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ABSTRACT: The in-situ polymerization of aniline in the presence of multiwalled carbon nanotubes and (S)-
(+)-10-camphorsulfonic acid provides a route to optically active composite materials. Their chiroptical properties
suggest that polymers and composite materials adopt similar optical properties indicative of “compact coil” in
DMSO and “extended coil” inm-cresol. The optical activity in composite materials is preserved, although somewhat
reduced to that of the pure polymer, which is attributed to the polymer phase coating nanotubes. This polymer
phase is responsible for the lower electrical resistance observed for composite materials.

1. Introduction

Combining polymers with carbon nanotubes could offer the
enticing prospect of materials with enhanced functionality
compared to polymers.1 Of particular interest are conducting
electroactive polymers (CEP) such as the polyanilines, poly-
pyrroles, and polythiophenes which have been recognized as
suitable building blocks for intelligent materials applications
as they can be engineered to recognize stimuli, are conductive,
and can actuate.2 However, the properties of CEP are lower
compared to the conductivity and current carrying capacity of
most metals, mechanical properties of Kevlar, and actuation
stress of skeletal muscle.1 Hence, there is room for improvement
in the properties of electroactive polymers. This could be
achieved by combination of these polymers with materials
whose properties are superior to those of the polymers. Carbon
nanotubes are an ideal candidate for such materials. Carbon
nanotubes have attracted enormous attention due to their
phenomenal properties.1 For example, the mechanical and
electrical properties of carbon nanotubes are several orders of
magnitude higher compared to CEP such as the polyanilines
(see ref 1 for a comparison). However, one of the main
disadvantages of carbon nanotubes is their processability; i.e.,
they are not easily dispersed in most solvents due to their
hydrophobic nature. This issue can be overcome by incorporat-
ing carbon nanotubes into a polymer material. This could lead
to composite materials with enhanced functionality. Several
preparation methods are in use for combining polymers and
carbon nanotubes into composite materials. These include (but
are not limited to) functionalization,3,4 intercalation,5 electro-
chemical deposition,6 latex technology,7 and in-situ polymeri-
zation.8-10

In particular, in-situ polymerization has become a standard
method for producing polyaniline carbon nanotube composites,
including variations such as using surfactant-stabilized multi-
walled carbon nanotubes (MWNT)11 and covalently function-

alized MWNT.12 During polymerization carbon nanotubes act
as molecular templates, thereby guiding the growth of poly-
aniline. This facilitates interactions between polyaniline quinoids
group and the nanotube surface which increase the electronic
properties.8,13

An interesting aspect of polyaniline is its ability to become
optically active through the addition of chiral dopants such as
camphorsulfonic acid (CSA).14,15The optical activity is thought
to arise from adoption of either a one-handed helical conforma-
tion16 or a helical packing of polymer chains.17 It is thought
that chiral materials can be used as chiral films or membranes
in the production of enantiomerically pure compounds.18

In this paper we report the synthesis of optically active
polyaniline emeraldine salt multiwalled carbon nanotubes
composites via in-situ polymerization of aniline in the presence
of MWNT and (S)-(+)-10-camphorsulfonic acid. Powder ma-
terials, solutions, and supported films were characterized by a
range of spectroscopic and microscopic techniques.

2. Experimental Details

Materials. Multiwalled carbon nanotubes prepared by arc-
discharge (arc-MWNT) and catalytic chemical vapor deposition
(CVD-MWNT). Arc-MWNT were prepared in an arc-discharge
experiment by sublimation of pure graphite rods under a helium
atmosphere of 66 kPa using a current of 60 A and a voltage of 25
V. Sample material was collected from the inner core of the formed
cathodic deposit and consist of straight well-graphitized MWNT
of micrometer lengths and 20-30 nm in diameter as well as a few
graphitic nanoparticles as impurities. CVD-MWNT were prepared
according to ref 19 using a Co-Mo sol-gel catalyst with a Mo/
Co ratio of 30. Aniline monomer (An, distilled before use) was
purchased from Scharlau, and ammonium peroxodisulfate (APS),
(S)-(+)-10-camphorsulfonic acid (HCSA), and polyaniline emer-
aldine base (Mw ∼ 50 000) were purchased from Sigma Aldrich.
All solventssdimethyl sulfoxide (DMSO, Alfa Aesar),n-methyl-
2-pyrrolidinone (NMP, Acros), andm-cresol (Riedel-de Hae¨n)s
were used as received.

