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ABSTRACT: In situ polymerization of P3OT with
SWCNT is carried out in the presence of a FeCl; oxidant
in a chloroform medium. The characterization of the com-
posites is performed with FTIR, Raman, 'H-NMR, UV-
Vis, PL spectroscopy, XRD, SEM, TEM, and conductivity
measurements. The change (if any) in C=C symmetric
and antisymmetric stretching frequencies in FTIR, the shift
in G band frequencies in Raman, any alterations in Apyay
of UV-Vis and PL spectroscopic measurements are mom—
tored with SWCNT loading in the polymer matrix. 'H-
NMR confirms the wrapping of the polymer on to the
SWCNT indicating lack of mobility. The work function

values and the optical band gap values also support this
view. 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. However, the principal
focus of the study is to understand the interaction
between the polymer and the SWCNTs, as the interface
plays an important role in its application in the photovol-
taic cells. © 2010 Wiley Periodicals, Inc. ] Appl Polym Sci 118:
1386-1394, 2010
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INTRODUCTION

In polymer-photovoltaic devices, fullerenes,'* nano-
particles,>* carbon nanotubes,”® and conjugated
polymers with high electron affinity’'' are being
used to hybrid with semiconducting polymers like
polythiophene or poly(p-phenylene vinylene) (PPV).'?

Since the first report of a polymer/SWCNT photo-
voltaic device in 2002, it has increased interest in
such type of composites is evident from the very
large number of publications on polythiophene
(PT)/carbon nanotube (CNT) composites that are
appearing periodically with more and more innova-
tive ideas for the creation of an effective interface
between the PT and CNT. Electron-hole pairs are
generated at the interface of the polymer and CNTs
upon illumination. The carbon nanotubes serve as
electron traps as they have more electron affinities
than the conjugate polymers. SWCNT are more sta-
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ble in air than fullerenes and are also much cheaper.
They are also excellent electrical conductors and
they eliminate the charge transport barriers of hop-
ping between acceptor molecules. The general meth-
ods to prepare polymer-CNT composites are:

1. Ultrasonication of CNT or surface functional-
ized CNT in presence of matrix polymers

2. The in situ polymerization of monomers in the
presence of CNT;

3. 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 the additional advantage of easy solubiliza-
tion in many organic solvents.

Considering all these aspects, recently, the direct
of polymerization of monomers in a CNT—-dispersed
medium through functionalization/nonfunctionaliza-
tion of CNT has drawn §reat attention to prepare
polymer-wrapped CNT.! The supramolecular
approach of noncovalent modifications of CNT
seems attractive as it will not disrupt the extended
n-networks and open up the possibilities of being
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able to organize the nanotubes in the ordered poly-
mer matrix. In this direction, in situ synthesis and
characterization of soluble poly(3-octylthiophene)/
SWCNT composites for solar cell applications has
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 SWCNT is made out to understand the
nature of the interaction between them.

EXPERIMENTAL SECTION
Preparation of the nanocomposite/polymer

SWCNT (AP-grade, diameter: 1-1.2 nm, length: 2-20
pum) supplied by the Iljin Nanotech Co., South Korea
was used in the as procured form. 3-Octylthiophene
(30T) monomer (97%), chloroform, iron (IIT) chloride
anhydrous (oxidant), and other organic solvents pur-
chased from Aldrich as reagent grade were used
without further purification.

A typical in situ chemical oxidative polymerization
for the 30T and SWCNT-30T was carried out. The
synthesis for the composite consists of the following
steps: 100 mL of CHCl; solution containing SWCNT
(varying amounts to get 1, 5, 10, and 20 wt % with
respect to the monomer weight) was added to a 250
mL double-neck, round bottomed flask carrying a
magnetic Teflon-coated stirrer. The mixture was soni-
cated for 1 h at room temperature to disperse the
SWCNT. FeCl; (2 g) in 100 mL CHCl; solution was
added to the above solution and further sonicated for
30 min. 30T monomer (0.5 mL) in a 25 mL CHCI; so-
lution was taken in a condenser and added drop
wise to the SWCNT and FeCls solution with constant
stirring. The reaction mixture was stirred for an addi-
tional 24 h under the same conditions. The resultant
SWCNT-P3OT composite was precipitated in metha-
nol, filtered using a Buchner funnel and then care-
fully washed several times with methanol, 0.1M HC,
distilled water, and acetone. The obtained brownish
black powder was dried under a vacuum dryer at
room temperature for 24 h. The polymer was synthe-
sized following the same procedure.

