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ABSTRACT: Soluble poly(3-hexylthiophene) (P3HT¥inultiwalled carbon nanotube (MWNT) nanocomposites
(PCNCs) are prepared by the in-situ oxidative polymerization of 3-hexylthiophene (3HT) in a dispersion of MWNT
in CHCl;. The MWNT—-P3HT nanocomposite produces blackish-brown solution in chloroform, making it an
easily processable system. With increase in MWNT concentration the molecular weight of P3HT has increased,
but at higher MWNT concentration (8% w/w) the molecular weight has decreased. ThethgatH—T)
regioregularity of the samples remains the same with that of pure P3HT. The TEM pictures of PCNC-1 and
PCNC-8 [the number indicates percentage (w/w) of MWNT with respect to monomer in the composite] show
uniform wrapping of MWNT with P3HT. The increase of outer diameter in wrapped MWNT decreases with
increase in MWNT concentration, but the PCNC-2.5 exhibits phase segregation by the formation of separate
spheroid-like species on the partially wrapped MWNT surface. The higher molecular weight P3HT produced in
the PCNC-2.5 has been attributed to this difference in morphology. Type 1 P3HT crystal is formed in all the
PCNCs, and melting temperature shows an increase with increasing MWNT concentration except for the PCNC-
2.5 sample. The glass transition temperatiligrémains unchanged in the PCNCs, butfheansition temperature

(Tp) varies differently in the different PCNCs. The storage modulus of PCNCs has increased abruptly (maximum
increase 158%) in the PCNCs than that of pure P3HT. The-U¥ spectra of PCNCs show a red shift in the
w—a* transition band while the emission spectra show a small blue shift with increase in MWNT concentration.
Fluorescence quenching occurs in the PCNCs, and it increases with increase in MWNT concentration except for
the PCNC2.5 sample. The conductivity values of both undoped and doped PCNCs have increased significantly
with increase in MWNT concentration. FT-IR spectra and NMR spectra indicate the presence of betha@G#

sr—o interaction between P3HT and MWNT. Thus, the increased conductivity and mechanical properties of PSHT
in the easily processable MWNIP3HT nanocomposite are interesting for its probable use in different
optoelectronic appliances.

Introduction regioregularity, the higher is the conductivi§ Further, the

After its discovery in 1991, carbon nanotubes (CNT) have conductivity of the P3HT depends on progessing conditlio'n; e.g.,
drawn considerable research interest due to its unique physical (he solvent-cast samples have 1 order higher conductivity than
mechanical, and conductivity properties. They are classified  the melt-cooled samplé8 Again, the spin-coated samples have
as single-walled (SWNT) and multiwalled (MWNT) carbon 2 orders higher conductlwty than that of the solvent-cast film.
nanotubes depending on the number of folds present in the tube.The reason for the former is the presence of network morphol-
But they are difficult to process due to its insolubility in most ©9Y in the solvent-cast film and its absence in the melt-cooled
of the solvents. One strategy to overcome this difficulty is the film while the higher conductivity in the spin-coated film than
wrapping of carbon nanotube with polymer, which renders them that .o.f the solvent-cast film is QUe t.o the higher field effect
soluble in common solvents? This tendency of wrapping of ~ Mobility and homogeneous conjugatith.
polymer on the wall of CNTs through noncovalent interaction,  Recently, both conducting polymeclay nanocompo-
e.g.,m—u interaction and or CHur interaction, can make CNTs  site$4252831 and conducting polymercarbon nanotube
dispersed in the polymet8-1°> Recently, the direct polymeri-  composite¥21.33-39 gre widely studied to make a large scale
zation of monomers in CNT-dispersed medium through func- enhancement in the physical, mechanical, optical, and conduct-
tionalization of CNT has achieved great attention to prepare ing properties. In the P3HTclay nanocomposite the conductiv-
polymer wrapped CNT&16-21 ity of the nanocomposite remains unaltered, but the storage

Conducting polymers are important materials because of their modulus showed a dramatic increase (770%) in the nanocom-
applications in the field of sensors, energy storage, corrosion posite for clay loading less than 5% (w/#)2° The solvent-
inhibitor, enzyme activity, electronic, and optoelectronic devices. cast P3HT-clay nanocomposite exhibits photoluminescence
Among its members, poly(3-hexylthiophene) (P3HT) is impor- quenching* but the melt-cooled P3H¥clay nanocomposites
tant because of its solubility and high conductivA®?® The exhibit enhancement of photoluminescence efficiency with
polymer also exhibits a photoluminescence property which can increase in clay conteft. The multiwalled carbon nanotube
be tuned in its nanocomposite prepared by different proce- (MWNT)—poly(3-octylthiophene) (P30T) composites prepared
dures?*25 The conductivity of this polymer depends on the by mixing the hexane solution of former with the chloroform
head-tail (H—T) regioregularity of the chain; the higher the solution of latter sha a 5 orders increase in conductivity of

