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Poly(3-hexylthiophene) and modified (functionalized and silanized) multiwall carbon nanotube (MWNT) nanocomposites have
been prepared through in situ polymerization process in chloroform medium with FeCl3 oxidant at room temperature. The
composites are characterized through Fourier transfer infrared spectroscopy (FT-IR), Raman, and X-ray diffraction (XRD)
measurements to probe the nature of interaction between the moieties. Optical properties of the composites are measured
from ultraviolet-visible (UV-Vis) and photoluminescence (PL) spectroscopy. Conductivity of the composites is followed by
four probe techniques to understand the conduction mechanism. The change (if any) in C=C symmetric and antisymmetric
stretching frequencies in FT-IR, the shift in G band frequencies in Raman, any alterations in λmax of UV-Vis, and PL spectroscopic
measurements are monitored with modified MWNT loading in the polymer matrix.

1. Introduction

Conjugated polymers are being developed as alternatives to
traditional inorganic semiconductors for low-cost electronic
or optical devices because of the ease of their solution
processing and their mechanical flexibility. Polythiophene-
based composites are in the forefront. Carbon nanotubes are
the most recently tried electron acceptor materials. In the
case of carbon nanotubes, because of their anisotropy and
presence of semiconducting tubes, the realization of its
full potentiality is still a challenging task. Recently, people
have attempted to bring in directionality to the orientation
of the carbon nanotubes and attempts made to separate
out the metallic part of carbon nanotubes exploiting the
differential interaction with planar aromatic molecules,
such as free-based porphyrin or pyrene with long alkyl
chains [1]. Also, the transport properties of conducting
polymers are known to be greatly influenced by the chemical
instauration surrounding the polymer backbone, besides
favorable conformation of the side chains present. Polymeric
composites with multiwall carbon nanotubes can provide

a good conductive path at relatively low carbon contents,
as these have high aspect ratio specific surfaces and cost
effective [2–5]. Hence their uses in various applications for
optoelectronic devices such as organic LED, solar cells, and
super capacitors and so forth. are very much anticipated.

In organic-photovoltaic devices, fullerenes [1, 2], nano-
particles [3, 4], carbon nanotubes [5–8] and conjugated
polymers with high electron affinity [9–11] are being used
to hybrid with semiconducting polymers like polythiophene
or poly(p-phenylene vinylene) (PPV) [12]. Since the first
report of a polymer/SWNT photovoltaic device in 2002,
increased interest in such types of composites is evident
from the very large number of publications on polythio-
phene (PTh)/carbon nanotube (CNT) composites that are
appearing periodically with more and more innovative ideas
for the creation of an effective interface between the PTh and
CNT. Electron-hole pairs are generated at the interface of the
polymer and CNT upon illumination. The carbon nanotubes
serve as electron traps as they have more electron affinities
than the conjugate polymers. MWNTs are more stable in
air than fullerenes and are also much cheaper. They are also



2 Journal of Nanomaterials

excellent electrical conductors and they eliminate the charge
transport barriers of hopping between acceptor molecules.
The general methods to prepare polymer-CNT composites
are (i) ultrasonication of CNT or surface functionalized
CNT in presence of matrix polymers, (ii) the in situ poly-
merization of monomers in the presence of CNT, and (iii)
polymerization of the matrix polymer from the surface of
the nanotubes. In these cases, a nanohybrid/nanoconjugate
is to be formed depending upon the interaction between the
polymer and the CNT. In addition to intensive and intimate
interfaces being formed between them, there is an additional
advantage of easy solubilization in many organic solvents.

Considering all these aspects, recently direct polymer-
ization of monomers in a CNT-dispersed medium through
functionalization/nonfunctionalization of CNT has drawn
great attention to prepare polymer-wrapped CNT [13–20].
The supramolecular approach of noncovalent modifications
of CNT seems attractive as it will not disrupt the extended π-
networks and open up the possibilities of being able to orga-
nize the nanotubes in the ordered polymer matrix. In this
direction, in-situ synthesis and characterization of soluble
poly(3-hexylthiophene) (P3HT) and modified (functional-
ized and silanized) MWNT composites have been attempted
as a first report. The morphology, microstructure, and
physical properties, including thermal and electrical aspects,
are discussed in detail. A close look at the interface between
the polymer and MWNT is made out to understand the
nature of the interaction between them and their potentiality
to use as photovoltaic devices junction materials.

