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Abstract In this research article, we have described the
synthesis of acid (HCI)-doped poly(anthranilic acid) (PAA)
with carboxylic groups containing multi-walled carbon
nanotubes (c-MWNTs) via in situ polymerization.
Anthranilic acid monomers were adsorbed on the surface
of MWNTs and polymerized to form PAA/c-MWNT
composites. The structure of PAA/c-MWNT composites
was characterized by UV-vis spectra, Fourier transform
infrared spectroscopy, nuclear magnetic resonance, and
X-ray diffraction patterns. Scanning electron microscopy
and transmission electron microscopy images showed that
both the thinner fibrous phase and the larger block phase
could be observed. The individual fibrous phases had
diameters of about 100 nm, and therefore, must be the
carbon nanotubes (diameter 10-20 nm) coated by a PAA
layer. The electrical conductivities of PAA/c-MWNT
increased with the increase of c-MWNT content.

Introduction

Since the discovery of carbon nanotubes (CNT) in 1991 by
Iijima [1], they have been considered as ideal reinforcing
fillers in nanocomposite materials. Some key properties
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include high mechanical strength, high aspect ratio, small
diameter, light weight, high electrical and thermal conduc-
tivities, and high thermal and air stabilities [2—13]. They
have the potential to be used in areas such as field emitters
[14], probe tips for SPMs [15], nanoelectronic devices [16,
17], and nanotube-based composites [ 10, 18]. Inrecent years,
considerable research has been undertaken on the prepara-
tion of novel nanocomposites with CNTs as fillers in com-
posite materials. A wide range of host materials have been
used, including polymers, ceramics, and metals [19-22].
Several methods have been developed to prepare these
polymer/CNT composites, such as melt mixing [20], in situ
polymerization [23], mini-emulsion polymerization [24],
electrochemical [25], electrospinning [26, 27], and other
methods [28, 29]. Among these polymer/CNT composites,
conducting polymers/CNT composites, including poly
(p-phenylenevenylene) (PPV)/CNT, poly(3-octylthiophene)/
CNT, and poly(3.4-ethylenedioxythiophene) (PEDOT)/
CNT, have received great attention because of their unique
electrical properties as well as extensive application in
photovoltaic cells and organic light-emitting diodes [30-32].

Among the various conducting polymers, polyaniline
(PANI) has potential uses in synthesizing polymer/CNT
composites owing to its good processibility, environmental
stability, and its oxidation or protonation-adjustable electro-
optical properties [33, 34].Considerable advancement has
been made in designing and fabricating some PANI/CNT
composites due to their unique electrical properties as well
as extensive application in electronic devices [35-37].
Recently, many new methods to synthesize PANI/CNT
composites have been well studied by several groups. Wan
and co-workers [38] have synthesized PANI nanotubes
doped with sulfonated CNTs via a self-assembly process.
Maser and co-workers [39] reported the formation of a sol-
uble self-aligned PANI/CNT films by a simple in situ
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method. Zhang and co-workers [35] developed a cationic
surfactant-directed method to synthesize PANI/CNT nano-
cable composites. Wu et al. [40] obtained tubular PANI/CNT
composites by in situ polymerization from carboxylic group-
capped CNTs. However, the major disadvantage of PANI/
CNT is its insolubility in common organic solvents and its
infusibility. Hence, there is a search to find out water soluble
PANI derivative to be reacted with MWNT for greater sol-
ubility and better processibility.

In this research study, ortho carboxyl-substituted aniline,
anthranilic acid, has been chosen to be polymerized with
MWNT. Anthranilic acid (0-amino benzoic acid) is a good
candidate to be polymerized with MWNT. Poly(anthranilic
acid) (PAA) seemed to be a promising material due to its high
processibility, the presence of a redox-active substituent, and
the ability to self-dope, all these characteristics attributable
to the carboxylic acid group. PAA is much more soluble than
its parent polymer. PAA exhibits solubility in a range of
solvents, including basic aqueous solution [41], alcohols,
and other polar solvents [42]. The carboxylic acid group can
be reduced and oxidized; this may provide an additional
mode of charge storage (pseudo capacitance) for the super
capacitor. Self-doping has the advantage of being a faster
doping process than the one seen in externally doped poly-
anilines, where the dopant ion must move in and out of the
polymer chain [43]. It has been reported that PAA itselfis not
electro-active, but that a copolymer of aniline and anthranilic
acid may be [44]. The four oxidation states of PAA are
presented in Fig. 1.