the composites than that of the pure P3OT. This suggests that

* Corresponding author. E-mail: psuakn@mahendra.iacs.res.in. there might be some interaction between the MWNT and the
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polymer chains$® However, the optical absorption spectra of
the P30TF-single-walled carbon nanotubes (SWNT) did not
change significantly up to 5 wt % SWNT. This implies that no
significant ground-state interaction takes place between the two
materials, causing no charge transfefhe dyeN-(1-pyrenyl)-
malemide (PM), functionalized SWNIP30OT composite showed
improved photovoltaic behavior compared to the SWNPBOT
diode without dye’ This has been attributed to the efficient
transfer of holes by the dye molecules to P30T at thedye
polymer interface and rapid transfer of generated electrons to
the SWNTSs at the dyenanotube interface. In the SWNPoly-
(ethylene dioxythiophene) (PEDOT) composites, the electrolu-
minescence, current)(-voltage {) data, and photolumines-
cence suggest an electronic interaction between SWNT and
PEDOT,; the electronic interaction originates from the hole-
trapping nature of SWNT in a hole-conducting polyrfir.

Thus, from the above discussion it is apparent that poly(3-
alkylthiophene) (P3AT-CNT nanocomposites exhibit interest-
ing physical, optical, and conductivity properties, but the reason
for such improvement is not clearly understood. For a fruitful
use of the properties a clear understanding of the behavior of
the P3AT-CNT nanocomposite prepared from different tech-

nigues is necessary. Here we report the in-situ preparation andS

properties of MWNT-poly(3-hexylthiophene) (P3HT) nano-
composite without functionalization of MWNT. No report has
yet been made for the in-situ preparation of the MWNT
composites of the P3ATs, and it is the first time report in this
P3AT system. We want to explore how the molecular weight,
polydispersity, and regioregularity of P3HT vary with MWNT
concentration during the in-situ polymerization using Fef3
initiator. The influence of MWNT on the mechanical properties
of P3HT is interesting to study for its probable use in different
optoelectronic appliances. Further, because of the difference o
pendent alkyl chain length between P3HT and P30T, some
difference in physical properties of the two composites is
expected®4!In this article the morphology, structure, thermal
properties, optical properties, and conductivity are reported for
these composites with varying MWNT concentration. A prob-
able explanation of the difference in physical properties of the
composites with different MWNT concentration is also pre-
sented here.

Experimental Section

(a) Preparation of the Nanocomposite MWNTs were pur-
chased from Aldrich Chemical Co. [product no. 636495, lot no.
04619DC, produced by the chemical vapor deposition (CVD)
method]. The Raman spectrum of the MWNT sample (excitation
wavelength 632.8 nm with a procedure reported elsewtei®)
presented in Figure 1, where the D and G bands are clearly
observed. The D band is around 1319¢pand it is intense while
the G band has a doublet around 1563 and 1588'cihe former
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Figure 1. Raman spectrum of MWNT sample for excitation at
632.8 nm.

0 °C. The polymerization was carried out at© for 24 h, and the
reaction mixture was poured into methanol containing 10% (v/v)
12 N HCI. The precipitate was washed with methanol and dried in
vacuum at 60°C.

The as-prepared MWNFP3HT nanocomposites and pure P3HT
hen dissolved in CHGIcontain some insoluble matter. So the
olution was sonicated, filtered, and dried. The dried sample was
then used to measure the headil regioregularity by proton NMR
spectroscopy by dissolving in CD£¥ For measurement of the
molecular weight, the PCNC solutions in CH®}ere centrifuged

at 14 000 rpm for 30 min when the MWNTSs become detached from
the polymer and separated out. The solution was then decanted,
and the process was repeated four times to remove the MWNT
completely. It was then dried, and the molecular weight was
measured using GPC in THF solution at 3D. Polystyrene was
used as a standard for molecular weight measurement.

W

£ (b) Electron Microscopy. The dispersity of carbon nanotubes

in the polymer matrix was studied using a transmission electron
microscope (TEM JEOL, 2010EX) operated at an accelerated
voltage of 200 kV. A drop of dilute solution of the composite in
ethanol dispersed by sonication on the carbon-coated copper grid
was dried finally in vacuum and was directly observed in the TEM.
The EDXS experiment on the selected portion of the sample was
made using INCAx-sight (Oxford Instruments) operated with INSA
suite software (version 4.02).

For the SEM study a dried film of the composites was platinum
coated and was observed through a field emission scanning electron
microscope (JEOL GSM-5800) at 2 kV.

(c) Wide-Angle X-ray Scattering (WAXS). The WAXS experi-
ments were carried out on the solvent-cast films of the MWNT
P3HT (in-situ) nanocomposite using a Seifert X-ray diffractometer
(C3000) in reflection mode with a parallel beam optics attachment.
The instrument was operated at a 35 kV voltage and a 30 mA
current and was calibrated with a standard silicon sample. Nickel-
filtered copper Kx radiation ¢ = 0.154 nm) was used in the work.
The samples were scanned frof 2 2° to 30° at the step scan

band characterizes the disorder-induced phonon mode due to infiniteMode (step size 0.03preset time 2 s), and the diffraction pattern
size of crystals and defects while the latter bands characterize theWas recorded using a scintillation counter detector.