2. Experimental Methods

General: MWNT (AP-grade, diameter: 1012 nm, and length:
2∼20 μm) supplied by Iljin Nanotech Co., Ltd., Republic
of Korea was used in as-procured form. 3-hexylthiophene
(3HT) monomer (97%), chloroform, iron (III) chloride
anhydrous (oxidant), 3-aminopropyltriethoxysilane, and
other organic solvents purchased from Aldrich with reagent
grade were used without further purification.

2.1. MWNT Functionalization. 400 mg of raw MWNT
(rMWNT) was suspended in a 3 : 1 mixture of concentrated
HNO3/H2SO4 solution and ultrasonicated in the water bath
for 24 h at 60◦C using a Branson Sonifier. The resulting acid-
treated MWNTs were filtered and then washed with water
and methanol, subsequently. The functionalized MWNTs
(fMWNT) were dried in a vacuum oven at 110◦C for 24 h.

2.2. Silane-Modified fMWNT. The acid-treated MWNTs
were then surface-modified using silane compounds by
the following way: 200 mg of fMWNT was suspended in
100 ml of toluene and ultrasonicated in the water bath
for 30 min at room temperature. 11.4 mmol of 3-
aminopropyltriethoxysilane dissolved in 1 wt.% toluene
solution was slowly added to the above solution and refluxed
at 75◦C with continuous stirring for 6 h. The solution was
filtered with adding 30 ml of methanol for dilution and
washed by deionized water, methanol, and acetone. The

resultant silane-modified MWNT (siMWNT) powder was
collected after vacuum drying at 80◦C for 12 h.

2.3. Preparation of P3HT and P3HT-MWNT Nanoparticles.
A typical in-situ chemical oxidative polymerization was
carried out for synthesis of 3HT and 3HT-MWNT nanopar-
ticles. The synthesis of the P3HT-MWNT nanoparticles
consists of the following steps: 100 ml of CHCl3 solution
containing MWNT (required amounts of rMWNT, fMWNT,
and siMWNT individually) was added to a 250 ml double-
neck, round bottomed flask carrying a magnetic Teflon-
coated stirrer. The mixture was sonicated for 1 h at room
temperature in order to disperse the MWNT. 4 mmol of
FeCl3 in 100 ml CHCl3 solution was added to the above
solution and further sonicated for 30 min. 3HT monomer
(1 mmol) in a 25 ml CHCl3 solution was taken in a condenser
and added dropwise to the MWNT and FeCl3 solution with
constant stirring. The reaction mixture was stirred for an
additional 24 h under the same conditions. The resultant
MWNT-P3HT composite was precipitated in methanol,
filtered using a Buchner funnel, and then carefully washed
several times with methanol, 0.1 M HCl, deionized water
and acetone. The obtained black powder was dried under
a vacuum dryer at room temperature for 24 hrs. The 3HT
polymerization (P3HT) was done following a similar proce-
dure by using the same monomer and oxidant ratios with the
absence of carbon nanotubes.

