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ABSTRACT: Composites based on poly(diphenyl amine)
(PDPA) and multiwall carbon nanotubes (MWNTs) were
prepared by chemical oxidative polymerization through two
different approaches: in situ polymerization and intimate
mixing. In in situ polymerization, DPA was polymerized in
the presence of dispersed MWNTs in sulfuric acid medium
for different molar composition ratios of MWNT and DPA.
Intimate mixing of synthesized PDPA with MWNT was also
used for the preparation of PDPA/MWNT composites.
Transmission electron microscopy revealed that the diame-
ter of the tubular structure for the composite was 10–20 nm
higher than the diameter of pure MWNT. Scanning electron
microscopy provided evidence for the differences in the
morphology between the MWNTs and the composites. Ra-
man and Fourier transform IR (FTIR) spectroscopy, thermo-
gravimetric analysis, X-ray diffraction, and UV–visible spec-

troscopy were used to characterize the composites and re-
veal the differences in the molecular level interactions
between the components in the composites. The Raman and
FTIR spectral results revealed doping-type molecular inter-
actions and coordinate covalent-type interactions between
MWNT and PDPA in the composite prepared by in situ
polymerization and intimate mixing, respectively. The back-
bone structure of PDPA in the composite decomposed at a
higher temperature (�340°C) than the pristine PDPA
(�300°C). This behavior also favored the molecular level
interactions between MWNT and PDPA in the composite.
© 2006 Wiley Periodicals, Inc. J Appl Polym Sci 101: 3721–3729, 2006
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INTRODUCTION

Carbon nanotubes (CNTs) with their unique electronic
and mechanical properties1,2 not only represent suit-
able model structures for sophisticated research but
also form the basis of preparing a new class of ad-
vanced materials for applications in nanotube rein-
forced materials, nanoelectronic devices, field emit-
ters, and so forth.3–8 Preparation of a CNT/polymer
composite is an effective approach to produce tailor-
made synergic contributory properties of the two
components in the composite. CNT/polymer nano-
composites were prepared as nanostructural and func-
tional materials for targeted applications.9–11 CNTs
were used as conductive fillers in CNT/polymer com-
posites with poly(3-octyl thiophene) or poly(phe-
nylene vinylene) as the polymeric matrix.12,13

A few conducting polymer/CNT composites have
been prepared. Among the conducting polymers,
polyaniline (PANI) has received greater attention be-
cause of its unique advantages like environmental sta-
bility, electrochemical switchability, and durability.14

Studies on CNT/PANI composites have been report-
ed.15–20 Thus, it has become important to understand
the physical/chemical interactions between the CNT
and conducting polymer. There can be molecular level
interactions between the CNT and conducting poly-
mer and this can ultimately decide the properties of
the composites. Ultimately, the properties of the com-
posites depend on the method of preparation of the
composites.

There are two general methods for the preparation
of composites comprising CNTs and conducting poly-
mers. One involves the direct mixing of the two com-
ponents and the other one utilize chemical synthesis.
The former method aims for intimate mixing of the
two components and mostly involves an undoped
conducting polymer to mix with the CNTs. The latter
method consists of performing the polymerization of
the respective monomer in the presence of added
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CNTs. Here, the conditions of polymerization can also
contribute to the structural modifications of both com-
ponents. Hence, a comparative study on the prepara-
tion and characterization of a CNT/conducting poly-
mer composite would reveal the subtle differences in
the properties between the composites prepared
through these two different approaches.

Poly(diphenyl amine) (PDPA), an N-aryl substi-
tuted aniline, has been found to show many properties
that are different from PANI and other N-substituted
aniline derivatives.20–22 The utility of PDPA as an
amperometric sensor,23,24 as a sorbent for solid-phase
extraction,25 as a sensor for alcohol,26 as an electro-
chromic material,27 for modified electrode forma-
tion,28 and as a pH sensor29 have been established.
Such studies have revealed that PDPA can form an
effective alternative to PANI, and PDPA is known to
have better solubility than PANI.30 Recent studies31,32

have attempted to incorporate newer properties into
PDPA by grafting a nonconducting polymer onto its
backbone. In fact, this creates the possibility of the
creation of new polymeric materials with interesting
characteristics. Studies on the preparation and charac-
terization of a composite of CNT with PDPA have not
reported thus far.