Characterizations

Gel permeation chromatography Waters, Alliance
GPCV 2000 with Waters 2414 Refractive Index De-
tector and a column of Ultrastyragel linear P/N
10,681 from Waters was used to measure the molec-
ular weight distribution relative to polystyrene
standards. The calibration curve was determined by
use of 10 MW standards from MW 2000 to 10°. The
carrier solvent used was tetrahydrofuran at a flow
rate of 1 mL/min.
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Molecular structure of the obtained 3-octylthio-
phene product and composite (20 wt %) were identi-
fied by nuclear magnetic resonance (NMR 'H) using
CDC(Cl; as a solvent in a Varian Unity INOVA equip-
ment with a resonance frequency of 500 MHz.

The X-ray diffractions were measured using a
PANalytical (Netherland) Model — X-ray diffracto-
meter. The X-ray beam was Cu Ka (A = 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 20 = 1 to 30° 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 propor-
tional detector.

The Fourier Transform Infrared (FTIR) spectra of
the samples were performed from a KBr pellet of
the nanocomposites in a Thermo 5700 model
instrument.

The Raman spectra of the solid samples were
taken at the excitation wavelength of 780 nm using a
Thermo Almega XR model.

The Ultraviolet-visible spectra (UV-Vis) of the
P30T and the SWCNT-P3OT composites were
recorded using a UV-Vis spectrophotometer (Shi-
madzu Model UV-160) in a 1,2,4-trichlorobenzene
solvent at room temperature from 200 to 800 nm.

The photoluminescence experiments of the poly-
mer and the nanocomposite solutions were per-
formed with a Hitachi instrument (FL-4500 fluores-
cence spectrometer). The photoexcitation was made
at excitation wavelengths of 365, 450, and 465 nm.

For the FE-SEM study, a dried film of the polymer
and composites was platinum coated and was
observed through a Field Emission Scanning Elec-
tron Microscope (Hitachi S-4200) at 20 kV.

The dispersity of carbon nanotubes in the polymer
matrix was studied using a Transmission Electron
Microscope (TEM Hitachi, H-7100) operated at an
accelerated voltage of 100 kV. A drop of diluted so-
lution of the polymer/composite in ethanol dis-
persed by sonication on the carbon-coated copper
grid was dried finally in a vacuum and was directly
observed in the TEM.

The dc conductivity of P30T and P3OT-SWCNT
nanocomposite pellets were measured at room tem-
perature using a Keithley/Luft semiconductor de-
vice analyzing system through I-V measurement.

RESULTS AND DISCUSSION

Characteristics of P30T and P3OT/SWCNT
composites (molecular weight)

The molecular weights determined through GPC are
53,490 (M,,) and 21,974 (M,) for the polymer with
2.43 as a measure of polydispersity. The molecular

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 (A) SEM images of (a) P30T and (b) P3OT/SWCNT (20%) composite. (B) TEM images of P3OT/SWCNT (20%)
composite. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

weight of the polymer is noted to be in medium
range, which will be useful for photovoltaic applica-
tions with easy processibility. It is reported that
there is some slight variation in molecular weight
with the extent of CNT loading in the case of com-
posites.”" This is quite possible considering the poly-
merization process to originate from the walls of the
carbon nanotubes following heterogeneous nuclea-
tion process.

Morphology studies

A typical FE-SEM image of the P3OT and P30T/
SWCNT 20 wt % composite are presented in Figure
1A(a,b). By comparing them one can see the well-
buried SWCNTs in the polymer matrix taking tubu-
lar structures. The TEM picture presented in Figure
1(B) presents a closer view of SWCNT with polymer
wrappings.

Compositional analysis

Elemental analysis data of the polymer and 20% of
the composite (Table I) 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.

