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ABSTRACT: The commercial use of polyaniline has been
impeded by its intractable nature and insolubility. The use
of substituted polyaniline has been attempted mainly to
increase the processibility of polyaniline, but this approach
usually results in the lowering of the conductivity. This
study reports the synthesis of poly(1-naphthylamine), a
fused ring derivative of polyaniline, and its copolymers
with aniline and o-toluidine via a chemical polymerization

method. Spectral, thermal, morphological, and conductiv-
ity studies were carried out to elucidate the influence of
the incorporation of aniline and o-toluidine units into
poly(1-naphthylamine). � 2008 Wiley Periodicals, Inc. J Appl
Polym Sci 108: 2604–2610, 2008
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INTRODUCTION

In recent years, extensive efforts have been devoted
to developing newer techniques to synthesize polya-
niline (PANI) with improved mechanical properties
and high conductivity. Common methods adopted
to enhance the processibility of PANI include the
synthesis of PANI blends and composites with excel-
lent electrical properties coupled with good environ-
mental stability.1,2 The solubility of PANI can also
be improved by the copolymerization of a derivative
of aniline and particularly by the choice of the sub-
stituents, which have a solubilizing effect. This has
been established as a convenient method for the
preparation of novel conducting materials with
desired properties superior to those of individual
homopolymers. The substituents used to modify the
solubility of PANI range from alkyl3 and alkoxy4

groups to phase-substituted PANIs. Pioneering work
was conducted by Wei and coworkers,5,6 who
showed that aniline could be copolymerized with o-
toluidine to control conductivity in a broad range.
Bergeron and Dao7 reported the electrosynthesis of a
copolymer of aniline and N-butyl aniline with good
conductivity and solubility in common organic sol-
vents. Successful copolymerizations of aniline with
N-methylaniline,8 3-aminophenyl boric acid,9 and
o-aminobenzonitrile10 have also been reported.

Poly(1-naphthylamine) (PNA) is an aromatic poly-
mer that has attracted much less attention than poly-
pyrrole, PANI, and polythiophene.11,12 However,
being an aniline derivative, it should possess electri-
cal and optical properties similar to those of the
aforementioned polymers with higher processibility
and better performance due to the low band-gap
energy.12–14 Many reports are available on the prepa-
ration of PNA via chemical12 and electrochemical13,14

methods. The catalytic activities of PNA complexes
with Ni(II) and Co(II) ions have also been reported,15

and PNA-modified electrodes have been used as bio-
sensors for NADH/NAD redox systems.16

The effect of copolymerization on the properties of
PNA has not yet been studied, particularly with
nanoscale synthesis. Our aim is to investigate the
effect of the copolymerization of PNA with the well-
known conducting polymers PANI and poly(o-tolui-
dine). With the further aim of enhancing the proces-
sibility and conductivity, the synthesis of PNA and
its copolymers with aniline and o-toluidine has been
carried out by the inverse emulsion polymerization
method in the presence of a cationic surfactant. With
the aim of obtaining a suitable solubilizing comono-
mer to enhance the processibility and conductivity,
this work reports the synthesis of PNA and its
copolymers with aniline and o-toluidine by the
inverse emulsion polymerization method in the pres-
ence of a cationic surfactant. It has been reported
that chemical polymerization in well-organized
micelles of surfactants such as sodium dodecyl sul-
fate, dodecyl benzene sulfonic acid, and camphor
sulfonic acid accelerates polymerization and helps in
obtaining nanoscale particles.17 Inverse emulsion
polymerization increases the interaction between the
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oxidant, dopant, and monomers because the reaction
occurs in a large number of loci dispersed in a con-
tinuous phase providing a larger surface area for
polymerization.17 The synthesized polymer and
copolymers have been characterized with Fourier
transform infrared (FTIR), ultraviolet–visible (UV–
vis), thermogravimetric analysis (TGA), and trans-
mission electron microscopy (TEM) techniques. The
effect of copolymerization on the morphological,
thermal, and conductivity characteristics of the
resulting copolymers has been analyzed.

EXPERIMENTAL

Materials required

Monomers

1-Naphthylamine (NPA; C10H9N; Loba Chemie,
Mumbai, India; molecular weight 5 143.19, mp 5
47–508C) was purified before use. The monomer was
sublimed at 1208C and recrystallized with ethanol
(EtOH). Aniline (C6H7N; Merck, Mumbai, India; mo-
lecular weight 5 93.13, bp 5 1128C) and o-toluidine
(C7H10N; Merck; molecular weight 5 108, bp 5
1208C) were double-distilled under reduced pressure
and stored in a refrigerator before use. The initiator,
cupric chloride (CuCl2�2H2O; Qualigen, Mumbai,
India; molecular weight 5 170; assay, 99% mini-
mum, 0.05% sulfate, and 0.05% iron), was analytical-
grade and was used without further purification.
The surfactant was N-cetyl-N,N,N-trimethyl ammo-
nium bromide (CTAB; C19H42BrN; Loba Chemie;
molecular weight 5 364.46; minimum assay, iodo-
metric, 0.001% heavy metal platinum, 0.1% sulfated
ash, and 0.001% iron). The solvent was methanol
(MeOH; CH3OH; Merck; molecular weight 5 32;
minimum assay, impurities 0.001% EtOH and 0.01%
nonvolatile matter).

