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ABSTRACT: This study described the synthesis of hydro-
chloric acid (HCI)-doped poly (N-methylaniline) (PNMA)
with carboxylic groups containing multi-walled carbon
nanotubes (c-MWNTs) via in situ polymerization. Based on
the 77 electron interaction between c-MWNTs and the
N-methylaniline monomer and the hydrogen bond interac-
tion between the carboxyl groups of cc-MWNTs and imine
groups of N-methylaniline monomers, N-methylaniline mol-
ecules were adsorbed on the surface of c-MWNTs and po-
lymerized to form PNMA/c-MWNT composites. Scanning
electron microscopy images showed that both the thinner
fibrous phase and the larger block phase could be observed.
The individual fibrous phases had diameters from several

tens to hundreds of nanometers, depending on the PNMA
content. Transmission electron microscopy proved that
PNMA /c-MWNTs composite fibrous phases were core (c-
MWNT)-shell (PNMA) tubular structures. The structure of
PNMA /c-MWNT composites was characterized by FTIR,
UV-vis spectra, and X-ray diffraction patterns. The electrical
conductivities of PNMA/c-MWNT composites were much
higher than that of PNMA without c-MWNTs. © 2006 Wiley
Periodicals, Inc. ] Appl Polym Sci 100: 23562361, 2006
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INTRODUCTION

Polyaniline (PANI) became well-known in the past
decades because of its useful electronic, photonic, and
electroluminescence properties.' It has been exten-
sively studied in electrode material, microelectronics,
electrochromic material, radiation shielding, and re-
cordable optical discs.'”> However, the major disad-
vantage of PANI is its insolubility in common organic
solvents and its infusibility because of the stiffness of
the PANI backbone and the hydrogen-bonding inter-
actions between the amine moieties of adjacent chains.
There are some possible methods such as doping var-
ious organic acids or copolymerizing of aniline with
its derivatives for preparing soluble PANL®~® Often,
the solubilization of a polymer can be achieved
through substituting one or more hydrogens by an
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alkyl, an alkoxy, an aryl hydroxyl, an amino group, or
halogen in an aniline nucleus.”? However, the lower
electrical conductivity limits its wide usage. For exam-
ple, poly (2-chloroaniline) (P2ClAn) synthesized by
Kang and Yun has a conductivity of 7.9 X 107°S/cm,
whereas that of poly(2-flouroaniline) (P2FAn) is 8.3
X 107°S/ecm."?

Poly (N-methylaniline), PNMA, a polymer of an
N-substituted polyaniline derivative, has been poly-
merized by electrochemical and chemical polymeriza-
tion method.'*™'> Recently, PNMA is found to possess
different chemical properties from PANI because of
the blocking of protonation sites by the N-substituted
methyl groups. The deprotonation of the imine group
occurring during the second oxidation process of
PANI is probably suppressed for PNMA. This sup-
pression reduces the risk of oxidative deterioration by
hydrolysis during the electrochemical oxidation,
which is superior to PANL'®!” And the polymers can
be promising for applications in conductometric sen-
sors, gas sensors, and in potentiometry.lg_20 So syn-
thesis of PNMA in the proccessable form becomes
essential. Thus the low electrical conductivity limited
its being widely used.

In this paper, we describe a relatively high electrical
conductivity of PNMA obtained through combining
carbon nanotubes (CNT). As we all know, carbon
nanotubes have demonstrated a wealth of exceptional
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electrical, mechanical and thermal properties, which
have made them useful for potential applications
ranging from nanoelectronics to biomedical devices.”"**
The formation of carbon nanotube /polymer compos-
ites has been explored for possible improvement in the
electrical and mechanical properties of polymers.”>*
In particular, composite materials based on the cou-
pling of conducting polymers and CNTs have been
shown to possess properties of the individual compo-
nents with a synergistic effect. > PANI/CNT and Poly-
pyrrole(PPy)/CNT composites were both widely
studied.”®* Here we describe the synthesis of
PNMA /CNT composites of high electrical conductiv-
ity by in situ chemical oxidative polymerization. The
electrical conductivity of PNMA/CNT (10 wt % c-
MWNT) at room temperature is about 3.7 X 102
S/cm, while that of PNMA is only about 1.4 X 107°
S/cm in the same conditions.