In-Situ Polymerization. Composite samples were prepared by
two in-situ polymerization methods of aniline in the presence of
carbon nanotubes. In method 1 (similar to Zhang et al.20) aniline
monomer was added to 110 mL of a 0.1 M HCSA solution
containing arc-MWNT, while APS was dissolved in 55 mL of
distilled water. Molar ratios were An:HCSA (2:1), An:APS (1:1),
and 10 wt % MWNT with respect to An. Both solutions were cooled
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(under stirring) in an ice bath (<5 °C). The oxidant solution was
slowly added to the An/HCSA/arc-MWNT solution and stirred for
2 h atT < 5 °C. The resulting mixture was filtered under vacuum,
washed with 390 mL of 0.1 M HCSA and distilled water, and dried
at room temperature under vacuum for 24 h. Reference samples of
polyaniline were synthesized under similar conditions without
carbon nanotubes. These samples were labeled asP1 (polymer)
andC1 (composite).

In method 2 (similar to Kane-Maguire et al.21) arc-MWNT (or
CVD-MWNT) and aniline monomer were added to 100 mL of 1
M HCSA, and APS was dissolved in 5 mL of 1 M HCSA (under
stirring). Molar ratios were An:HCSA (0.1:1), An:APS (4.47:1),
and 10 wt % MWNT with respect to An. The oxidant solution is
slowly added to the An/MWNT/HCSA solution and stirred at room
temperature for 11/2 h. The resulting mixture was filtered under
vacuum, washed with 400 mL of 0.1 M HCSA, and dried at room
temperature under vacuum for 24 h. Reference samples of poly-
aniline were synthesized under similar conditions without carbon
nanotubes. These samples were labeled asP2 (polymer), C2
(composite with arc-discharge MWNT), andC3 (composite with
CVD-MWNT).

Characterization. Powder materials were characterized by
several techniques. Elemental analysis was performed in a Thermo
Flash EA 1112 instrument using∼3 mg of powder materials.
Scanning electron microscopy (SEM) was carried out in a JEOL
JSM-6400. X-ray diffraction (XRD) was performed using a Bruker
D8 ADVANCE. Infrared spectra were taken by a Bruker VERTEX
70 FTIR on pressed KBr pellets containing homogeneously
dispersed powders of the corresponding materials. For thermo-

gravimetric analysis (TGA) a Setaram TG-DTA 92 thermobalance
was employed, burning 10-12 mg of powder material in air, using
a flow rate of 100 mL/min and a ramp of 3°C/min up to 1250°C.

All solutions were prepared by dissolving up to 2.5 mg of
polymer or composite materials in 5 mL of solvent. Supported films
were prepared by drop-casting from solution (0.5 mg/mL) onto
cleaned glass slides, followed by drying at 85°C in a vacuum oven.
Thickness of supported films (2-11 µm) was determined from
topographical analysis of PDMS casts of the films carried out using
a scanning white light interferometer (Veeco, Wyko NT1100) as
described in detail in ref 22.

Electronic absorption spectra of solutions (DMSO, NMP, and
m-cresol) and supported films were recorded using Cary 5E UV-
vis-NIR and Jasco V560 UV/vis spectrophotometers. Circular
dichroism spectra were recorded using a Jasco J810 circular
dichromator. All spectra were recorded 1 h after dissolving in
solution as the position of the high wavelength polaron band (in
solution) red shifts with time.

Transmission electron microscopy (TEM) images were obtained
on a JEOL 2011 TEM. Diluted composite solutions were evaporated
onto Cu 300 mesh grids. The current-voltage characteristics across
supported films were determined from the constant voltage method
using a Manson EP-613 power source and a Thurlby Thandar
Instruments 1906 digital multimeter.

3. Results

Elemental Analysis. The extent of camphorsulfonic acid
doping is calculated using elemental analysis. As HCSA does
not contain any nitrogen, the percentage of polyaniline can be
calculated from nitrogen analysis (see Table S1, Supporting
Information). The calculated molar ratio of polyaniline tetramer
unit and HCSA is 1:1 (compositeC1, polymerP1) and 1:1.7
(all other samples). This suggests that polyaniline synthesized
using method 1 is partially doped and almost fully doped using
method 2. The carbon nanotube content in the composite
samples is estimated at∼20% based on elemental analysis data.