Synthesis of PNA and its copolymers with
aniline and o-toluidine

In a typical experiment, 0.303 g of cupric chloride
(0.5M) was added to a 100-mL, round-bottom flask
containing 35 mL of methyl alcohol. The mixture
was kept under mechanical stirring. CTAB (2.2 g)
and naphthylamine monomer (0.232 g) were added
simultaneously to the aforementioned mixture and
were followed by the addition of 15 mL of water to
form an inverse emulsion (Scheme 1). Here NPA–
CTAB in water formed the dispersed phase, whereas
cupric chloride in methyl alcohol formed the contin-
uous phase. The reaction mixture gradually turned
purple in 2.5 h, and the stirring was continued for
28 h at room temperature. At the end of the reaction,
the purple-black product was isolated from the reac-
tion mixture by filtration on a glass frit and was

washed thoroughly with distilled water, and acetone
was used to remove the surfactant and other impur-
ities. Further purification of the polymer was per-
formed in a Soxhlet fashion with MeOH for a period
of 16 h to remove oligomeric fractions and other
impurities. The copolymers poly(naphthylamine-co-
aniline) (PNA-co-PANI) and poly(naphthylamine-co-
o-toluidine) (PNA-co-POT) were synthesized with
the aforementioned procedure with 1:1 monomer
feed ratios of NPA to o-toluidine and NPA to ani-
line. The samples were dedoped by washing with a
5% ammonium hydroxide solution. The powders of
the homopolymers and copolymers were then dried
in vacuo at 508C for 72 h.

Characterization

Spectral analysis

FTIR spectra of the powdered polymers and copoly-
mers were taken in the form of KBr pellets on a Per-
kinElmer 1750 FTIR spectrophotometer (PerkinElmer
Cetus Instruments, Norwalk, CT). UV–vis spectra
were taken on a PerkinElmer Lambda EZ-221 for the
solutions of the polymer and copolymers prepared
in dimethyl sulfoxide (DMSO).

Thermal analysis

TGA was recorded on a TGA51 thermogravimetric
analyzer from T.A. Instruments (New Castle, DE) in
a nitrogen atmosphere at a heating rate of 108C/min.

Morphological analysis

Transmission electron micrographs were taken on a
Morgagni (Tokyo, Japan) 268-D FEI transmission
electron microscope. The samples were prepared by
the deposition of a drop of a well-diluted polymer
and copolymer suspension onto a carbon (1 0 0)-
coated copper grid and dried in an oven at 558C for
2 h. X-ray diffractograms were recorded in the pow-
dered form on a Philips PW3710 X-ray diffractome-
ter (Midland, Canada) with Cu Ka radiation.

Scheme 1 Reverse micelle polymerization of PNA and its
copolymers.
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Conductivity measurements

Samples were doped in a desiccator for 24 h. Hydro-
chloric acid vapor and iodine were used for doping.
Pressed pellets of the polymer and copolymer pow-
ders were obtained by the subjection of the powders
to a pressure of 50 kN. Conductivity measurements
were performed by the standard four-probe method
with a Keithley (Cleveland, OH) DMM 2001 and an
EG&G Princeton Applied Research model 362 poten-
tiostat as a current source. The error in the resistance
measurements under these conditions was less than
2%.

RESULTS AND DISCUSSION

Solubility of PNA and its copolymers

The PNA powder showed a dark purple color,
whereas PNA-co-PANI and PNA-co-POT were blu-
ish-black. The yields of PNA, PNA-co-PANI, and
PNA-co-POT were comparable, being 65, 60, and
70%, respectively. This confirms that the presence of
the fused aromatic ring of PNA exhibited no steric
hindrance during copolymerization. The homopoly-
mer PNA was soluble in most organic solvents,
including tetrahydrofuran (THF), DMSO, dimethyl-
formamide (DMF), chloroform (CHCl3), CH2Cl2,
EtOH, and MeOH, whereas the copolymers were
mainly soluble in N-methylpyrrolidone (NMP),
DMF, and DMSO (Table I). The lower solubility of
the copolymers could be attributed to their morphol-
ogy, which is discussed in the following section.