TABLE I
Elemental Analysis Data of SWCNT, P30T, and P30T/
SWCNT Composite

Elements SWCNT P30T P3OT/SWCNT (20%)
C 97.53 73.45 79.98

S 1.90 16.91 12.80

H 0.29 9.64 7.08

N 0.29 0.00 0.14

Total 100 100 100

Journal of Applied Polymer Science DOI 10.1002/app

Structural elucidation

Fourier transform infrared spectra

The FTIR spectra of the SWCNT, P30T, and P30T-
SWNT composites are shown in Figure 2. Theoretical
investigation reveals that monocrystalling graphite
belongs to the D%, space-group symmetry” and the
peak around 1562-1590 cm ' are assigned with
C=C stretch.?** It is found at 1621 cm™' in the as
procured SWCNT sample as received. The further
figures correspond to P30T and its composites. In
the case of P30T the absorption bands 2918 and
2849 ¢cm ' correspond to —CH,— stretch vibration
and shoulder at 2952 cm™' corresponds with the
—CHj; asymmetry stretch vibration. The bands cen-
tered at 1454 and 1370 cm ' can be attributed to the
bending vibration mode of —CH,— and —CHs. The
characteristic in-plane and out-of-plane rocking
vibration of —(CH,),,— group (n > 4) can also be
observed at 719 and 1146 cm ' in this spectra. For
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Figure 2 FTIR spectra of P30T and P30OT/SWCNT
composites.
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Figure 3 The intensity ratio of IVantsymm (C=C) /IVsym
(C=C) Vs wt % of SWCNT.

P30T there is no observation of the split of 719 cm ™"
band into 720 and 730 cm ', which are representa-
tive of the ordered and disordered —CH,— groups
rocking vibration band.* According to Furukawa
et al.*® and Trznadel et al.*’ the ratio between the in-
tensity of the antisymmetric C=C stretching peak
(mode at 1510 cm™ ') and the intensity of the sym-
metric stretching peak (mode at 1456 cm ') 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. In this case there is no
change in the vgym,(C=C) and Vantisym(C=C) frequen-
cies of the P30T 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 IVintisymm (C=C)/
IVeym (C=C) Vs wt % of SWCNT is showing only a
slight increment per unit addition of carbon nano-
tubes (slope in Fig. 3) and the 1450 cm ™' and 1510
cm™! corresponding to stretch vibration of the thio-
phene ring has also not shown any tangible shift as
claimed.”" Hence it is not possible to think of any
strong interaction between the carbon nanotube and
the polymer, expect for some week n - © ground
state interaction between the moieties.

Raman spectra

As Raman spectroscopy is sensitive to both elec-
tronic and vibrational structures of carbon nano-
tubes, it can be conveniently used to probe the struc-
ture of polymer nanocomposites. The spectra of
SWCNT, polymer and the polymer composites are
shown in Figure 4. In the signals of SWCNT, the im-
portant peaks at 1300 and 1590 cm ' represent the
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sp3 mode (D band) and the tangential mode (G
band) of the nanotubes, respectively.”” 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 polymer-SWCNT composites the shift
of G and D band frequencies is seen as a direct con-
sequence of interaction between carbon tubes and
the polymer. Wise et al.*® have reported the effect as
of an electron donor-acceptor type. Specifically, the
charge removal from SWCNT results in an up shift-
ing in the G band and a down shift in the Raman D
band which is attributed to additional electron den-
sity in the SWCNT antibonding orbitals from charge
injection. The Raman spectra recorded in the lower
frequency part (RBM) has also been used to predict
the inner diameter for the composites from lower
frequency shifts.>® The frequency position of the
thiophene ring mode at about 1460 cm ' has
been observed to depend on the conjugation of the
poly(alkylthiophene)s, being sensitive to deviation
from the coplanarity of the chain segments.”” In this
study, the frequency of the G band has not shown
any tangible shift and is centered on 1590 cm ™' sug-
gesting that the polymer has not entered into any
charge transfer with the nanotubes. Otherwise, the
presence of SWCNT in the composites is very clear
with higher concentrations of SWCNTs.

"H-NMR spectra

The "H-NMR of the polymer and 20 wt % composite
are presented in Figure 5(a,b). The P3OT spectrum is
very well reproduced as in the literature for all the
distinct protons.”® But the proton signals of the ter-
minal —CHj;, —CH,— of the alkyl chain and the ring

SWCNT 1590
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Figure 4 Raman spectra of P30T, SWCNT, and P30T/
SWCNT composites.
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(20%) in solid form.

protons indicative of good regioregularity that lie
between 0.88-2.803 ppm have also merged into a
single broad peak appearing at 1.62 ppm and the
4th position ring proton of the thiophene ring that
appears at 6.968 ppm for the polymer has broadened
and then shifted for the composite. A possible expla-
nation is that the polymer is being wrapped around
the SWCNT, which are large species of low mobil-
ity.>* This view is further strengthened when the
solid state 'H-NMR is examined for polymer and
composite [Fig. 5(c,d)] where the individual proton
peaks of the alkyl chain have merged into a single
broad peak and shifted in position.