In the present communication, we have described
the synthesis and characterization of PAA with MWNT
fabricated by in situ polymerization. The nanocomposites
were characterized by a number of techniques includ-
ing ultraviolet (UV)—visible, Fourier transform infrared

Fig. 1 Four different redox OOH

(a) ¢
forms of PAA: -
a leucoemeraldine base (fully
reduced form), b emeraldine 1 NH
base (half-oxidized form), L

¢ conducting emeraldine salt
(half-oxidized and protonated
form), and d pernigraniline base
(fully oxidized form)

spectroscopy (FTIR), nuclear magnetic resonance (NMR),
scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), X-ray diffraction (XRD), and
electrical conductivity.

Work-up procedure
Materials

Anthranilic acid and aniline monomers were purchased
from Aldrich. Multi-walled CNT (>90% purification) used
in this study was purchased from Cheap Tubes (USA, 10—
20 nm diameter). Other reagents like ammonium persulfate
(APS), hydrochloric, sulfuric, and nitric acid (Sigma
Chemicals) were of analytical grade.

Oxidation of MWNT

MWNTs were suspended in a 3:1 mixture of concentrated
H,S0O, and HNOj; and refluxed for 30 min in an ultrasonic
bath. The solution was magnetically stirred and heated at
60 °C for 24 h. This treatment provides carboxylic acid
groups at defects in the surface of tubes and exfoliates
graphite. The obtained c-MWNTs were filtered through
0.2-um polytetrafluoroethylene (PTFE) membrane filter,
washed with plenty of deionized water until the pH value
was around 7, and then dried at 70 °C for 24 h.

Synthesis of PAA/c-MWNT polymer composites
PAA/c-MWNT composites were synthesized by in situ

chemical oxidative polymerization of PAA. In a typical
experiment, various weight ratios of c-MWNTs were

COOH COOH COOH
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dissolved in 80 mL 1.2 M hydrochloric acid solutions and
ultrasonicated over 2 h, transferred into a 250-mL beaker,
aniline (0.20 g, 15% of anthranilic acid), and anthranilic
acid (1.37 g) were added to the above c-MWNT suspen-
sion [45]. Subsequently, 50 mL of a 1.2 M HCI solution
containing 6.8 g of APS was added into the suspension
with constant mechanical stirring at room temperature. The
reaction mixture was stirred for a further 12 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. The % of
c-MWNT used was 0, 2, 5, and 10%.

Measurement
UV-vis absorption spectra measurement

For the absorbance measurements, the solids (in the
untreated, as obtained, form) were dissolved in N-methyl-
pyrrolidone (NMP), and the UV-vis spectra were recorded
in the range 300-1,000 nm. Then, hydrochloric acid was
added to reduce the (co)polymer, and the absorption
spectra were recorded again. All the UV—vis measurements
were performed using a Shimadzu PC3101 spectropho-
tometer, under computer control.

IR spectra

The Fourier transform infrared (FT-IR) spectra were
recorded on a Nicolet 8700 spectrometer, in the range
400-4,000 cm ™.

NMR

'"H NMR measurements were carried out using a Bruker
Avance II 500 MHz multinuclear spectrometer. The spec-
tra were analyzed with the aid of simulations using two
different simulators.

Morphology

Morphology of the PAA/c-MWNTS composite was
investigated using a Philip XL 30 SEM at an accelerating
voltage of 25 kV. The sample was fractured at liquid
nitrogen temperature and then was coated with a thin layer
of gold before observation.

TEM
TEM experiments were performed on a Hitachi H-8100

electron microscope with an acceleration voltage of
200 kV.

@ Springer

XRD

X-ray diffraction (Rigaku, D/Max, 2,500 V, Cu-Ko radia-
tion: 1.54056 A) experiments were carried out on both the
plain PAA and the composite samples. Wide-angle X-ray
diffractograms were recorded at temperature of 30 °C after
isothermal crystallization at this temperature for 1 h in the
range of 0-80 (26).

Conductivity

The standard Van Der Pauw DC four-probe method was
used to measure the electron transport behaviors of PAA
and PAA/c-MWNT composites. The samples of PAA and
PAA/c-MWNTs were pressed into pellet. The pellet was
cut into a square. The square was placed on the four probe
apparatus, providing a voltage for the corresponding elec-
trical current could be obtained. The electrical conductivity
of samples was calculated by the following formula: o (S/
cm) = (2.44 x 10/S) x (I/E), where ¢ is the conductivity,
S the sample side area, I the current passed through outer
probes, and E the voltage drop across inner probes.