Raman-allowed phonon mode g of the graphite ring (s
carbon)®® The1588 cm'peak of the doublet might arise due to
the splitting of the degeneratefstate or from the existence of a
different energy stat® So the Raman spectra indicate that the
MWNT sample has a low degree of graphitizatiéi® P3HT was
prepared in the laboratory from the monomer 3-hexylthiophene
(Aldrich Chemical Co.) by oxidative polymerization using FeCl
as initiator in CHC{ mediunt® where MWNTs were dispersed at
different concentrations. The MWNTSs concentrations were chosen
as 1%, 2.5%, and 8% (w/w) with respect to monomer (0.336 g),
which was sonicated in an ultrasonic bath (60 W, model AV10C,
Eyela). Anhydrous Fe@l(1.3 g) was dispersed in 100 mL of dry
CHClI; by stirring at 10°C for 12 h. The MWNT mixed monomer
solution was then gradually mixed with the initiator solution at

(d) Thermal Study. The melting point and enthalpy of fusion
data of the MWNT-P3HT nanocomposites (in-situ) were measured
by a Perkin-Elmer differential scanning calorimeter (Diamond DSC-
7) working under N atmosphere. It was calibrated with indium
before each set of experiment. About 3 mg of sample was taken in
aluminum pans and was crimped by a universal crimper. They were
then heated at the scan rate of°@min from—30 to 230°C. The
melting temperature and enthalpy of fusion were measured with
the help of a personal computer using Pyris software (version 7.0).
The reproducibility of DSC peak positions for repeated measure-
ments is within 0.1°C.

The thermal stability of the PCNCs was measured using a Perkin-
Elmer TGA Instrument (Pyris Diamond TG/DTA) under a nitrogen
atmosphere at a heating rate A/min.
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Table 1. Characteristics of P3HT Sample Produced during in-Situ Polymerization with MWNT at 0°C

concn of MWNT with respect to B H—T regioregularity melting enthalpy of
monomer ((w/w) %) mol wtl,) x 1075 PDI (mol %) point (°C) fusion (J/g)
0 111 1.78 81 197.0 6.1
1 1.65 2.07 82.7 197.8 6.9
25 2.02 2.1 82.5 196.8 8.3
8 0.7 2.10 82.2 199.5 11

(e) Spectral Characterization.The FTIR spectra of the samples MWNT surface byz—s and/or CH-z interactionsi44? The
were performed from a KBr pellet of the nanocomposites in a injtiation starts on the bound monomer molecules, from where
Shimadzu FTIR instrument [FTIR-8400S SHIMADZU). The BV the chain propagates. Because of the attachment of the growing
vis spectra of the MWNFP3HT composites (in-situ) were made  olymer chain with the MWNT, the degree of freedom of the
by casting the film on quartz plate. The spectra were taken againstop,oin qecreases. As a result, the termination by combination of

air at 30°C in a UV-vis spectrophotometer (Hewlett-Packard, the propagating chain decreases, causing a higher molecular
model 8453) from 200 to 1000 nm. The photoluminescence propagating ' 9 9

experiments of the solvent-cast films of the in-situ nanocomposites WeIght. At 2.5% MWNT concentration the molecular weight
were performed on a Perkin-Elmer instrument (LS55 luminescence IS highest probably because of increased concentration of the
spectrometer). The photoexcitation was made at an excitation bound monomer which decreases the termination rate by
wavelength of 490 nm at a 8%ngle of the thin film plane of the =~ combination or chain transfer processes. But an increase of 8%
sample with the excitation beam. The emission was detected at aconcentration of MWNT in the medium causes some free
right angle to the excitation beam direction. Each spectra was MWNT, which deactivates the propagating chain radical by a
normalized for Jum film thickness for comparison purposes. transfer mechanism, decreasing the molecular weight abnor-
(f) Dynamical Mechanical Property Measurement.The storage  mgqly. Thus, it may be argued that at the 2.5% concentration

modulus, loss modulus, and tarproperties of the in-situ MWNF the whole surface of MWNT may be totally filled by the
P3HT nanocomposites were measured using a dynamical mechan-

ical analyzer (DMA) (TA Instruments, model Q-800). Films of 25 monomer molecules, giving an optimum condltlon_ for pr_odl_Jcmg
mm x 5 mm x 0.15 mm dimension were made from composite the highest molgcular weight polymer. Thg po[yd|sper3|ty index
solution by casting on a die, and they were installed in the tension Of the polymer in MWNT-P3HT composites is the same for
clamp of the calibrated instrument. The samples were heated fromthree different systems, but it is higher than that of pure P3HT.
—130 to 150°C at a heating rate of 10C/min. The storage =~ The reason may be due to the termination at various stages of
modulus, loss modulus, and tanwere measured at a constant propagating chain in the composites. The heiil regioregu-
frequency of 10 Hz with a static force of 0.02 N. larity measured from proton NMR was found to be the same in
(9) Conductivity Measurement. The dc conductivity of in-Situ the nanocomposite as well as in the pure polymer. The melting
MWNT —P3HT nanocomposite films were measured at@Gaising point (Ty) and enthalpy of fusion values of the in-situ prepared

the standard spring loaded, pressure contact, four-probe methody, sites increases with increase in MWNT concentration.
A circular film of 1.3 cm diameter was used, and the probe was