X-ray scattering

The X-ray diffraction patterns obtained at room tem-
perature are shown in Figure 6. The scattering peaks
at 4.06, 8.25, 12.53, and 23.9, 20 arise from the first and
higher order reflections from large length d-spacing
(21.71 A°) for P3OT**7¢ and correspond to the in-
plane interchain distance. Besides, an amorphous
halo wide-angle peak with lesser intensity appears at
23.86° 20, d-spacing 4.06 A°, which represents the
stacking distance of the thiophene rings or interplanar

Journal of Applied Polymer Science DOI 10.1002/app
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TH-NMR spectra (a) P30T and (b) P3OT/SWCNT (20%) composite in CDCl;, (c) P30T, and (d) P3OT/SWCNT

distance. There is no significant change in the scatter-
ing peaks’ positions with the addition of SWNT with
respect to interplane and intrachain distances. How-
ever the full-width at half-maximum (FWHM) sug-
gests some changes in the crystallite size values (Table
II). This could be due to the physical wrapping of the
polymer on the walls of the nanotubes. This has been
also interpreted as the composite showing a smaller
large range order but a higher conformational order
in the case of MWNT/P3HT composite with nanofil-
ler present in high concentration.” The layered struc-
ture, 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 val-
ues can well imply the spacing between adjacent back
bone chains.* With increased CNT loading, from 5%
weight on wards the C(002) indicative of the graphite
structure of short-SWCNTs in the composites could
be observed.**!

Work function

The work function is one of the most important
physical quantities for their applications involving
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Figure 6 X-ray diffraction of SWCNT, P30T, and P3OT/SWCNT composites.

electric contact between any metal electrode/con-
ducting polymer and SWCNT. The values measured
for SWCNT, P30T, and P3OT/SWCNT (20% w/w)
using photoelectron emission method are 4.92, 4.88
and 4.92 eV, respectively. It is known that the elec-
tronic structure of SWCNT strongly depends on
their diameter and chirality.** The work functions of
93 SWCNTs are examined and found to be distrib-
uted in the range of 0.6 eV. However, most ranged
in a small window of 0.2 eV. The variations are
attributed to some bundle formations rather than to
diameter dependence and differences between semi-
conducting and metallic SWCNT.* The value
reported in this work is in the range previously
reported.** As there is no significant variation in the
values between polymer and composite, it may be
inferred to indicate the absence of any tangible
ground state interaction between the polymer and
the nanotubes.

Optical properties
UV-Vis absorption spectra

The UV-Vis absorption spectra of P30T and P30T/
SWCNT composites in 1,24-trichlorobenzene are

TABLE II
XRD Data of P30T and P3OT/SWCNT Composite
Crystallite
System dy (20) d> (20) size (A°)
P30T 21.7 (4.06) 3.72 (23.62) 125
SWCNT (1%) 22.12 (3.98) 3.52 (23.47) 197
SWCNT (5%) 21.56 (4.09) 3.72 (23.94) 125
SWCNT (10%) 20.82 (4.24) 3.35 (26.56) 174
SWCNT (20%) 21.69 (4.07) 3.35 (26.54) 169

presented in Figure 7. It is known that SWCNT
absorption makes no significant contributions to the
spectra.45 The value of An. of P30T (435 nm) is in
line with an already reported value in the litera-
ture.*® There is no significant shift in the Ay, of the
polymer upon inclusion of carbon nanotubes in the
form of composites. This suggests the lack of any
ground state interaction and hence no appreciable
charge transfer between the polymer and the
SWCNT. Such observations have been reported in
the case of P3OT/SWCNT blend composites*” and
also in the work of Nogueira et al.*! The band gap
values measured from optical absorbance results
for the polymer and composites are around 2.36 =*
0.06 eV.

07 0%

Absorption

T 1
600 800

Wavelength, nm

T
500

T
400

Figure 7 UV-Vis absorption spectra of P30T and P30T/
SWCNT nanocomposites in CgH3Cls solution at room
temperature.
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Figure 8 Photoluminescence spectra of P30T and P30T/
SWCNT nanocomposites in CgH3Cls solution at excitation
450 nm.