2.4. Characterizations. X-ray diffractions were measured
using a XRD-7000 (Shimadzu, Japan). The X-ray beam
was Cu Kα (λ = 0.1541 nm) radiation from a sealed tube
operated at a 40 kV voltage and a 25 mA current and was
calibrated with a standard silicon sample. The samples were
scanned from 2θ = 0◦ to 60◦ at the step scan mode (step
size 0.02◦) at a scan rate of 1.2◦/min, and the diffraction
pattern was recorded using a proportional detector. Fourier
transform infrared (FT-IR) spectra of the samples were
performed from a KBr pellet of the nanocomposites in a
Thermo 5700 model instrument. Raman spectra of the solid
samples were taken at the excitation wavelength of 780 nm
using a Thermo Almega XR model. Ultraviolet-visible spec-
tra (UV-Vis) of the P3HT and the P3HT-MWNT composites
were recorded using a UV-3600 UV/Vis/NIR spectrometer
(Shimadzu, Japan) in a 1, 2, 4-trichlorobenzene solvent
at room temperature from 200 to 800 nm. Photolumines-
cence experiments of the polymer and the nanocomposite
solutions were performed with a RF-5301PC spectrometer
(Shimadzu, Japan). For the FE-SEM study, a dried film
of the polymer and composites was platinum coated and
was observed through a field emission scanning electron
microscope (JSM-7800F; JEOL, Japan) at 20 kV. The dis-
persity of carbon nanotubes in the polymer matrix was
studied using a JEM-2100F (JEOL, Japan) operated at an
accelerated voltage of 100 kV. A drop of diluted solution of
the polymer/composite in ethanol dispersed by sonication
on the carbon-coated copper grid was dried finally in a
vacuum and was directly observed in the TEM. Thermal
stability of the polymer/composite was measured using a
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Figure 1: FE-SEM images of (a) P3HT and P3HT-MWNT composites of (b) P3HT-rMWNT, (c) P3HT-fMWNT, and (d) P3HT-siMWNT.

Seiko, TG/DTA 320 under a nitrogen atmosphere at a heating
rate 10◦C/min. The room temperature conductivity of the
pressed pellets was measured with the standard four-point
probe method, using a Jandel engineering instrument, model
CMTSR1060N.

3. Results and Discussion

Typical FE-SEM images of the P3HT and P3HT/MWNT
nanocomposites are presented in Figure 1. By comparing
them one can see the well-buried MWNT in the polymer
matrix taking tubular structures. The TEM picture presented
in Figure 2 presents a closer view of MWNT with polymer
wrappings.

The electron-diffractive X-ray (EDX) analysis data of the
polymer and the composites (Figure 3) show that there is a
slight increase in the carbon content of the composite with a
substantial decrease in the weights of sulfur and hydrogen,
indicating the formation of the composites. Figure 3(c)
presents silane group attachment successfully.

The X-ray diffraction patterns obtained at room temper-
ature are presented in Figure 4. The scattering peaks at 5.18
and 23.8◦2θ arise from the first and higher order reflections
from large length d-spacing for P3HT [21–23] and corre-
spond to the in-plane interchain distance. The amorphous
halo wide-angle peak with lesser intensity appears at 23.8◦2θ,
which represents the stacking distance of the thiophene
rings or interplanar distance. There is little shifting in the
scattering peaks’ positions with the addition of MWNT with
respect to interplane and intrachain distances. And, the full-
width at half-maximum (FWHM) suggests some changes in
the crystallite size values. This could be due to the physical
wrapping of the polymer on the walls of the nanotubes. The
layered structure, with maximum chains forming parallel
planes and side chains acting as spacers, is typical for a comb-
like polymer in general indexed as (h00) (h.1,2,3, . . .) and the
corresponding d-spacing values can well imply the spacing
between adjacent back bone chains [24–28].

The FT-IR spectra of the P3HT and P3HT-MWNT
composites are shown in Figure 5. Theoretical investigation
reveals that monocrystalling graphite belongs to the D4

6h



4 Journal of Nanomaterials

(a) (b) (c)

Figure 2: TEM images of (a) P3HT-rMWNT, (b) P3HT-fMWNT, and (c) P3HT-siMWNT composites.
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Figure 3: EDX data of (a) bulk P3HT and P3HT-MWNT composites of (b) P3HT-rMWNT, (c) P3HT-siMWNT, and (d) P3HT-fMWNT.
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Figure 4: XRD data of (a) bulk P3HT and P3HT-MWNT
composites of (b) P3HT-rMWNT, (c) P3HT-siMWNT, and (d)
P3HT-fMWNT.