EXPERIMENTAL
Synthesis of PNMA/c-MWNT composites

N-methylaniline monomer was purchased from Nan-
kai University Fine Chemical Lab (China). Multi-
walled carbon nanotubes used in this work were pur-
chased from Shenzhen Nanotech Port Co., Ltd
(China). Other reagents were used without further
purification. The as-prepared MWNTs were treated in
a 6M HNO; solution using reflux for 12 h, which
produced carboxylic acid (—COOH) functional
groups at the defect sites (designated as c-MWNTs).
The carboxylic acid groups were identified by Fourier
transform infrared (FTIR) spectroscopy, similar to that
of the others reported before.”®

PNMA /c-MWNT composites were synthesized by
in situ chemical oxidative polymerization. In a typical
composite synthesis experiment, various weight ratios
of c-MWNTs were dissolved in 80 mL 1M hydrochlo-
ric acid solutions and ultrasonicated over 2 h, then
transferred into a 250 mL beaker. 0.428 g N-methyla-
niline monomer was added to the above c-MWNTs
suspension. Then a 20 mL 1M hydrochloric acid solu-
tion containing 0.912 g ammonium persulfate (APS)
was added into the suspension with constant mechan-
ical stirring at room temperature. The reaction mixture
was stirred for a further 6 h, and then filtered. The
remaining filter cake was rinsed several times with
distilled water and ethanol. The powder thus obtained
was dried under vacuum at 60°C for 24 h.

Measurements

FTIR Spectra of KBr powder-pressed pellets were re-
corded on a BRUKER VECTOR22 Spectrometer.
Transmission spectrum of POT/c-MWNTs was re-
corded on a Shimadzu UV-2501 PC Spectrometer. X-
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ray diffraction patterns (XRD) were obtained with a
Siemens D5005 diffractometer using Cu Ko radiation.
Scanning electron microscopy (SEM) measurements
were performed on a SHIMADZU SSX-550 micro-
scope. Transmission electron microscopy (TEM) ex-
periments were performed on a Hitachi 8100 electron
microscope (Tokyo, Japan) with an acceleration volt-
age of 200 kV. The standard Van Der Pauw DC four-
probe method® was used to measure the electron
transport behavior of PNMA, PNMA /c-MWNT com-
posites. The samples of PNMA and PNMA/c-
MWNTs were pressed into pellet. Then the pellet was
cut into a square. The square was placed on the four-
probe apparatus. Providing a voltage, a corresponding
electrical current could be obtained. The electrical con-
ductivity of samples was calculated by the following
formula: o (5/cm) = (2.44 X 10/S) X (I/E), where o is
the conductivity; S is the sample side area; I is the
current passed through outer probes; E is the voltage
drop across inner probes.