Results and discussion
uv

The UV-vis spectra of the PAA/c-MWNTs in NMP solu-
tions are presented in Fig. 2. Owing to deprotonation
effects of NMP, the spectra are similar to those of emer-
aldine base of PAA. The major peak at 316 and 618 nm are
assigned to the excitation of the benzene and quinoid
segments on the polyemeraldine chain, respectively. In
order to obtain the doped PAA/c-MWNTs, one drop of

Absorbance

T T T T T T T v T T T
300 400 500 600 700 800 900 1000
Wavelength (nm)

Fig. 2 UV-vis spectra of PAA/c-MWNT composites in NMP
solutions: a 0 wt% c-MWNTs; b 2 wt% c-MWNTSs; ¢ 5 wt%
c-MWNTSs; d 10 wt% c-MWNTs
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Fig. 3 UV-vis spectra of PAA/c-MWNT composites in NMP solu-
tions after adding one drop of 35% HCI solution: a 0 wt% c-MWNTs;
b2 wt% c-MWNTs; ¢ 5 wt% c-MWNTSs; d 10 wt% c-MWNTs

35 wt% HCI is added to the above solutions. The absorp-
tion peaks at 320, 410, and 820 nm are presented in Fig. 3.
The absorption peak at about 320 nm can be attributed to
n—n* transition of the benzenoid rings, whereas the peaks
at around 410 and 820 nm can be attributed to polaron—n*
and m—polaron transition, respectively.

FT-IR of c-MWNT

The surface functionalization of MWNTs has usually been
accomplished by introducing carboxylic acid moieties onto
their surfaces. Carboxylic acid functionalization was con-
firmed by FT-IR spectrum shown in Fig. 4. The bands at
around 3,350 and 1,200 cm ™! are attributed to the presence
of hydroxyl groups (-OH) on the surface of MWNTs,
which could appear either from ambient moisture bound to
the MWNTSs or during the purification of raw material [46].
The presence of carboxylic acid groups on c-MWNTs was
confirmed with a C=0O band stretching that appears at

Wm MI;H\

IV
PV

4000

Transmittance (%)

3000 2000 1500 1000 560

Wave number (cm' )

Fig. 4 FT-IR spectra of a pristine and b acid functionalized
MWCNTSs

1 1

around 1,740 cm™°, whereas the band at 1,250 cm™ " is
attributed to the C-O stretching vibrations of —COOH
groups. These observations clearly indicate the existence of
—COOH groups on the surface of MWNTs.

FT-IR spectra of PAA/C-MWNT

The FT-IR spectra used to characterize the structure of
PAA/c-MWNT composites are presented in Fig. 5. The
FTIR spectrum for PAA shows strong bands for the C=0
stretching at 1,681 cm ' and C-N stretching at 1,132 cm™!
The absorption at 1,497 cm™! is due to the —-N-H-
stretching vibration. The vibration modes of the benzene
rings appear between 1,570 cm™'. In addition, the band
appearing at 756 cm ™' probably corresponds to the C—H
out-of-plane bending vibration of the 1,2,3-trisubstituted
benzene rings. The presence of carboxylic acid groups was
confirmed with a C=0 band stretching that appears around
1,681 cm™!, whereas the band at 1,249 cm™! is attributed
to the C-O stretching vibrations of —-COOH groups. The
absorption at 1,570 cm™' is due to the C=C stretching in
benzene ring. In addition, the band appearing at 758 cm ™
corresponds to the C—H out-of-plane bending vibration of
the 1,2,3-trisubstituted benzene rings.

NMR spectra

The proton NMR spectra of PAA and c-MWNT/PAA are
shown in the Fig. 6. The spectrum of PAA shows signals
7.3-7.8 ppm is due to protons on the aromatic ring of PAA.
Further the interaction between PAA and c-MWNT for all
the samples show the proton signal in the range 7.3—
7.8 ppm. The broadened 'H NMR signal of the polymer-
wrapped c-MWNT may be attributed to homogeneities in
the local magnetic field.