In the present work, we prepared composites of
multiwall carbon nanotubes (MWNTs) with PDPA.
The composites were produced by mixing PDPA with
MWNTs and by performing in situ polymerization of
DPA in the presence of MWNTs. Molecular level in-
teractions between the MWNTs and PDPA were ana-
lyzed. The composites were characterized for the dif-
ferences in morphology, structure, and optical and
thermal properties between the composites prepared
through different methods.

EXPERIMENTAL

Materials

DPA (E. Merck) was doubly recrystalized from petro-
leum ether. The other chemicals in the study were also
E. Merck products. MWNT samples were purified and
used. The samples were suspended in 4M HCl solu-
tion, ultrasonicated for 6 h, centrifuged, filtered, and
dried before use.

Preparation of MWNT/PDPA nanocomposites

The composites were prepared by two different meth-
ods: intimate mixing of neutral PDPA with MWNT
(method 1, IM) and in situ polymerization of DPA in
the presence of MWNT (method 2, IP).

Intimate mixing of PDPA and neutral PDPA

Preparation of neutral pdpa. A solution of ammonium
peroxydisulfate (20 mM) was added dropwise to a

stirred solution of DPA (40 mM) in 4M aqueous H2SO4
at 4°C, and the stirring was continued for 2 h. The
initial color of the medium was purple and it then
changed to green. The green-colored precipitate
(doped PDPA) was filtered out of the medium,
washed several times with doubly distilled water until
the filtrate was colorless, and dried. Neutralized
PDPA was obtained by treating the doped PDPA with
aqueous NH3 solution for 24 h. The blue-colored
PDPA (neutralized) was washed with distilled water
and dried. Intimate mixing.

Composites were prepared by mixing a solution of
neutral PDPA in chloroform with an appropriate
amount of MWNT followed by subsequent evapora-
tion of the solvent. Composite samples IM1 and IM2
were prepared by the addition of 0.003 and 0.03 g of
MWNT, respectively, to a solution of neutral PDPA
(0.1 g) in 5 mL of chloroform.

In situ polymerization of DPA in presence of MWNT

Composite samples IP1 and IP2 were prepared by
maintaining 0.007 and 0.07 g of MWNT in the poly-
merization conditions, respectively. In a typical exper-
iment, 0.007 g of MWNTs were added to a solution of
DPA in 4M H2SO4 (40 mM). The mixture was cooled
to 4°C using a freezing mixture. A precooled (4°C)
solution of ammonium peroxydisulfate (0.1M) in 4M
H2SO4 was added drowise to the mixture with stir-
ring. The resulting green precipitate (acid-doped com-
posite) was filtered through a sintered glass crucible
and washed with 4M H2SO4 until the filtrate became
colorless. The acid-doped composites were then dried
under a dynamic vacuum at room temperature. Blue-
colored neutral composite was obtained when treating
the acid-doped composites (IP1 and IP2) with aqueous
ammonia. The neutral composites thus obtained from
IP1 and IP2 were designated as IP1N and IP2N, re-
spectively.

Characterization

The Fourier transform IR (FTIR) spectra of the com-
posites were recorded using a Bruker IFS 66v FTIR
spectrophotometer in the 500–4000 cm�1 region using
KBr pellets. UV–visible spectra were recorded in DMF
using a Shimadzu UV–visible spectrophotometer.
Thermogravimetric analysis was performed using a
TA Instruments 2950 Hi-Res apparatus at a heating
rate of 10°C/min under a nitrogen atmosphere. The
powder X-ray diffraction (XRD) patterns of the com-
posites were recorded in the 2� region on a Rigaku
diffractometer using nickel-filtered Cu K� radiation.
The morphology of the samples was examined by
scanning electron microscopy (SEM, Hitachi S-4200)
and transmission electron microscopy (TEM, JEOL
JEM-2000EX). For recording the Raman spectrum, the
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sample was sealed in a pyrex glass capillary sample
tube with an internal diameter of 2 mm, which was
mounted in a sample illuminator. The Raman spec-
trum was recorded in the 1000–2000 cm�1 region us-
ing a HORIBA Jobin Yvon HR800 Raman spectropho-
tometer with 514-nm radiation from an Ar� ion laser
excitation source. The conductivity of the samples was
determined by the two-probe method using pressed
pellets.