500 1000 1500 2000 2500 3000 3500 4000
50

60

70

(d)

(b)

(c)

(a)

Tr
an

sm
it

ta
n

ce
 (

%
)

Wavenumber (cm−1)

Figure 5: FT-IR spectra of (a) bulk P3HT and P3HT-MWNT
composites of (b) P3HT-rMWNT, (c) P3HT-siMWNT, and (d)
P3HT-fMWNT.

space-group symmetry [29] and the peak around 1562–
1590 cm−1 is assigned with C=C stretch [30, 31]. It is found
at 1621 cm−1 in the as-procured MWNT sample as received
(not shown here). The further figures correspond to P3HT
and its composites. In the case of P3HT the absorption bands
2920 and 2849 cm−1 correspond to –CH2-stretch vibration
and shoulder at 2956 cm−1 corresponds with the –CH3

asymmetry stretch vibration. The bands centered at 1453 and
1320 cm−1 can be attributed to the bending vibration mode
of –CH2- and –CH3. The characteristic in-plane and out-of-
plane rocking vibration of –(CH2)n-group (n ≥ 4) can also
be observed at 717 and 1148 cm−1 in this spectra. For P3HT
there is no observation of the split of 717 cm−1 band into
720 and 730 cm−1, which are representative of the ordered
and disordered —CH2-groups rocking vibration band [32].

According to Furukawa et al. [33] and Trznadel et al. [34]
the ratio between the intensity of the antisymmetric C=C
stretching peak (mode at 1510 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. The
same type of observation has been reported by Musumeci et
al. in their work of P3HT/MWNT composites [35]. In this
case there is no change in the νsym(C=C) and νantisym(C=C)
frequencies of the P3HT with successive loading of carbon
nanotubes suggesting that there is no significant ground state
interaction between the polymer and the CNT. The intensity
ratio of Iνantisymm(C=C)/Iνsym(C=C) versus wt% of MWNT
is generally found a slight increment per unit addition
of carbon nanotubes and the 1456 cm−1 and 1510 cm−1

corresponding to stretch vibration of the thiophene ring are
notified as tangible shift [36]. Hence it is not possible to think
of any strong interaction between the carbon nanotube and
the polymer, for some weak π-π ground state interaction
between the moieties.

As Raman spectroscopy is sensitive to both electronic
and vibrational structures of carbon nanotubes, it can
be conveniently used to probe the structure of polymer-
nanocomposites. The spectra of P3HT and the polymer
composites are shown in Figure 6. In the signals of P3HT-
rMWNT composites the important peaks at 1350 and
1582 cm−1 represent the sp3 mode (D band) and the
tangential mode (G band) of the nanotubes, respectively
[37]. The intensity ratio of the D over G band (D/G ratio) has
been used to predict the extent of purity of the nanotubes as
well. With P3HT-fMWNT and P3HT-siMWNT composites
the shift of G and D band frequencies is seen as a direct
consequence of interaction between carbon tubes and the
polymer. musumeci et al. have reported the effect as of an
electron donor-acceptor type [35]. Specifically, the charge
removal from MWNT results in an upshift in the G band
and a downshift in the Raman D band which is attributed
to additional electron density in the MWNT antibonding
orbitals from charge injection [38]. In the present study,
the frequency of the G band has shown a tangible shift and
is centered on 1582 cm−1 suggesting that the polymer has
entered into might charge transfer with the nanotubes.

The UV-Vis absorption spectra of P3HT and P3HT/
MWNT composites in 1,2,4-trichlorobenzene are presented
in Figure 7. It is known that MWNT absorption makes no
significant contributions to the spectra [39]. The value of
λmax of P3HT (456 nm) is in line with an already reported
value in the literature [40, 41]. There is a significant shift
in the λmax of the polymer upon inclusion of carbon
nanotubes in the form of composites. This suggests boasting
of ground state interaction and hence appreciable charge
transfer between the polymer and the MWNT.

The PL spectra of P3HT and its composites in 1,2,4-
trichlorobenzene (C6H3Cl3) for an excitation wavelength
of 450 nm are presented in Figure 8. The polymer and
the composites P3HT-rMWNT, P3HT-fMWNT, and P3HT-
siMWNT show emissions in the range 527–575 nm. The
reason for the photoluminescence quenching of the com-
posites may be attributed to π-π interactions of P3HT
with the nanotubes forming additional decaying paths of
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Figure 6: Raman data of (a) P3HT-rMWNT, (b) P3HT-siMWNT,
and (c) P3HT-fMWNT composites.
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Figure 7: UV-vis absorption data of (a) bulk P3HT and P3HT-
MWNT composites of (b) P3HT-rMWNT, (c) P3HT-fMWNT, and
(d) P3HT-siMWNT.