X-ray Diffraction. The X-ray diffraction patterns of polymers
P1 and P2 (Figure 1) showed the three characteristic peaks

Figure 1. X-ray diffractograms of polymers (P1, P2) and composites
(C1, C2, andC3).

Figure 2. Fourier transform IR spectra of polymers (P1, P2) and compositesC1, C2, andC3. Spectra are offset for clarity.

Table 1. Intensity (I ) and Peak Position (υ) for Characteristic CdC
Stretching of Quinoid (Q) and Benzenoid (B) Bands

sample IQ υQ (cm-1) IB υB (cm-1) IQ/IB

polymerP1 1.42 1574 1.42 1493 1.00
compositeC1 2.06 1576 2.05 1491 1.03
polymerP2 1.91 1558 1.97 1477 0.97
compositeC2 2.39 1558 2.42 1478 0.98
compositeC3 2.18 1558 2.22 1478 0.98
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centered at 2θ ) 15°, 19°, and 25° associated with polyaniline
in emeraldine salt form.23-26 The additional peaks (at 2θ ) 26°,
42.5°, 53.5°, and 78°) observed in the patterns for composites
C1 and C2 are typical for the presence of arc-MWNT (see
Figure S1, Supporting Information), while the additional peaks

(at 2θ ) 26°, 39.6°, and 43°) observed in compositeC3 are
typical for CVD-MWNT (see Figure S1).

In addition, for sampleP1 an additional peak (at 2θ ) 6.4°)
can be observed, which does not appear in any of the other
samples. The presence of the peak at 2θ ) 6.4° has previously

Figure 3. Thermogravimetric analysis (weight loss and derivative) of polymers (P1, P2), composites (C1, C2, andC3), and carbon nanotubes
(arc-MWNT, CVD-MWNT).
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been used as an indicator for polyaniline chains organized into
nanofibers or lamellae.20,27,28 This indicates thatP1 contains
tubular or lamellar morphology, whileP2and all other samples
are granular. For example, tubular morphology can be explained
by a mechanism based on anilinium and CSA- micelles.
Polyaniline grows inside the micelles in the form of nanofibers.6

The absence of the tubular peak inC1 indicates that the presence
of arc-MWNT during polymerization prohibits polyaniline
tubular formation. MWNT can act as nucleation points for the
polymerization of polyaniline instead of growing inside the
micelles.

FT-IR. The infrared spectra of polymers and composites are
shown in Figure 2. The characteristic peaks of polyaniline in
emeraldine salt (ES) form, for example, N-H stretching
vibration (3450 cm-1), CdC stretching of quinoid (Q, 1576
cm-1) and benzenoid (1493 cm-1), C-N stretching mode (1303
cm-1), and NdQdN (1136 cm-1), were observed.9,27,29 It is
well-known that for polyaniline ES intensity of the quinoid band
should be lower than that of the benzenoid band.30 In the
presence of carbon nanotubes the relative intensity of the quinoid
band increases as observed for polyaniline emeraldine base
(EB)9 and ES31 composites.

The following differences can be observed for samples
prepared using methods 1 and 2 (as shown in Table 1): (i) the
relative intensity of the quinoid band (with respect to benzoid
band) is>1 for samples prepared using method 1, while this is
<1 for samples prepared using method 2. (ii) The quinoid and
benzenoid peaks have red-shifted by∼15 cm-1 using method
2, indicative of a more semiquinoid form.32 (iii) Spectra for
samples prepared using method 2 have the “Fano” shape
characteristic for doped polyaniline.33 These differences are
further evidence that the doping level in samples synthesized
using method 1 is lower compared to samples synthesized using
method 2.

Thermogravimetric Analysis. The TGA results are shown
in Figures 3 and S2 (Supporting Information). The polymers
(P1, P2) exhibit the three-step decomposition pattern charac-
teristic for doped polyaniline: release of water molecules

(<100°C), dopant anion (180-280°C), and decomposition of
polyaniline chain structure (280-630 °C).34 For composite
materials an additional fourth step is observed related to the
decomposition of either arc-MWNT (C1, C2) or CVD-MWNT
(C3). The weight loss ranges for arc-MWNT and CVD-MWNT
are 660-840 and 470-630°C, respectively. The difference in
oxidation temperatures is related to the degree of graphitization
of the nanotubes, which is higher for arc-discharge produced
MWNT.