connected with the help of Ag paste. A constant curréniv@s Morphology. In Figure 2 the SEM pictures of MWNT,
passed from a dc source electrometer (Keithley model 617) throughPCNC-1, PCNC-2.5, and PCNC-8 are shown. The MWNTs
two diagonal leads, and the voltage was measured using ahave tubular network structure both in the pure state and in the
multimeter (Keithly, model 2000). The conductivity was calculated composites. It is important to note that the MWNTSs are fatter
from the relation in all the PCNCs than those in the pure sample. However,
PCNC-1 and PCNC-2.5 tubes are fatter than that of PCNC-8.
o= (In 2lzd)(IV) @ The reason may be due to the fact that MWNTSs are wrapped
better by the polymer in PCNC-1 and PCNC-2.5 than that in
PCNC-8. Also, some spheroid-like morphology is observed on

gauge, averaged to four measurements at different places of the .
film. Conductivity of two films each with two trials was measured e surface of the MWNT of PCNC-2.5. To ascertain the

and the average of four such measurements were taken as th@hysical nature of the MWNT in the composite more clearly,
conductivity of the samples. lodine-doped samples were preparedthe TEM pictures of MWNT and the composites are presented
by exposing the film over iodine vapor for 24 h, and the in Figure 3a-d. The MWNT tube has outer diameter 13-23
conductivity was measured by the standard four-probe method. nm, and the inner diameter is about 5 nm. The length of
. . MWNT varies from 0.5 to 2«m as mentioned by the company.

Results and Discussion From Figure 3b it is apparent that the MWNTs of PCNC-1 have

Characteristic of P3HT. The MWNT—P3HT nanocomposite  a thicker outer diameter{78 nm) than that of the pure sample.
produces blackish-brown solution in chloroform, making it an This is also true for other composites; e.g., for PCNC-2.5 the
easily processable system. The characteristics of P3HT producediverage outer diameter 1850 nm, and for PCNC-8 it is-42
during the in-situ preparation of MWNTP3HT nanocomposite  nm. Thus, from the increase of thickness of outer diameter it
are presented in Table 1. The molecular weight is reported herecan be inferred that MWNTSs are wrapped well by P3HT, and
after the removal of carbon nanotube by repeated centrifugationlarger the concentration of MWNT, the lower is the degree of
at 14 000 rpm, and during the centrifugation the MWNT become wrapping. The wrapping of MWNT may be directly evidenced
separated from the polymer. This is because the polymer chainfrom a EDXS spectrum for the PCNC-1 composite (Figure 4).
experiences different torque than the higher weight carbon Here the presence of both carbon and sulfur on the wall of the
nanotube {8 x 10°) separating the two which were attached nanotube is evidenced from the peak of carbon and sulfur. This
by weak physical forces (e.g., CHr and/or 7—x interac- study therefore concludes that during the in-situ polymerization
tions)14.3847 |t is important to note from Table 1 that the of 3-hexylthiophene in the MWNT dispersion in CHGhe
molecular weight of P3HT has increased for 1% and 2.5% surface of MWNTSs is well wrapped by the P3HT. The inset of
MWNT concentration, but for 8% concentration it decreases Figure 3b presents enlarged image of the marked portion. This
substantially. No definite reason for this behavior is known, figure clearly put a evidence that the darker contrast MWNT is
and it might be possible for the attachment of the monomer on wrapped by the lighter contrast P3HT. A critical survey of the

whered is the thickness of the film which was measured by a screw
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Figure 2. FE-SEM picture of (a) MWNT, (b) PCNC-1, (c) PCNC-2.5, and (d) PCNC-8.

