with other conjugated
polymer/NT composites [25,26].

4. Conclusions

Self-organized rod-like P3HT superstructures were ob-
served on the surface of MWNTs in nanocomposites.
Increased polymer conjugation length and mesophase order
in the bulk were identified and were associated with a carbon
nanotube induced rearrangement of the P3HT chains. Bulk
conductivity of P3HT/MWNT nanocomposites reached a per-
colation threshold of only 0.1 wt% of MWNTs. Rather than
behaving as a simple insulating matrix, the conjugated poly-
mer was observed to influence the conductivity mechanism,
allowing efficient charge transfer across the internanotube
connections for highly concentrated samples. The results of
P3HT/MWNT study were analysed in the context of an exten-
sive review of related reports and allowed the establishment of
a general picture in the field of carbon nanotube/polymer com-
posite materials for improvement in electrical conductivity.
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