the excited electrons through the MWNT, the silanized
MWNT is the effective photoluminescence quenching [42].
This larger quenching indicates that the singlet exitons
generated in the polymer are diminished before radiative
recombination due to the presence of MWNT in addition
to absorption and scattering by the nanotubes. Furthermore
in this case, the MWNT acts as a nanometric heat sink
which dissipates the heat generated from the incident beam
[43]. The absence of any significant shift of the maximal
luminescence peaks for the composites at different excitation
wavelengths suggests extended molecular packing between
the polymer and MWNT to be of a physical nature and
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Figure 8: Photoluminescence spectra of (a) bulk P3HT and P3HT-
MWNT composites of (b) P3HT-rMWNT, (c) P3HT-fMWNT, and
(d) P3HT-siMWNT.

Table 1: Room temperature conductivity of P3HT and P3HT-
MWNT composites.

Samples P3HT
P3HT-

rMWNT
P3HT-

fMWNT
P3HT-

siMWNT

Conductivity
(S/cm)

2.3× 10−5 0.37 0.12 0.71

the absence of any important configurational relaxation in
the excited state [44].

The electrical conductivity of conducting polymers
depends on the extent of conjugation and the amount
of dopant present in them [45]. Further in the case of
polymer/CNT composites, it depends on the purity of the
nanotubes and their alignments [46]. The DC electrical
conductivity results of P3HT and its composites are pre-
sented in Table 1. The conductivity of the polymer and its
composites are measured using approximately 0.04 g of the
samples, pressed into pellet form of 1.2 cm in diameter
and 0.556 mm thickness using 600 kgf/cm2 pressure by a
manual hydraulic press for 15 min. The conductivity of
P3HT at room temperature (25◦C) is noted to be 2.3 ×
10−5 S/cm. The conductivity of the polymer is increased with
successive acid-treated functionalized and silane modified of
the MWNT, reaches a maximum value of 0.12 and 0.71 S/cm,
respectively and a five fold increase. Some of the individual
MWNT or nanotube clusters isolated by polymer coatings
are responsible for hoping transfer of electrons besides their
tunneling through the nanotubes for a three-dimensional
percolation system [47].

P3HT-MWNT in-situ polymerized composites exhibit
good dispersibility in CHCl3, THF, and chlorobenzene and
so forth solvents much better than the simple blend of
the polymer and MWNT prepared through the sonication
process. The hydrophobisity of the nanotubes much reduced
through the good wrapping of the polymer on the walls
of the nanotube leading to a long stability of the solution
and a much better dispersibility also. The functionalized and
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Figure 9: TGA analysis data of (a) bulk P3HT and P3HT-MWNT
composites of (b) P3HT-rMWNT, (c) P3HT-fMWNT, and (d)
P3HT-siMWNT.

silanized composites have exhibited stability over 10 weeks,
while the blend was stable for not more than 7 days. This will
really be an advantage while casting solar active coatings over
a larger area substrate on a scaled-up level in field trials.

The TGA results of P3HT and the composites are
presented in Figure 9. The results indicate the presence of
MWNT in the polymer matrix for the composites to cause
enhanced thermal stability. Such increase in thermal stability
has already been reported with few polymer CNT composites
[13, 15, 17, 20]. The higher residual weight in the case of the
composites is due to the presence of underrated nanotubes
and metallic impurities present in the as-procured MWNT.

4. Conclusions

Conducting polymer-modified carbon nanotubes (P3HT-
MWNT) composites have been synthesized through in situ
polymerization procedure using FeCl3 oxidant for photo-
voltaic cells applications. The lack of any significant ground
state interaction involving any charge transfer, but only
π-π stacking of noncovalent interaction type between the
polymer and the walls of the nanotube, is evident from FT-
IR, Raman, UV-Vis, PL spectra, and other measurements.
The in-situ polymerization procedure of the donor polymer
molecules and the acceptor carbon nanotubes has resulted
in enhanced dispersibility and stability of the composites in
organic solvents compared to the simple sonication of them
providing convenient and reliable approach for their use in
solar cell applications.
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