TEM pictures of Figure 3ad indicates that the morphology is  point of the P3HT has increased in the PCNCs except for the
not similar in all the cases. In Figure 3a,b,d the surface of the PCNC2.5 sample. The enthalpy of fusiokH) values are 6.1,
nanotubes is smooth, but in Figure 3c the surface of the 6.9, 8.3, and 11.0 J/g for P3HT, PCNC-1, PCNC-2.5, and
nanotubes is full of protuberance. These spheroid-like particles PCNC-8, respectively. The reason for this increase in enthalpy
on the nanotube surface (also seen in SEM picture (Figure 2c))of fusion and melting point is unknown, and it might be possible
indicate that the P3HT produced at this composition does not that MWNTSs influence the P3HT coils to organize in a more
wrap the MWNT fully. Some portions of it remain phase ordered manner. The lowdr, value of PCNC-2.5 indicates
separated, producing spheroid-like particles (see also Figure 1that the organizing influence of MWNT is not operating here.
of the Supporting Information at higher magnification). The only =~ Thermogravimetric Analysis. The TGA thermograms of
difference between this sample and the other P3HTs producedP3HT and the PCNCs are presented in Figure 2 of the
in-situ is the highest molecular weight of this sample (Table Supporting Information. The P3HT, PCNC-1, PCNC-2.5, and
1), and it might be possible due to this molecular weight PCNC-8 exhibit degradation temperature (onset of inflection)
difference such an inhomogeneous mixing results. at 460, 455, 455, and 45T, respectively. These results indicate
Wide-Angle X-ray Scattering. In Figure 5 the WAXS that the PCNCs have lower thermal stability than that of pure
patterns of MWNT, P3HT, PCNC-1, PCNC-2.5, and PCNC-8 P3HT. However, this is not reflected in the residual weight
are presented. From the figure it is apparent that MWNT has measured at 800C, where the PCNCs with higher MWNT
diffraction peak at 2 = 26°, corresponding to thd value of concentration has higher residual weight except for the PCNC-1
3.42 A, for the 002 reflection of graphit€ On the other hand,  sample. The higher residual weight is due to the presence of
P3HT has an interchain lamella peak correspondirsjpacing undegradated MWNTs which usually starts degradation at and
17.1 A (@ = 5.2°) and another diffraction peak corresponding above 800°C 3450 Also, it may be noted here that the P3HT
to intrastack chain-to-chain repeat distance of 3.78 A €2 has~25% residual weight left even heating to 890, so the
23.2). The X-ray diffraction pattern corresponds to the type | residual weight in the PCNCs is a mixture of residue of both
crystal of P3HT#¢-50 and on addition of MWNT the polymor-  P3HT and PCNCs. The small decrease in residual weight of
phic nature of P3HT remains unchanged. In the composites thePCNC-1 than that of P3HT may be due to the catalytic effect
intensity of the characteristic 002 reflection of MWNT increases of MWNT for degradation which is manifested in the lower
with increasing concentration of MWNT, and in PCNC-8 this value of degradation temperature.
peak is very prominent. Mechanical Properties.Figure 7a-c shows the temperature
Thermal Behavior. In Figure 6 the DSC thermograms of dependency of storage modulus, loss modulus, and talot
P3HT and different PCNCs are compared. The melting points of P3HT and of three PCNCs. The storage modulus or elastic
of P3HT, PCNC-1, PCNC-2.5, and PCNC-8 are 197.0, 197.8, modulus (') relates the ability of the material to store or return
196.8, and 199.8C, respectively, indicating that the melting energy when an oscillatory force is applied to the sample, and
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Figure 3. TEM micrographs of P3HFMWNT nanocomposites: (a) MWNT, (b) PCNC-1 (ins
2.5, and (d) PCNC-8.
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Figure 5. WAXS patterns of P3HT and PCNCs.
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Energy (KeV) and it exhibits two breaks: one at lower temperature range
Figure 4. EDXS spectra of the marked portion of PCNC-1. (~—90°C) and the other at higher temperature rang2q°C).

These two breaks are indication of two different types of

transitions which are clearly manifested in the loss modulus
the loss modulus@'"') relates the ability to lose the energy. temperature plot (Figure 7b) showing two peaks. The lower
Figure 7a illustrates that with increase in temperature the temperature peak may arise for tfietransition {Tg) where
storage modulus of all the samples decrease, and at aboutelaxation of hexyl side chains of P3HT occurs, and the higher
50°C itis negligibly small. However, the decrease is not linear, temperature pealaftransition) arises for segmental relaxation
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Figure 6. DSC thermograms of the P3HIMWNT nanocomposites
at the heating rate of 10C/min.

of the main chair##2552The latter transition may be called the
glass transition temperaturgy of the polymer. In the tad vs
temperature plot (Figure 7c) there are a broad peak at lower

temperature and a sharp peak at higher temperature regions

The former peak temperature may correspond to thead
the latter peak temperature may be fhg There is a large
difference (e.g., 1620 °C) between thely values measured
by loss modulus peak tah peak, and similar is the case for
the Ty values. The reason for this large difference in the
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instead, we obtain the sani value as in pure P3HT. No
definite reason is known, and it might be due to the balance of
attractive forces from different directions on the hexyl chains
for the larger concentration of MWNT.

A comparison of the storage modulus values of the PCNCs
suggest that the percentage increase of storage modulus with
increase in temperature increases except for PCNC-2.5, which
shows an abnormal decrease at®®8from that of 20°C. At
—50 and+20 °C this composite (PCNC-2.5) has the highest
increase than that of the other two PCNCs. This comparative
higher increase may be due to the separate phase (spheroid-
like) present in the PCNC-2.5. But it shows a large decrease at
the 50 °C temperature region. No definite reason for this
behavior is known, and probably a change of microstructure of
this composition may occur at this temperature. Here it is worth
comparing the percentage increase of storage modulus values
with that PSHFMMT clay nanocomposite prepared by the
solvent-cast metho#t. The highest increase observed in that case
was 774%, whereas the highest increase in this case is 158%.
Thus, the P3HFclay nanocomposite has at least 5 times greater
reinforcing property than that of the MWNTP3HT nanocom-
posite, probably due to the smaller dimension of the clay tactoids
(thickness~1 nm and length~218 nm) than that of MWNT.