SEM

The SEM pictures of the pristine MWNTs, c-MWNTs, bare
copolymer, and nanocomposite with 2, 5, and 10%
c-MWNTs are presented in Fig. 7. The pristine c-MWNT
morphology is displayed in Fig. 8a as endless, tangled, hol-
low ropes with a smooth surface, and the diameter of each
nanotube is about 10-20 nm. Figure 8b shows the disentan-
glement of the c-MWNTs, and the slight reduction in the
length of the nanotubes is observed after oxidation with 3:1
concentrated H,SO, and HNO; mixture. It is clear from
Fig. 8c that the bulk copolymer synthesized without
c-MWNTs shows a typical morphology. In the case of nano-
composite (Fig. 8d), a tubular layer of coated copolymer film
is clearly present on the surface of c-MWNTs, and the
diameter of the nanocomposite is increased substantially as
compared to that of the c-MWNTs, depending on the
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Fig. 5 FT-IR of PAA/
c-MWNTs
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copolymer content. From these observations, it can be
attributed that the coating of copolymer takes place only at the
outer surface of the c-MWNTs. The formation of the
copolymer-coated tubular nanocomposite is believed to arise
from the strong interaction between the co-monomer and
c-MWNTs. This interaction is thought to be made up of two
components: one is the m—n electron interaction between
the MWNTSs and the comonomer [47] and the other is the
hydrogen bond interaction between the carboxyl groups of
the c-MWNTs and amino groups of the co-monomers. Such a
strong interaction ensures that the co-monomer molecules
are adsorbed on the surface of the c-MWNTs. The

@ Springer
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polymerization of co-monomer inside the c-MWNTS is hin-
dered by the restricted access of the reactants to the interior of
the c-MWNTSs because of the presence of the carboxyl group
at the ortho position of the co-monomer. This is in agreement
with the findings reported in the literature [48].

TEM

The TEM of 10% c-MWNT is presented in Fig. 8. From
the figure, it can be concluded clearly that PAA/c-MWNTs
composite fibrous phases have coaxially tubular structures.
This PAA/c-MWNT composite is the typical core—shell
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Fig. 7 SEM images of a MWCNT; b c-MWCNT; ¢ bare anthranilic acid; d PAA/c-MWCNT (2%); e PAA/c-MWCNT (5%); f PAA/c-MWCNT

(10%)

Fig. 8 TEM image of PAA/c-MWNT (10%)

structure, and the c-MWNT serves as the core and is dis-
persed individually into the PAA matrices.

XRD

The X-ray diffraction data for PAA and PAA/c-MWNT
composites are shown in Fig. 9. For PAA, the X-ray
scattering patterns exhibit amorphous structure while PAA/
c-MWNT composites have relatively good crystalline
structure. With the increasing of c-MWNTs, new diffrac-
tion peaks at 260 = 25.9° and 43° are attributed indicating
c-MWNTs are as a core in the composites.

Conductivity

The electrical conductivities PAA/c-MWNT composites
were measured using the standard Van Der Pauw DC

Intensity (a. u.)

26/degree

Fig. 9 X-ray diffraction data of a PAA/c-MWNT (0%); b PAA/
c-MWNT (2%); ¢ PAA/c-MWNT (5%); d PAA/c-MWNT (10%)

four-probe method shown in Fig. 10. The conductivity of
PAA synthesized in the presence of hydrochloric acid at
room temperature is of 3 x 107> S/cm. Meanwhile, by the
addition of 2 wt% c-MWNT into PAA, the conductivity at
room temperature increases from 3 to 3.8 x 10~% S/cm.
Further, the conductivity at room temperature gradually
increases to 5.6 x 10_4, 9.8 x 1073 S/cm for 5 and
10 wt% c-MWNT content. The reason for improvement in
conductivity is the m—n* interaction between the surface of
¢c-MWNTs and the quinoid ring of the copolymer chain
[49-51], which effectively improves the degree of electron

@ Springer



3864

J Mater Sci (2010) 45:3858-3865

12 7

—+— PAA/cMWCNT
Composites

-
(=]
1

L]
1

Conductivity {10 -3 S.m-1)

o 2 5 1o
Weight percent of c-MWCNT

Fig. 10 Conductivity versus the weight percent of c-MWNT/PAA
composites

delocalization between the two components, as confirmed
by FT-IR and UV-visible and '"H NMR spectra.

Conclusion

Poly(anthranilic acid) c-MWNTs nanocomposites were
successfully synthesized via in situ polymerization. The
nanocomposites were characterized using UV-visible,
FT-IR, NMR, and XRD analysis. The interaction between
c-MWNTs and copolymer chain was confirmed by FT-IR
and UV-visible, and NMR spectra. The morphology of
PAA/c-MWNT composites contains both the thinner
fibrous phase and the larger block phase. It is assumed that
c-MWNTs were used as a core in the formation of tubular
shells of the fibrous PAA/c-MWNT composites. The highly
ordered structures of nanocomposites were confirmed by
XRD patterns. Room temperature conductivity of nano-
composite increased with the increase of c-MWNT.
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