RESULTS AND DISCUSSION

Raman spectroscopy

Figure 1 displays the Raman spectra of the composites
prepared by intimate mixing of neutral PDPA and
MWNT and in situ polymerization of DPA in the
presence of MWNT. The spectra of the parent MWNT
and neutral PDPA are also presented (Fig. 1). A com-
parison of the spectra (Fig. 1) clarifies that there are
differences in the molecular level interactions between
the groups present in the MWNT and PDPA for the
composites prepared by the two methods. Raman
spectroscopy was previously used to show the inter-
actions between CNTs and the polymer struc-
ture.20,31–35 The bands that appear at around 1350 and
1580 cm�1 for pure MWNT show distinct variations in
intensities and positions when made into composites
with PDPA through the two methods. We envisage
that such variations in the band positions may arise as
a result of the differences in molecular level interac-
tions between the groups in the PDPA and MWNTs.

Composites of PANI and CNTs prepared by differ-
ent methods have been described as having differ-
ences in molecular level interactions between the com-
ponents.33 For the PANI–CNT composites prepared

with intimate mixing, polymer functionalized CNTs
have been reported to result through the formation of
new CON covalent bonds. In contrast, the composites
prepared by in situ polymerization have interactions
similar to doping of PANI with CNTs.34

The Raman band appearing at around 1580 cm�1

was assigned to the E2g vibration of the infinite crystal
and was considered to be associated with a graphitic
carbon with an sp2 electronic configuration. Polycrys-
talline graphite showed a distinct peak at 1350 cm�1

that was due to the A1g mode, which was attributed to
a diamondlike carbon with an sp3 configuration. In
Figure 1 it is evident that the bands at around 1580
and 1350 cm�1 for pure MWNT show variations when
maked into a composite by the two methods. The
composite for IM1 has a significant increase in inten-
sities for both bands, with a shift to lower wavenum-
bers. Conversely, the composite IP1N shows a drastic
decrease in peak intensities with a shift toward higher
wavenumbers. These differences can be ascribed to
the associated differences in molecular interactions
between PDPA and MWNT in these two composites.
It is important to note that the vibrational modes of the
composites comprise the sum of the contributions
from MWNTs or nanotube fragments and PDPA/
MWNT (whole fragment) composites. This is inferred
from a comparison of the Raman bands of neutral
PDPA (Fig. 1). Although we could not get a clear
picture for the microstructure in these two composites
from the Raman spectra, it is pertinent to note that the
interactions of MWNTs with PDPA can be from any
one of the probable redox sites in PDPA (Scheme 1).
We believe that MWNT can interact with any of these
redox sites in PDPA while forming the composites
with PDPA.

FTIR spectroscopy

The FTIR spectra (Figs. 2, 3) provide further convinc-
ing evidence for the differences in the molecular level
interactions in the components of the composites pro-

Scheme 1 The structure of PDPA in different redox states.

Figure 1 Raman spectra of the neutral composite of
MWNT and PDPA prepared by intimate mixing (IM1, spec-
trum a), the composite prepared by in situ polymerization
(IP1N, spectrum b), neutralized PDPA (spectrum c), and
pure MWNT (spectrum d).
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duced by the two procedures (intimate mixing and
intimate polymerization). To understand the differ-
ences in the spectral characteristics of the composites,
the bands in the FTIR spectrum of neutral PDPA
are assigned and compared. The main absorption
bands in neutral PDPA situated around 810, 1170,
1320, 1500, and 1600 cm�1 are assigned to the follow-
ing vibrations: bending COH (out of plane) on the
benzene ring (B), bending of the COH (in plane) vi-
bration of the NAquinoid ring (QAN), stretching of
CaromaticON, stretching of the NOBON ring, and
stretching of NAQAN, respectively. The bands
around 1600 and 1500 cm�1 show the variations in
intensities between the composites prepared by the
two methods. The higher frequency band (�1600
cm�1) represents the stretching of the quinoid ring
and the lower one (�1500 cm�1) represents the
stretching of the benzenoid ring.36 The simultaneous
presence of the bands in neutral PDPA and in the
composites (Figs. 2, 3) informs us that neutral PDPA
and the composites possess both amine and imine
units. Hence, PDPA exists in polaronic form (Scheme
1). However, there are variations in the intensities of
benzenoid and quinoid bands between the composites
prepared by the two methods. This indicates that
amine/imine sites in PDPA interact differently with
sites in MWNT while forming composites through
intimate mixing or in situ polymerization. It is clear
that the intensity of the peak at around �1600 cm�1