Optical Properties. (a) UV—Vis Absorption Spectra. The
UV —vis absorption spectra of P3HT and PCNC films are
presented in Figure 8. Pure P3HT shows an absorption band at
505 nm corresponding to the—s* transition of its conjugated
segments. On addition to MWNT this band gradually shifts

transition temperatures obtained from the loss modulus and tantoward the higher wavelength region. This is contrary to the

o0 plots is not yet clear to us and might be due to the two different
modes of measurement; one is related to the dissipation of

usual blue shifts observed in the P3Hdlay?*2°>and P3HT-
CdS nanocomposifé.Probably the interaction of P3HT on the

energy as heat (loss modulus), and the other is related to thecarbon nanotube surface uncoils the P3HT chain, increasing its

reduction of vibration of the material, i.e., damping (&n A

comparison of the storage modulus and loss modulus plots of
P3HT and PCNCs suggests that both storage modulus and los
modulus values are higher in the PCNCs than that of pure P3HT,

conjugation length. This interaction therefore causes a red shift
in the UV—vis absorption spectra, and it is the highest for
LCNC-8 sample. However, in the poly(3-octylthiophene)
single-walled carbon nanotube (P3©3WNT) composite,

except for the PCNC-8 where the loss modulus has lesser valuePreparation by simple blending of P30T and SWNT solution

at low temperature<0 °C). This indicates that the causes of

in chloroform does not exhibit any significant change in v

increased storage modulus and loss modulus in the PCNCs are/is spectra up to 5% SWNT concentration, as reported in earlier

almost the same.
To get a clearer picture of the increase of storage modulus
in the PCNCs compared to that of pure P3HT, the data are

work38 It might be possible the P3OT do not mix well with
the SWNT in the mechanical mixing process due to the lack of
specific interaction between the components. But in the in-situ

presented in Table 2 for three different temperatures togetherPolymer formation on MWNT surface, the monomer molecules

with their Tz and Ty values. It is apparent from the table that
the Ty values remain the same with MWNT concentration of
the nanocomposite. But tfig exhibits a peculiar behavior with
MWNT composition as is apparent from Table 2 (inset of Figure
7b). PCNC-1 has highefg values than that of pure P3HT,
indicating the relaxation process of the hexyl group occurring
through bond rotation is hindered. PCNC-2.5 exhibits fijyo
values, e.g.;-96.9 and—86.1°C, and might be attributed to
two types of P3HT in the system (cf. morphology). Thevalue

of —86 °C may be attributed to wrapped P3HT an@6.9°C

to the free P3HT (spheroidal). For the PCNC-8 sample one
would therefore expect a high&g value than that of pure P3HT;

become adsorbed on the MWNT surface through physical
interaction, and after polymerization this interaction persists (cf.
Discussion), increasing the conjugation length of the polymer.

(b) Photoluminescence Spectré?3HT has a photolumines-
cence property}+25and the photoluminescence spectra of P3HT
and PCNC films, normalized to its thickness, are presented in
Figure 9. For an excitation wavelength of 490 nm the films
show an emission at 653, 649, 652, and 651 nm for P3HT,
PCNC-1, PCNC-2.5, and PCNC-8, respectively. Here the
PCNCs also exhibit a photoluminescence quenching except for
the PCNC2.5 samples. The reason for the photoluminescence
guenching of PCNCs may be due to thex interaction of

Table 2. Summary of Mechanical Properties of PCNCs Measured by DMA

storage modulus (MPa)

sample T2 (°C) T2 (°C) —-50°C (%) increase 20C (%) increase +50°C (%) increase
P3HT —94.4 28.9 1605 723.7 75.31
PCNC1 —-87 28.7 1989 24 910 26 115.5 53
PCNC2.5 —96.9,—86.1 28.8 2223 39 1061 47 93 24
PCNC8 -96.4 28.2 1900 18 974 35 194.7 158

aFrom loss modulus peaks.
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0 y i T ‘ Table 3. Conductivity Values ¢ (S/cm) of Undoped and $-Doped
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Figure 7. Mechanical property variation of P3HIMWNT nanocom- 5
posites with temperature: (a) storage modulus; (b) loss modulus IE?C’:}:I-I(—Zl %iixlé-o; 255
(inset: Tg with MWNT concentration); (c) ta. PONG-2 5 4.0¢ 10°5 0757
PCNC-8 3.56x 1073 4.01