Spectral analysis

FTIR spectra

The FTIR spectrum of PNA [Fig. 1(a)] shows a broad
N��H stretching vibration peak centered at 3370
cm21 for a secondary amine. The broadness of the
peak indicates polymer formation. The peaks at 1514
and 1467 cm21 can be assigned to the C¼¼C skeletal
vibrations [m(C¼¼C)], whereas the absorption peak at

1617 cm21 can be correlated to the imine stretching
mode.12 The peak at 1578 cm21 can be assigned to
the NH deformation vibration.18 The bands at 1329,
1286, and 1245 cm21 are due to the CN stretching
vibration. A pronounced peak at 1121 cm21 is
assigned to the benzenoid–NH–benzenoid and ben-
zenoid–NH–quinonoid vibration modes.18 The afore-
mentioned analysis shows the presence of imine
(C¼¼N) and secondary amine linkages in PNA and
hence the presence of benzenoid and quinonoid
units. It also shows head-to-tail CN coupling in the
polymer. The peaks between 700 and 900 cm21 due
to the C��H deformation mode have been used to
establish the position of coupling between two naph-
thylamine units.18 The coupling of the 1,4- and 1,5-
types are most favorable, whereas the 1,7-type can
also be observed.18 The peaks at 769 and 842 cm21

are consistent with 1,4-coupling with two and four
vicinal hydrogens on the two aromatic rings of the
naphthylamine.18 The peak at 792 cm21 is attributed
to 1,5-coupling with three vicinal hydrogens on each
benzene ring of NPA.12,18 The highly pronounced
peak at 792 cm21 also shows a larger number of 1,5-
coupled units. The polymer therefore is a mixture of
1,4- and 1,5-coupled naphthylamine units.

The spectrum of PNA-co-PANI [Fig. 1(b)] exhibits
a shift in the CN peaks from 1286 to 1289 cm21. The
presence of pronounced CN, NH, B��NH��B, and
B��NH��Q peaks indicates the presence of addi-
tional benzenoid and quinonoid rings, thereby con-
firming the formation of a copolymer of naphthyla-
mine with aniline.19 The broadness of the NH vibra-
tion peak occurs presumably because of hydrogen
bonding between the chains of the polymers through
NH of aniline with the fused aromatic ring of NPA.

The spectrum of PNA-co-POT [Fig. 1(c)] shows a
shift of 32 cm21 in the NH vibration peak that
appears at 3338 cm21, whereas a new NH vibration

TABLE I
Solubility of PNA and Its Copolymers

PNA-co-POT PNA-co-PANI PNA Solvent

IS IS IS H2O
SS SS S EtOH
SS SS S MeOH
IS IS S CHCl3
IS IS SS Acetone
IS IS S Methylene chloride
S S S THF
S S S DMSO
S S S DMF
S S S NMP

S 5 soluble; SS 5 sparingly soluble; IS 5 insoluble.

Figure 1 FTIR spectra of (a) PNA, (b) PNA-co-PANI, and
(c) PNA-co-POT.
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peak can be observed at 3499 cm21, indicating that
no hydrogen bonding takes place in this copolymer.
Multiple peaks appear between 1700 and 1200 cm21

that can be correlated to the C¼¼C skeletal vibrations
and imine stretching modes. A major shift in the CN
vibration peak is observed from 1286 to 1208 cm21.
The presence of additional B��NH��B and
B��NH��Q vibration peaks at 1153 cm21 confirms
the copolymerization of o-toluidine with PNA. The
B��NH��B peak observed at 1121 cm21 in the case
of pristine PNA shows a shift of 6 cm21 toward a
lower frequency having much lower intensity
because of steric hindrance caused by a methyl sub-
stituent of o-toluidine that results in a decrease in
the conjugation length of this polymer. Similar
observations were recorded from the UV–vis spectra
of the same.

UV–vis spectra

The UV–vis spectrum of PNA in DMSO (Fig. 2) con-
sists of absorption bands at 350, 510, and 650 nm.
The first peak can be attributed to p–p* transitions in
the benzenoid rings, the second peak can be attrib-
uted to the excitonic transition of the quinonoid
rings,12 and the third peak can be correlated to the
polaronic transition.12 The UV–vis spectrum of PNA-
co-PANI in DMSO (Fig. 2) shows absorption maxima
at 300, 500, 600, and 720 nm. The 500- and 600-nm
peaks are attributed to excitonic transitions in PNA
and PANI units, respectively, in the copolymer.20,21

The pronounced 720-nm peak in the spectrum of
PNA-co-PANI arises from polaronic transitions in
PANI (an emeraldine salt state with an enhanced
conjugation length of the copolymer backbone). Sev-
eral authors have correlated this peak to the afore-

mentioned transition in PANI.22–24 The spectrum of
PNA-co-POT shows absorption maxima at 300 and
500 nm, a suppressed peak at 580 nm, and a broad
peak at 650 nm. The correlation of the peaks is the
same as that in the case of PNA-co-PANI. The 650-
nm peak is broad and is of low intensity. The polar-
onic transition in this case occurs at a lower wave-
length because of lower conjugation. This also shows
a compact coil structure of the copolymer due to the
presence of methyl groups of o-toluidine.