The synthesis method and nanotubes both have an effect
on the decomposition behavior of the composite samples.
The difference between the synthesis methods is reflected
in the higher weight loss in the second step related to the
higher degree of doping for polymerP2. This is most clearly
observed by the sharper minimum in the TGA derivative (Figure
3).

Interestingly in compositeC2 the minimum for the polymer
phase (in the TGA derivative) has shifted to a higher temperature
compared to that of polymerP2, while the minimum for the
arc-MWNT has shifted to lower temperature compared to that
of (pure) arc-MWNT. It is clear that this is not related to the
presence of pure MWNT (see Figure S2). This difference in
thermal behavior was previously attributed to the existence of
a new polymer/MWNT phase.9 A similar effect could be
occurring for compositeC3, but we cannot see this because of
the overlap between decomposition of CVD-MWNT and
polyaniline chain structure.

Electron Microscopy. SEM is an excellent technique for
investigating the morphology of polymers and composites.
Tubular (fibrular) and granular morphologies are observed for
polymersP1 andP2, respectively (see Figure 4). The polymer
morphology depends on the reaction conditions as previously
observed by Yang and Wan.27 However, the polymer morphol-
ogy is changed to granular in the presence of MWNT as shown
for composite C1. In all composites MWNT are readily
identified as the thin lines.

The wetting between polymers and carbon nanotubes in a
composite can be investigated by TEM.10 Typical TEM images

Figure 4. Scanning electron microscopy (SEM) images on powder samples of polymers (P1, P2) and composites (C1, C2, andC3).
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of evaporated solutions of compositesC2 andC3 are shown in
Figure 5. In general, carbon nanotubes are identifiable as thin
lines with the hollow core visible within as can be seen for
compositeC3, while the image for compositeC2 shows that
this particular arc-MWNT consists of nine carbon cylinders. In
all images it was found that MWNT are evenly covered by

polymer, indicating excellent polymer wetting of the nanotubes’
surface.

Chiroptical Properties. The materials were soluble in a range
of solvents (NMP, DMSO, orm-cresol). However, the solution
spectra were dependent on the nature of the solvent and the
concentration. Dispersing more than 1.5 mg in 5 mL of DMSO
resulted in stable green solutions, indicative of polyaniline in
emeraldine salt (ES) form. Note that no additional doping with
HCSA was necessary. The UV-vis absorption spectra (at
concentration 0.5 mg/mL, Figure 6) showed the three charac-
teristic absorption bands 340, 430, and 860 nm associated with
π-π*, polaron-π*, and π-polaron band transitions of poly-
aniline ES.10,23There are two distinctive polyaniline conforma-
tions: “compact coil” (tightly coiled chains) with a characteristic
localized polaron band at 800 nm and “extended coil” (expanded
chains) with a characteristic intense broad absorption band in
the near-infrared.10,23The spectral features of our polymers and
composites (in DMSO) are consistent with a “compact coil”
formation.

Previously it has been noted that in DMSO partial deproton-
ation of polyaniline ES to EB occurs at dilute concentrations
(0.5 mg in 5 mL of solvent).21 The appearance of both a band
at 630 nm due to EB and a localized polaron band (>750 nm)
due to ES is indicative of this solvent-induced dedoping effect.21

Figure 5. Transmission electron microscopy (TEM) images on
evaporated solutions of compositesC2 andC3.

Figure 6. UV-vis absorption spectra (normalized) for polymerP2, compositeC2, and compositeC3 at different sample concentrations in DMSO:
(A) 0.1 mg/mL and (B) 0.5 mg/mL.
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Complete deprotonation was observed at similar concentrations
in NMP,21 but not in m-cresol (see Figure S3, Supporting
Information).