P3HT with MWNT ! forming additional decaying paths of the
excited electrons through the MWNTs, and the greater the
concentration of MWNTS, the larger is the photoluminescence undoped state there is an increase of dc conductivity from 10
guenching. The almost unperturbed photoluminescence propertyto 102 S/cm for the PCNC-8 sample. This may be explained
of the PCNC-2.5 (Figure 9) is probably due to the microphase by the red shift of ther—x* transition band of P3HT in the
separation of the P3HT in the composite. The small blue shift PCNCs. This decrease in band gap with increasing concentration
in the nanocomposite emission spectra indicates that the grouncbf MWNT may result in the increase of intrinsic conductivity
state energy level is more stable in the nanocomposites thanfor the composites. On doping by iodine additional charge
that of pure P3HT. This may be possible through the resonancecarriers are produced, increasing the conductivity to 0.125 S/cm
stability of & clouds of P3HT and graphite units of MWNT  for pure P3HT and 4.01 S/cm for PCNC-8. The small difference
throughzz— interaction (cf. Discussion). of conductivity value of pure P3HT than that reported editier
Conductivity. The dc conductivities of P3HT and the PCNCs might be due to the use of unfiltered samples, which also causes
measured at 30C are presented in Table 3 for both undoped lower absorption maxima in the UWis spectra. It is note-
and iodine-doped samples. It is apparent from the table that theworthy that there is a difference between the conductivity values
conductivity of PCNCs increases with increase in MWNT of organically modified montmorillonite (omMMFclay nano-
concentration for both the undoped anedbped state. In the  composites and the MWNTPCNCs of P3HT. In the former
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Figure 10. |-V characteristics of P3HT and different PCNCS.
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casé* there was practically no change in conductivity with
increasing clay concentration in the undoped state, but in the
latter composites there is a substantial increase of conductivity.
This is because in the omMMIP3HT nanocomposite the band 1508
gap has increased (blue shift in UVis spectra), but in the
present case the band gap has decreased substantially (red shift T TR WP R , 1
in UV —vis spectra). In the PCNC-2.5 sample the conductivity 2800(1) 2400 1600(2)“00
values do not increase proportionally as that in the other two
PCNCs probably due to the presence of the segregated phas
of pure P3HT together with the wrapped P3HT on MWNT
surface. In Figure 10 thke-V characteristic curves of the pure
P3HT and the PCNCs are presented. From the figure it is
apparent that pure P3HT and PCNC-2.5 have similar current
voltage (semiconducting) behavior, but the PCNC-1 has better PCNCs are shown. From the figure it is apparent that the CH
semiconducting behavior. However, the-V characteristic (aliphatic) stretching frequency shows a shift to the higher
behavior of PCNC-8 sample could not be measured because offrequency in all the PCNCs, suggesting the presence of£H
instrumental limitation to measure the high current on applica- interaction in the system. In the figure the FTIR spectra relating
tion of similar voltage. to the presence of— interaction between thiophene ring of

. . P3HT and graphite unit of MWNT are presented. The 1510
Discussion and 1450 cm! peaks of P3HT correspond to the stretching

It is now worthy to discuss why the PCNC-2.5 sample vibration of thiophene rin§’ In the PCNCs the 1510 crhpeak
exhibits different properties than the other PCNCs. The main is not at all observed, and also the frequency of the 1415.cm
cause is the presence of another phase of P3HT which havepeak decreases to both in intensity and in peak position. This
not wrapped the surface of MWNT. The reason may be the indicates that the stretching vibration of thiophene ring is
formation of very large molecular weight P3HT sample during reduced or modified in the mixture. This certainly indicates
in-situ preparation. MWNT comprises of sheets of large number presence ofr—zx interaction between graphite unit and the
of graphite units in two or more folds. It may therefore be thiophene ring of polythiophené:58 Further support for the
imagined that MWNTSs are rigid chain polymer with graphite presence of botx—z and CH-x interactions in the PCNCs
units as monomeric units. Therefore, the miscibility of MWNT can be obtained from thtH NMR spectra (Figure 12). The
with the polymer may be qualitatively compared with the figure illustrates that the NMR peak of ring hydrogerds=¢
polymer—polymer miscibility. For the polymefpolymer mis- 6.98 ppm) becomes broader in the PCNCs. This broadening
cibility specific interactions between the component polymer may be attributed to the—a interactions between the thiophene
should exis*35But two chemically similar polymers may also  ring and graphite ring of MWNP:11 The NMR peaks of
mix if the similarity of the two components is very close to methylene protons of the pendent hexyl grodip<(2.809, 2.579,
each otheP® The small positive interaction between the 1.703, 1.567, 1.365 ppm) also broaden. Further, thes CH
components can be overcome by the entropy of mixing which peak (0.916 ppm) shifts to somewhat upfield region (0.913
is very small for the two component polymers. The mixing of ppm) and also broadens in the PCNC samples. This indicates
MWNT with P3HT presumed to occur by the-x interaction presence of molecular interaction between the pendent hexyl
between the conjugated double bond of graphite ring and group andr cloud of MWNT 1! and it may be attributed to
conjugated double bond of P3H% The adsorption of PSHT =~ CH—zx interaction. These are all dispersion interactions, and
and MWNT surface could also occur from Cht interactions the amount of interaction is small and positive. But the
The strength of such interactions are 1/10 of H-bonding process of mixing can occur NG, = AHn — TAS;, is
interactions. In Figure 11 the FTIR spectra of CH stretching negative, indicating the entropy of mixingA&,) is the
frequency region+2850 to 2916 cm?) of the P3HT and the governing factor. MWNT has a rigid structure so the entropy

Wavenumber (em” )
Ie—igure 11. FT-IR spectra of P3HT and PCNCs at (1) CH stretching
region and (2) ring stretching region of P3HT: (a) P3HT, (b) PCNC-
1, (c) PCNC-2.5, and (d) PCNC-8.
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at this temperature (Table 2). The almost unperturbed photo-
luminescence property and-V characteristics curve of the
PCNC-2.5 (Figures 9 and 10) are probably due to the mi-
crophase separation of the P3HT in the composite. As in P3HT
clay nanocomposite®;?> the properties of melt-quenched
PCNCs are expected to be somewhat different than that of the
solvent-cast PCNCs and would be reported in a separate
publication.