increases on making a composite by in situ polymer-
ization. Otherwise, the imine proportion in the PDPA
structure increases when producing a composite
through in situ polymerization. Hence, we presume
that MWNT induces doping in PDPA during in situ
polymerization. It is important to note that such in-
duced doping should change the absorption band at

around 1170 cm�1, corresponding to the diphenoqui-
noneamino imine (Scheme 1) structure. Clearly, the
intensity of the band at around 1170 cm�1 increases in
the composite (IP1N). Further evidence for the in-
duced doping of PDPA by MWNT was obtained by
comparing the FTIR spectra of protonic acid doped
PDPA composite (Fig. 3) and neutral composite (Fig.
2). The induction of a positive charge on the nitrogen
atom on the macromolecular chain can increase the
dipole moment and thus can increase the intensity of
the band at around 1170 cm�1. Protonic acid doped
composite and neutral composite (IP1N, IP2N) show
such an increase in intensity for the band at around
1170 cm�1. This is supporting evidence that MWNT
induces doping of PDPA. A similar kind of doping
was reported for a PANI–fullerene composite.37

The FTIR spectra of the composites prepared by
intimate mixing (Fig. 2) show the presence of a band at
around 1600 and 1500 cm�1, similar to neutral PDPA.
There are only mild variations in the intensities of
other bands in comparison to neutral PDPA. This
reveals that MWNTs do not induce doping for PDPA
as noted for the composite prepared by in situ poly-
merization. The composite prepared from intimate
mixing is therefore considered as CNTs wrapped with
PDPA. The variations in the positions and intensities
of the bands corresponding to COH in-plane bonding
deformation of benzenoid quinoid rings and bending
vibrations of COH (out of plane) demonstrate that
newer covalent CON bands can be formed by the
interaction between the imine nitrogen of the repeat
units of PDPA and the carbon atoms of MWNTs.
Alternatively, there can be formation of CON coordi-
nate covalent bonds between the polymer chain and
radical cation CNT fragments that leads to formation
of polymer functionalized CNTs (Scheme 2).

Figure 3 FTIR spectra of doped composites prepared by in
situ polymerization: IP1 (spectrum a) and IP2 (spectrum b).

Figure 2 FTIR spectra of the neutralized composite pre-
pared by intimate mixing (IM1, spectrum a), the neutral
composite prepared by in situ polymerization (IP1N, spec-
trum b), and neutral PDPA (spectrum c).
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Morphology and conductivity

When comparing the SEM images (Fig. 4) of pure
MWNT and the composites (Fig. 4), there is a random
increase in the diameter of the MWNTs as a result of
composite formation. PDPA appears as snowflakes on
the tree-branch-like surface of the MWNTs. Few
nanoscale defects and scratches in MWNT are seen in
the SEM photographs of the composites. We also ob-
served the morphological changes through TEM mi-
crographs. These images (Fig. 5) of PDPA and the
MWNT–PDPA composites also supported the mor-
phological variations between the MWNTs and the
composites. The periphery of the MWNT became non-
uniform after composite formation [Fig. 5(c,d)]. The
diameter of the tubular structure for the composite
was 10–20 nm higher than the diameter of pure
MWNT [Fig. 5(a)]. Part of the PDPA appears as pro-
trusions from the outer walls of the MWNTs in the
case of IP1N [Fig. 5(c), inset]. In contrast, the PDPA

appears as finely dispersed particles in the composite
prepared by IM1. The protrusions of PDPA or nonin-
form dispersion of PDPA appear as defects sites in the
MWNTs.