The distinctive absorption features of the two forms of
polyaniline are used to provide a quantitative measure; i.e., the
ratio of the absorption in these areas is then indicative of the
level of deprotonation. For example, for commercial polyaniline
all polymeric material is in EB form indicated by an ES/EB
ratio of almost zero, i.e., complete dedoping (see Table 2, Figure
S4, Supporting Information). Doping commercial EB with
excess HCSA resulted in a ratio)2, indicating that most of
the material is in ES form. Typical UV-vis absorption spectra
illustrating the dedoping behavior at different concentrations
are shown in Figures 6 and S5 (Supporting Information).
Corresponding CD spectra showed no measurable optical
activity. Addition of excess HCSA resulted in optical activity
for samplesP2, C2, andC3, while no optical activity could be
observed for samplesP1 andC1 (not shown).

The difference in doping levels between the two synthesis
methods is reflected in the ES/EB ratios. Table 2 shows that
the ES/EB ratio for synthesis method 2 is considerable higher
compared to synthesis method 2 (see also Figure 6).

At higher concentrations dedoping effects are much less
significant. For example, the ES/EB ratio increases to∼1.1 for
samplesP1 andC1 and∼2 for samplesP2, C2, andC3. The
corresponding CD spectra showed that all materials bar polymer
P1exhibited optical activity (see Figure 7). Interestingly, despite
equal doping levels optical activity is detected for composite
C1 but not for polymerP1. This could suggest that polymer-
ization in the presence of MWNT directs polyaniline growth
toward a chain conformation exhibiting optical activity.

The optical activity (estimated from 460 nm bands, at high
concentration) of composite materialsC2 and C3 is reduced
compared to that of polymerP2by 66% and 33%, respectively.
It is possible that the binding of polyaniline chains with the
nanotube surface is responsible for this. Although almost every
individual carbon nanotube is inherently optically active, a
carbon nanotube mixture is unlikely to show any activity (see

ref 1 for details). Therefore, it is reasonable to assume that the
optical activity is due to free polymer and polymer loosely
adsorbed onto nanotubes (see Scheme 1). Hence, if the presence
of carbon nanotubes during synthesis introduces a new polymer
phase (as observed by TGA), then it is possible that this polymer
phase, presumably strongly interacting with the nanotubes’
surface, will not contribute to the optical activity. It has been
established that interactions with nanotubes can affect polymer
conformation.35 This is further supported by the larger optical
activity observed in composites with CVD-MWNT compared
to arc-MWNT. CVD-MWNT are less graphitised compared to
arc-discharge MWNT, resulting in less efficient polymer chain
stacking behavior or adsorption to nanotubes. Hence, the
difference in amount of loosely and strongly adsorbed polymers
onto nanotubes could be responsible for the difference in optical
activity.

The UV-vis-NIR spectra forP2, C2, andC3 in 0.5 mg/
mL m-cresol showed an absorption peak at 440 nm and a
steadily increasing so-called “free-carrier tail” indicative of
polyaniline in “extended coil” conformation (see Figure 8).23 It
is well-known thatm-cresol acts as a “secondary dopant” for
the polyaniline chains leading to a conformational change from
“compact coil” to “extended coil”.23 The difference in optical
(see Figures 6 and 8) and electronic (see below) properties has
been explained by the change from a localized polaron model
(for “compact coil”) to a delocalized polaron model (for
“extended coil”).23 Because of interactions withm-cresol,
polyaniline adopts a more planar conformation, resulting in an
enhancement in conductivity (compared to interactions with
solvents such as NMP).36 The highest conductivity for poly-
aniline materials has been reported for films cast fromm-
cresol.37

While the UV-vis-NIR spectra of polymerP2 and com-
posites (C2, C3) are very similar in solution, the corresponding
spectra (Figure 8) for supported films (cast from 0.5 mg/mL
m-cresol solutions) are different. Supported films ofP2andC2
exhibit absorption features characteristic of both “compact coil”
conformation (820 nm) and broad free carrier tail characteristic
of “expanded coil” conformation (>1000 nm). The supported

Figure 7. Circular dichroism spectra of polymerP2 and compositesC1, C2, andC3 at concentration of 0.5 mg/mL in DMSO.

Table 2. Quantitative Measure (ES/EB) for Deprotonation of
Polyaniline and Composite Samples Calculated Using UV-Vis
Absorption of Samples at Different Concentrations in DMSOa

sample ES/EB [0.1 mg/mL] ES/EB [0.5 mg/mL]

commercial EB 0.01 2.0
polymerP1 0.8 1.1
compositeC1 0.9 1.1
polymerP2 1.2 2.7
compositeC2 1.1 2.3
compositeC3 1.1 2.2

a ES/EB indicates ratio of UV-vis absorptions at maximum>750 and
∼630 nm corresponding to ES polaron and EB charge transfer (between
quinoid and benzenoid units) bands. Typical UV-vis spectra are shown in
Figure 6.