RESULTS AND DISCUSSION

MWNTs (c-MWNTs) with modified carboxylic acid
(—COOH) functional groups were synthesized based
on the previous report and characterized by FTIR
spectrum. Compared with the spectrum of MWNT,
the new peaks at around 1717 and 1195 cm ™' appar-
ently corresponding to the stretching modes of the
carboxylic acid groups in -MWNTs were observed.*®
This result indicated the formation of carboxylic acid
groups on the surface defects of cMWNTs. As we all
know, the HCl-doped PANI is insoluble in most com-
mon solvents, while our doped PNMA/c-MWNT
composite is soluble in numerous solvents such as
acetonitrile (CH3;CN), N-methylpyrrolidinone (NMP),
and dimethylformamide (DMF). This practical prop-
erty of PNMA/c-MWNT composite can be used to
prepare solution-cast films. The morphology of the
resulting PNMA /c-MWNT composites was character-
ized by SEM and TEM. SEM images clearly showed
that there were two different types of material to be
visible: the thinner fibrous phase and the larger block
phase. With the increasing of c-MWNTs, more and
more individual fibrous phases were formed (Fig. 3).
The diameters of the individual fibrous phases ranged
from several tens to hundreds of nanometers, depend-
ing on the PNMA content. The diameters of the indi-
vidual fibrous phases became larger than that of the
original c-MWNTs (diameter 20-30 nm) after in situ
polymerization, and therefore the carbon nanotubes
must be coated by a PNMA layer. The block phases
are believed to be PNMA doped by the acid anion.
This result can be also proved by TEM. Figure 2 shows
the TEM image of the individual fibrous phases of
PNMA/c-MWNTs containing 10 wt % c-MWNTs.
From it we can clearly observe that PNMA /c-MWNTs
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Figure 1 Three different redox forms of PNMA: (a) re-
duced form, (b) extreme polaronic form, and (c) extreme
bipolaronic form.

composite fibrous phases have coaxially tubular struc-
tures. This PNMA /c-MWNT composite is the typical
core-shell structure, and the c-MWNT serves as the
core and is dispersed individually into the PNMA
matrices.

The formation mechanism of fibrous phase compos-
ite is believed to arise from the weak interaction be-
tween PNMA monomer and c-MWNTs. The interac-
tion possibly involves the m—m electron interaction
between c-MWNTs and the PNMA monomer and the
hydrogen bond interaction between the carboxyl
groups of cMWNTs and imine groups of N-methyla-
niline (or oligomers). Such interactions are ensured by
N-methylaniline monomer adsorbed on the surface of
¢-MWNT during the formation of fibrous phase com-
posite. c-MWNTs therefore serve as the template and
the core during the formation of the fibrous phase
composites, which is similar to the formation of
PANI/c-MWNT composites with tubular nanostruc-
ture.”®

FTIR spectra are used to characterize the structure
of PNMA and PNMA /c-MWNT composites, which
are presented in Figure 4. For PNMA, the characteris-
tic bands at about 2918 cm ™' can be assigned to the
stretching vibration of the methyl (—CHj;) group. The
two bands at around 1500 and 1577 cm ™! are assigned
to the stretching vibration of the benzenoid and qui-
noid ring, respectively.’® The band at 1316 cm ™' can
be assigned to the C—N vibration. The presence of the
band appearing at 822 cm ™' is characteristic of the
C—H out-of-plane bending vibrations of the para-sub-
stituted benzene ring. This latter observation confirms
the expected head-to-tail coupling polymerization at
the C-4 and N positions for PNMA. All of these data
are similar to the spectra of PNMA salts, which con-
firm that the obtained sample is in its doped phase.'*
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Clearly, the FTIR spectra of PNMA/c-MWNT com-
posites are almost identical to that of PNMA, indicat-
ing that N-methylaniline is polymerized on the surface
of c-MWNTs to form PNMA/c-MWNT composites.
Figure 5 presents the XRD data for PNMA and
PNMA /c-MWNT composites. For PNMA, the X-ray
scattering patterns exhibit them as amorphous, While
PNMA/c-MWNT composites have relatively good
crystalline structure than do PNMA. With the increas-
ing of c-MWNTs, new diffraction peaks at 26 = 25.9
and 43° attributed to c-MWNTs patterns are observed,
indicating c-MWNTs are as a core in the composites.

The UV-visible spectra of the PNMA /c-MWNTs in
NMP solutions are presented in Figure 6. As for the
alkalescence of NMP, the spectra are similar with that
of emeraldine base of PNMA. The major peak at about
324 and 615 nm is observed, which is assigned to the
excitation of the benzene and quinoid segments on the
polyemeraldine chain, respectively. To obtain the
doped PNMA /c-MWNTs, one drop of 35 wt % HCl is
added to the above solutions. The absorption peaks at
320, 434, and ~1100 nm are formed, producing five
lines of Figure 6. The absorption peak at about 320 nm
can be ascribed to m—7* transition of the benzenoid
rings, whereas the peaks at around 410 nm and 1100
nm can be attributed to polaron-7* and w—polaron
transition, following the classical Figure 1.