PCNC-R

/
5

Conclusion

PCNC-2.5 The MWNT—P3HT nanocomposites are prepared from the
in-situ oxidative polymerization of 3-hexylthiophene in MWNT
dispersion in CHGl for different MWNT concentrations. The
H—T regioregularity of P3HT is same in all PCNCs, but the
molecular weight of PCNC-2.5 is very largdl{, = 2.02 x
1CP) compared to that of the P3HT in other PCNCs. TEM study
indicates P3HT wraps MWNT well for PCNC-1, PCNC-2.5,
and PCNC-8 samples, but in PCNC-2.5 apart from the wrapped
MWNT there are some separate P3HT domains on the surface
of wrapped MWNT. Probably, because of the very large
molecular weight of P3HT it does not mix well with the MWNT,
producing a separate phase of P3HT in the PCNC-2.5 sample.
SEM study also corroborates the same observation as in TEM.
The PCNCs in CHGlproduces a blackish-brown solution. The
type | polymorph of P3HT is produced both in the pure P3HT
ppm : . .
Figure 12. *H NMR spectra of P3HT and PCNC-1, PCNC-2.5, and and in th_e nan(_)composnes_as evidenced from WAXS st_udy.
PCNC-8 in CDCL. ' ' The melting point of P3HT in the PCNCs shows a marginal
increase with increase in MWNT concentration, except for the
of mixing with polymers cannot be exactly calculated from the PCNC-2.5 sample. Also, the degradation temperature of PCNCs
Flory—Huggins expression for entropy of mixing of two has decreased compared to that of pure P3HT. Thef the

PCNC-1

P3HT

N

i

7 6 5 4 3 2 1

polymers34.55 P3HT remains the same in the PCNCs with that of pure P3HT,
but T value changes differently for different compositions. Only
A, = —RN@, In ¢yfry + ¢, In ¢,ir)) @) the PCNC-2.5 sample exhibits twiy values, indicating the

existence of phase separation. The storage modulus of PCNCs
has increased significantly compared to that of pure P3HT; the
PCNC-8 exhibits a maximum of 158% increase at°B0 At
lower temperature PCNC-2.5 exhibits a higher increme@'in
than the other PCNCs probably due to the presence of the
additional nanophase. But at 3C the increase is lowest for
this composition, and mixing of the two phases has been

whereN = rin; + rany, ¢ = rini/N, ri = number of segments
of theith component, and, = number ofith polymer molecules.
Here we attempt to get an approximate picture of entropy of
mixing using this equation and approximating polymer chainlike
nature of MWNT. Thervalue of MWNT is considered to be
33 500%° and ther; values are calculated from the number-
average molecular weight of the polymer. Considering 10

polymer moleculesr}) are attached to a single carbon nanotube, attnbute_(tzl fﬁr suhch beha(\jnorr]._ftThfeth:-\_X/ 'S* tspec_ttr_a Ot; thj
the entropy of mixing per unit volume is calculated to be composite film show a red shitt o 7" transition ban

1.09 x 103 0.98 x 10-2 and 1.64x 10-3 eu for PCNC-1 with increasing MWNT concentration, and the uncoiling of
PCNC-2.5, and PCNC-8, respectively. This clearly indicates that P3HT chain on the MWNT surface has been attributed for such
with increase in molecular weight of P3HT the entropy of behavior. But in the photoluminescence spectra there occurs a
mixing decreases. So it may be argued that in the PCNC-2.5Small blue shift due to the resonance stabilization of ground
the small+ve heat of mixing is not overcome by the entropy state throughr—z interaction. Further, there occurs fluorescence
of mixing due to high molecular weight causing phase separa- duénching with increase in MWNT concentration in the
tion. However, in the TEM pictures we have observed some photoemission spectra though it is negligible for the PCNC-2.5

thickening of MWNT, and this might occur through the Sample. The separate phase of P3HT in PCNC-2.5 might be a
wrapping of lower molecular weight fraction of the polymer, €ason for the different behavior than that of PCNC-1 and

as fractionation of low molecular weight polymer occurs during PCNC-8 samples. FTIR and NMR studies indicate the presence

the phase Separation procé@;s‘]’he temperature is also a of both CH-x andz—x interaction between P3HT and graphite
governing factor in such a mixing process, and as temperatureunit of MWNT. In the PCNCs dc conductivity has increased
increases, th&G,, becomes more negative, causing homoge- by 2 orders than that of the pure P3HT in the undoped state,
neous mixing. In our mechanical property discussion we have but in the doped state it has increased by 1 order. The PCNC-1
observed a fall of percent increase of storage modulus 850 showed better semiconducting property in the/ plots than

for PCNC-2.5, whereas in PCNC-1 and PCNC-8 it shows a large PCNC-2.5 and pure P3HT. The similarV behavior of PCNC-
increase from those of 2TC data (Table 2). The reason may 2.5 with that of P3HT may be attributed to the presence of the
be theAG,, value becomes negative at this temperature, favoring separated nature of PCNC-2.5. Thus, the increased conductivity
mixing between the phase-separated parts of PCNC2.5. Thisand mechanical property of P3HT in the easily processable
homogeneous mixture is responsible for the decrease of storagdVWNT—P3HT nanocomposite are interesting for its probable
modulus compared to the increase in that of other two PCNCs use in different optoelectronic appliances.
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