Scheme 1. Strong, Loose, and Free Refer to Polymer
Adsorption Levels onto Nanotube Surface
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film of C3 is similar to that ofC2 at long wavelengths, but
with a weaker absorption feature at 820 nm. The emergence of
a feature indicative of “compact coil” conformation in cast films
is most likely due tom-cresol evaporation effects. In particular,
there are differences in the free carrier tails between polymer

and composites, which are reflected in the electrical resistance
of the supported films (as discussed below).

The optical activity ofP2 and C2 in m-cresol solutions
(Figure 9) is less intense compared to solutions in DMSO, which
could be due to interactions betweenm-cresol, HCSA, and

Figure 8. UV-vis-NIR absorption spectra (normalized) inm-cresol (A) and cast as films on glass slides (B) for polymerP2 and compositeC2
andC3. Concentration 0.5 mg/mL.

Figure 9. Circular dichroism spectra of polymerP2and compositesC2 (A) in m-cresol and (B) supported films. Concentration 0.5 mg/mLm-cresol.
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polyaniline chains. The optical activity is retained in supported
films (see Figure 9).

Electrical Properties. It is well-known that the conductivity
for films cast fromm-cresol is several orders of magnitude
higher compared to films cast from solvents such as DMSO or
NMP.23 The current-voltage (I-V) characteristics of supported
films cast from 0.5 mg/mLm-cresol were investigated. For all
films linear characteristics were observed, indicating ohmic
behavior. The calculated resistance for supported films cast from
polymer P1 and compositeC1 is ∼60 MΩ. High resistances
can be expected for polyaniline with low doping level, similar
to nonconducting polyaniline. However, for compositeC1 a
significantly lower resistance was expected due to the presence
of arc-MWNT. A material consisting of nonconducting polymer
and conducting nanotubes exhibits a significant increase in
conductivity for concentrations above the percolation threshold
or the concentration needed to form electrical pathways through
the sample. The absence of a decrease in resistance for
compositeC1 suggests either a nanotube concentration below
the percolation threshold or polyaniline coating of the nanotubes
causing a tunneling barrier between nanotubes. The latter has
been suggested for in-situ polymerized (nonconducting) poly-
aniline EB in the presence of arc-MWNT.9

The I-V characteristics for supported films of polymerP2
and compositesC2 and C3 are shown in Figure 10. HCSA
doped commercial polyaniline results are shown for comparison.
CompositesC2 andC3 show a significantly lower resistance
compared to polymerP2 (see Table 3). The decrease in
resistance (increase in conduction) for composite materials
suggests conduction through either a percolated network of
MWNT or a polyaniline phase with lower resistance compared
to P2. The difference in “free-carrier” absorption features
between composite (C2, C3) and polymerP2 (Figure 8) and
detection of a new phase with TGA (Figure 3) provide evidence
in support of this suggestion. This point is further strengthened
by the absence of a decreased resistance for compositeC1
pointing toward a (nanotube) coating of insufficiently doped
polyaniline acting as a tunneling barrier between the MWNT.

As the doping levels for polyaniline inC2 and C3 are much
higher, the polyaniline coating (of MWNT) does not act as a
tunneling barrier. Therefore, it is more likely that interactions
between polyaniline coating and underlying MWNT could be
responsible for the observed decrease in resistance.

4. Conclusions

The synthesis of optically active polyaniline carbon nanotube
composite materials has been achieved via in-situ polymerization
of polyaniline in the presence of MWNT. Optical activity in
composite materials is preserved although somewhat reduced
compared to that of pure polymer. It is suggested that this can
be attributed to the polymer phase coating nanotubes, which
does not contribute to the optical activity. Polymers and
composites exhibited similar optical properties indicative of
“compact coil” conformation in DMSO and “extended coil”
conformation inm-cresol. However, supported films cast from
m-cresol showed differences in the free carrier tails between
polymer and composite samples. The corresponding differences
in film resistances are attributed to the polyaniline coating of
nanotubes, resulting in a decreased resistance in composite
samples.
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