The electrical conductivities of PNMA and PNMA/
c-MWNT composites are measured using the standard
Van Der Pauw DC four-probe method. The conduc-
tivity of PNMA synthesized in the presence of HCI
shows a room temperature conductivity of 1.43 X 10~°

Figure 2 TEM image of 10 wt % c-MWNTs containing
PNMA /c-MWNT composite.
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Figure 3 SEM images of PNMA /c-MWNT composites. (a) 1 wt % c-MWNTs; (b) 2 wt % c-MWNTs; (c) 3 wt % c-MWNTs;
(d) 10 wt % c-MWNTs.

S/cm (Fig. 8). The lower room temperature conduc-  doping degree. Meanwhile, with the addition of 1 wt
tivity of PNMA than PANI probably has something to % ¢-MWNT into PNMA, the conductivities at room
do with its substituted group and low protonic acid  temperature increase from 1.4 X 107° S/cm to 3.9
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Figure 4 FTIR spectra of PNMA /c-MWNT composites. (a) 0 Figure 5 FTIR spectra of PNMA /c-MWNT composites. (a) 0
wt % -MWNTs; (b) 1 wt % -MWNTs; (c) 2 wt % c-MWNTs; wt % c-MWNTs; (b) 1 wt % c-MWNTs; (c) 2 wt % c-MWNTs; (d)
(d) 5 wt % c-MWNTs; (e) 10 wt % c-MWNTs. 5 wt % --MWNTs; (e) 10 wt % c-MWNTs.
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Figure 6 UV-vis spectra PNMA/c-MWNT composites in
NMP solutions. (a) 0 wt % ¢-MWNTs; (b) 1 wt % c-MWNTs;
(c) 2 wt % c-MWNTs; (d) 5 wt % c-MWNTs; (e) 10 wt %
c-MWNTs.

X 107% S/cm. With the continuous increase in the
content of c-MWNT, the conductivities at room tem-
perature gradually increase from 3.9 X 10 S/cm for
1 wt % MWNT-containing PNMA /c-MWNT compos-
ites t0 1.3 X 107°,1.8 X 107%,3.7 X 10> S/cm for 2 wt
%, 5 wt %, and 10 wt % MWNT-containing PNMA /
¢-MWNT composites. The conductivity of PNMA /c-
MWNT composites with 10 wt % c-MWNTs content at
room temperature is 2600 times higher than that of
PNMA without c-MWNTs. The reason is probably
that c-MWNTs serve as a “conducting bridge” be-
tween the PNMA conducting domains, which in-
creases the effective percolation.

CONCLUSIONS

We have described the synthesis of PNMA /c-MWNT
composites with relatively high electrical conductiv-
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Figure 7 UV-vis spectra PNMA/c-MWNT composites in
NMP solutions after adding one drop of 35% HCI solution.
(@) 0 wt % c-MWNTs; (b) 1 wt % ¢-MWNTs; (c) 2 wt %
c-MWNTs; (d) 5 wt % c-MWNTs; (e) 10 wt % c-MWNTs.
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Figure 8 Room temperature conductivities of PNMA/c-
MWNT composites with the fraction of c-MWNTs varying
from 0 to 10%.

ity. The electrical conductivity at room temperature of
10 wt % c-MWNTs containing PNMA /c-MWNT com-
posite is about 2600 times higher than that of PNMA
without ¢-MWNTs. The morphology of PNMA/
MWNT composites contains both the thinner fibrous
phase and the larger block phase. It is presumed that
c-MWNTs are used as a core in the formation of
tubular shells of the fibrous PNMA/c-MWNT com-
posites. FTIR, XRD, and UV-vis spectra are used to
characterize the structure of PNMA/c-MWNT com-
posites.
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