We presume that the conditions used for the prep-
aration of the composites may be the source of the
nanoscale defects noticed in the composites. For ex-
ample, when making the composite by intimate mix-
ing, the mixture of PDPA and MWNT was stirred for
a long enough period to attain proper dispersion of
the PDPA into the MWNT bundles. This might cause
nanoscale defects in the MWNTs. Because of the small
size of these defects, they are difficult to repair or
control during the synthesis. There are remedial mea-
sures that could possibly minimize these defects. For
effective healing or minimization of these repairs,
Tyagi et al. suggested that the nanotubes can be coated
with a polymer that contains nanoparticles.38 The
nanoparticles can potentially migrate to and fill the

Scheme 2 Representations of the molecular interactions between PDPA and MWNT: (top) doping-type interactions in the
composite prepared by in situ polymerization and (bottom) CON coordinate bond formation resulting in PDPA function-
alized MWNT in the composite prepared by intimate mixing.
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nanoscopic scratches or voids. Alternatively, the com-
posite of nanotubes may be prepared with a polymer
grafted from the nanotube. This approach may pro-
vide close proximity of the polymer with the defects in
the nanotube. The conductivity values of the compos-
ites (�10�2 S/cm) were found to be slightly higher
than PDPA (�10�3 S/cm).

UV–visible spectroscopy

The UV–visible spectra of the composites prepared by
intimate mixing (Fig. 6) and in situ polymerization
(Fig. 7) reveal the differences in the molecular interac-
tions between the components of the composites. Note
that the redox state of PDPA in the composites pre-
pared by intimate mixing and in situ polymerization
may be different. This may be attributable to the dif-
ferences in the molecular level interactions between
the composites prepared by the two methods. In the
case of intimate mixing, the formation of CON cordi-
nate bonding (Scheme 2, top) is not expected to change
the electronic state of PDPA. This is clearly evident in
the spectra of the composite prepared by intimate
mixing. There is no variation in the position of the
band at around 320 nm corresponding to the �–�*
transition of the neutral form of PDPA.22 The elec-
tronic spectrum of neutral PDPA is presented in the

inset of Figure 6 for comparison. Thus, the electronic
state of PDPA is not influenced much in the composite
prepared by intimate mixing. Conversely, the elec-
tronic spectra of composites IP1 and IP2 show a band
at around 570 nm and inform that PDPA is present in
the diphenosemiquinoaminoimine (polaronic, DPB� � )
form23 that is due to the probable doping by MWNT
(Scheme 2, bottom). This assignment is based on ear-
lier reports on the doping of PANI with acids.39,40

PANI in the less doped emeraldine base form exhib-
ited a peak at around 620 nm, corresponding to a
localized molecular excitonic transition with the elec-
tron on a quinoid moiety and a hole on the neighbor-
ing moiety. Upon acid induced doping of the emeral-
dine base to result in an emeraldine salt, the excitonic
transition shifted to 580 nm.39,40 With more MWNTs
in the composite, we envision an increase in the prob-
able carboxyl groups generated in the MWNTs during
oxidative polymerization with ammonium peroxydis-
ulfate, which might result in more induced doping to
PDPA. For a comparison, the electronic spectra of
doped PDPA are presented in the inset of Figure 7.
Further, composites prepared by in situ polymeriza-
tion with different amounts of MWNTs showed shift-
ing in the band at around 570 nm, corresponding to
the oxidized PDPA (polaronic form, Scheme 1). This

Figure 4 The SEM morphology of (a) the composite prepared by intimate mixing (IM1N), (b) the composite prepared by in
situ polymerization (IP1N), (c) neutral PDPA, and (d) pure MWNT.
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clearly supports the fact that MWNT induces doping
in PDPA.

Thermogravimetric analysis

Figure 8 contains thermograms of the composites pre-
pared by intimate mixing (Fig. 8, curve b) and in situ

polymerization (Fig. 8, curve c) in the neutral state.
The thermogram of the neutral form of PDPA is also
presented (Fig. 8, curve a) for comparison. Note that
intimate mixing involves neutral PDPA for mixing

Figure 5 The TEM morphology of (a) pure MWNT, (b) neutral PDPA, (c) the composite prepared by intimate mixing
(IM1N), and (d) the composite prepared by in situ polymerization (IP1N).

Figure 6 UV–visible absorption spectra of composites (in
DMF) prepared by in situ polymerization with different
amounts of MWNTs : IP1 (spectrum a) and IP2 (spectrum b).