Photoluminescence spectra

The PL spectra of P30T and its composites in 1,2,4-
trichlorobenzene (CgH3Cl3) for an excitations wave-
length of 450 nm are presented in Figure 8. The
other two excitation (365 and 465 nm) results are
also indicative of the same trend. The polymer and
the composites P30T-1, P30T-5, P30T-10, and
P30T-20 show emissions in the range 567-570 nm.
The reason for the photoluminescence quenching of
the composites may be attributed to n-n interactions
of P30T with the nanotubes* forming additional
decaying paths of the excited electrons through the
SWCNT and the greater the concentration of the
SWCNTs, the larger is the photoluminescence
quenching. This larger quenching indicates the sin-
glet exitons generated in the polymer are dimin-
ished before radiative recombination due to the
presence of SWCNT in addition to absorption and
scattering by the nanotubes. Furthermore in this
case, the SWCNT acts as a nanometric heat sink
which dissipates the heat generated from the inci-
dent beam.” The absence of any significant shift of
the maximal luminescence peaks for the composites,
at different excitation wavelength suggests extended
molecular packing between the polymer and
SWCNT to be of a physical nature and the absence
of any important configurational relaxation in the
excited state.”

KIM ET AL.

Transport property-Conductivity

The electrical conductivity of conducting polymers
depends on the extent of conjugation and the
amount of dopant present in them.”' Further in the
case of polymer/CNT composites, it depends on the
purity of the nanotubes and their alignments.”* The
DC electrical conductivity results of P30T and its
composites are presented in Table III. The conductiv-
ity 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/cm” pressure by a manual
hydraulic press for 15 min. The conductivity of
P30T at room temperature (20°C) is noted to be 4.2
x 1077 S/cm. The conductivity of the polymer is
increased with successive loading of the SWCNT in
the limits of 1-20 wt % and reaches a maximum
value of 4.74 x 107* S/cm, and a five fold increase.
Critical masses below 1 wt % and frequently in the
range of 0.01-0.1 wt % are reported for polymer/
MWCNT composites.”>** A low percolation thresh-
old indicates the efficient interaction between the
nanotube and the polymer. Higher values are due to
a lack of efficient debundling and isotropic disper-
sion in the polymer matrix. In the present case with
the as-procured SWCNT, the percolation threshold
from DC conductivity measurements is noted to be
p= 0.5 wt % and t = 3.19, following model conduc-
tivity in the form ¢ = o(p-p.)’ for p > p. (Fig. 9). A
value of 2.7-3.2 for the exponent is reported for
SWCNTs samples of different sources in the epoxy
matrix.*'”®> Some of the individual CNTs or nano-
tube clusters isolated by polymer coatings are re-
sponsible for hoping transfer of electrons besides
their tunneling through the nanotubes for a three
dimensional percolation system.”®

Dispersibility behavior

P3OT/SWCNT in situ polymerized composites ex-
hibit good dispersibility in CHCl;, THF, chloroben-
zene etc. solvents much better than the simple blend
of the polymer and SWCNT prepared through the
sonication process. The hydrophobisity of the nano-
tubes are 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. Both of the composites have been
exhibited stability over 10 weeks, while the blend is
stable for not more than 7 days. This will really be

TABLE III
DC Conductivity Data of SWCNT, P30T, and P3OT/SWCNT Composite

Samples P30T 1% SWCNT

5% SWCNT

10% SWCNT 15% SWCNT 20% SWCNT

Conductivity, S/cm 42 x 1077 1.13 x 1078

5.44 x 107°

1.95 x 107° 2.6 x 107 474 x 107*

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 Plot of logo vs. log(p-p.) P3OT/SWCNT compo-
sites at room temperature.

an advantage while casting solar active coatings
over a larger area substrate on a scaled-up level in
field trials.

CONCLUSION

P3OT/SWCNT composite could be synthesized
through in situ polymerization procedure using
FeCl; oxidant. The lack of any significant ground
state interaction involving any charge transfer, but
only n-n stacking of noncovalent interaction type
between the polymer and the walls of the nanotube
is evident from FTIR, Raman, UV-Vis, PL spectra,
and other measurements. 'H-NMR also confirms the
wrapping of the polymer on to the SWCNT indicat-
ing lack of mobility. The work function values and
the optical band gap values measured also support
this view. The in situ polymerization procedure of
the donor polymer molecules and the acceptor car-
bon nanotubes has resulted in enhanced dispersibil-
ity and stability of the composites in organic sol-
vents compared to the simple sonication of them
providing convenient and reliable approach for their
use in solar cell applications.

M. R. Karim gratefully acknowledges supports from King
Saud University and Ministry of Higher Education, King-
dom of Saudi Arabia.
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