Figure 7 UV–visible absorption spectra of composites (in
DMF) prepared by intimate mixing: IM1 (spectrum a) and
IM2 (spectrum b).
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with MWNT and thus results in a neutral composite.
By contrast, the doped PDPA generated from in situ
polymerization makes the composite have PDPA in
the doped state. Hence, the composite from in situ
polymerization was subjected to neutralization to at-
tain the composite in the neutral state (IP1N). Other-
wise, in the composites from in situ polymerization,
the external dopant was specifically removed through
neutralization to make the neutral composite, IP1N.
The thermogram of neutral PDPA (Fig. 8, curve a)
shows two major weight losses corresponding to the
loss of water (around 80°C) and decomposition of the
backbone structure of PDPA (beyond 300°C). How-
ever, the backbone structure of the PDPA in the com-
posites (IP1N and IM1) decomposed at a much higher
temperature (�340°C). The existence of molecular
level interactions between MWNT and PDPA that is
evident from the Raman and FTIR spectra of the com-
posites may be considered as the reason for the im-
proved thermal stability of PDPA units in the com-
posite. IP1N shows a higher extent of weight loss41

than IM1 beyond 340°C, indicating the presence of
more PDPA in IP1N (26%) than in IM1N (87%). The
TEM micrograph of IP1N has a number of protruding
portions of PDPA [Fig. 5(d)] in IP1N, and that can be
considered as the source for the larger amount of
PDPA in IP1N than in IM1.

The thermograms of the doped composite prepared
by in situ polymerization (IP1 and IP2) are also com-
pared with doped PDPA (Fig. 9). The sulfate ions used
in the medium of polymerization exist as dopant ions.
The weight loss corresponding to the removal of do-
pant ions takes place well below 300°C. Here again,
the weight loss corresponding to the backbone units of
PDPA in the composite occurs at a higher temperature
(Fig. 9, curves a,b) in comparison to doped PDPA (Fig.
9, curve c). This is also in accordance with the molec-
ular level interactions between MWNTs and PDPA.

XRD analysis

The structural characteristics of PDPA/MWNT com-
posites were analyzed by XRD measurements. Figure
10 exhibits the XRD patterns for pure MWNT, PDPA
(neutral), and the composites (IP1N, IP2N, and IM1).
A comparison of the XRD patterns of the composites
with one of their constituents (MWNT or PDPA) infers
that there are differences in the structural order be-
tween the composites prepared by the two methods.
The XRD patterns of IM1 resemble PDPA and the
peaks representing the MWNTs (25.7°, 42.8°, and
53.3°). In contrast, composites IP1N and IP2N show a
different structural order than IM1. Besides the XRD
patterns of MWNT (peaks at 25.8° and 43.0°), addi-
tional structural order can be seen through the appear-

Figure 8 Thermograms of neutral PDPA (curve a), IP1N
(curve b), and IM1N (curve c). Figure 9 Thermograms of PDPA/MWNT composites pre-

pared by in situ polymerization: IP1 (curve a), IP2 (curve b),
doped PDPA (curve c), and pure MWNT (curve d).

Figure 10 XRD patterns of the composite prepared by in-
timate mixing (IM1, spectrum a), the composite prepared by
in situ polymerization (IP1N, spectrum b), IP2N (spectrum
c), neutral PDPA (spectrum d), and pure MWNT (spectrum e).
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ance of peaks at 18.5° and 20.9° (due to the presence of
PDPA). This type of induction of additional structural
ordering was witnessed in composites of MWNT with
other polymers.42–44 Of interest, the peaks at 18.5° and
20.9° were not present in the XRD of neutral PDPA
(Fig. 10, curve d). The additional structural order or
crystalline domain is expected to originate from the
more planar structure adapted for PDPA from the
hexagonal surface lattice of the MWNT during in situ
polymerization.45 This may arise from strong �–�*
interactions between PDPA and MWNT. In addition
to the �–�* interaction, other possibilities like charge
transfer from PDPA chains and MWNTs through
highly reactive imine sites46,47 may also contribute to
the structural order found in this investigation.

CONCLUSIONS

Composites of PDPA with MWNT were prepared
through in situ polymerization and intimate mixing of
PDPA and MWNT. These composites had different
molecular level interactions between the components.
Raman and FTIR spectral results revealed that MWNT
induced doping in PDPA during in situ polymeriza-
tion. In contrast, a polymer functionalized CNT re-
sulted from the intimate mixing method. These struc-
tural differences ultimately influenced the electronic
and thermal properties. Comprehensive knowledge
on the properties of the prepared nanocomposites
would help in deciding the conditions for making
composites for desired applications.
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