From these observations, it can be inferred that
the shifting of the polaronic transition peaks in the
UV spectra depends on the nature of the comonomer
and the types of substituents present on the polymer
backbone. The hypsochromic shift of the 350-nm
band in the copolymers implies an increase in
the torsional strain in the chain. The difference in the
absorption maxima of the polaronic transition in the
two copolymers shows changes in the chain length
and extent of conjugation.25,26 The hypsochromic
shift in the polaronic transition in the case of PNA-
co-POT compared with PNA-co-PANI results from a
more coiled (compact) or rigid chain structure of the
former due to the presence of a bulky methyl group
on the benzene ring.17,19

X-ray analysis

The X-ray diffractogram of PNA [Fig. 3(a)] shows a
prominent semicrystalline peak centered at 2y 5
19.008, suggesting the ordered structure of the homo-
polymers. The diffractogram of the copolymer PNA-
co-PANI [Fig. 3(c)] shows a broad hump centered at
18.008, whereas the diffractogram of PNA-co-POT
[Fig. 3(b)] shows a pronounced high-angle peak at
25.238 superposed on a broad hump that indicates a
broadly amorphous structure. X-ray diffractograms
of the copolymers show broadening of the peaks,
which indicates that copolymers have an amorphous
nature, whereas PNA is semicrystalline. The d-spac-

Figure 2 UV–vis spectra of PNA and its copolymers.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 3 X-ray diffractograms of (a) PNA, (b) PNA-co-
POT, and (c) PNA-co-PANI.
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ing, calculated from angular positions of the reflec-
tions, is given in Table II, and from reflection broad-
ening (2y), the coherence length (L) of the crystalline
order in the sample is calculated with the Scherrer
formula:19

L ¼ 0:9k=2u cos u

where k is the wavelength of copper radiations
(1.54 Å). Table II shows that there is an increase
in the d spacing and L as aniline is added to the co-
polymer, whereas for PNA-co-POT, the d-spacing
decreases along with L, and this may be due to the
presence of a methyl group on the aromatic ring,
which increases disorder and crystal size. For PNA-
co-PANI, the increase in L between the chains is
caused by greater order produced in the interchain
separation within a crystalline region along the main
copolymer chain, whereas the decrease in L for
PNA-co-POT can be attributed to the amorphous
and disordered alignment of the chains due to steric
hindrance of the substituent methyl group.

Morphological analysis

The TEM image of PNA [Fig. 4(a)] shows spherically
shaped globules having a high tendency to aggre-
gate. The average size of the discrete globules was
determined to be 30–50 nm in diameter. Such aggre-
gation takes place during sample preparation for
TEM when dispersions are evaporated on a carbon-
coated copper grid. The size of the particles is
strongly dependent on the dilution of the dispersion,
and this supports the argument of aggregation hap-
pening during sample preparation and can be attrib-
uted to inefficient steric stabilization.

The TEM image of PNA-co-PANI [Fig. 4(b)] exhib-
its a dense distribution of discrete particles with lit-
tle aggregation, the average size of the particles
being 150 nm. The particles appear to be spherical.
The well-organized particles lead to a more ordered
morphology. The TEM micrograph of PNA-co-POT
[Fig. 4(c)] shows discrete and somewhat elongated
particles of the copolymer with an average size of
130 nm.

Unlike PNA, the particles of the copolymers show
less tendency of aggregation.

Thermal analysis

The TGA thermogram of pure PNA (Fig. 5) shows a
sluggish decomposition curve spreading from 180 to
6208C with two decomposition events. The first

TABLE II
Characteristics of the X-Ray Diffraction Patterns

L (Å) d-spacing (Å) Polymer

1.466 4.7 PNA
1.475 4.9 PNA-co-PANI
1.32 3.6 PNA-co-POT

Figure 4 TEM images of (a) PNA, (b) PNA-co-PANI, and (c) PNA-co-POT. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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decomposition event is observed at 1808C, at which
almost 10 wt % weight loss takes place. This may be
attributed to the evaporation of the trapped solvent
and other impurities such as the unreacted monomer
and surfactant. Around 50 wt % loss is observed at
4908C in the second decomposition event, which is
due to the degradation of the polymer. Almost 90%
weight loss takes place at 7208C, leaving a residue of
10 wt %.

Compared to pure PNA, PNA-co-PANI (Fig. 5)
shows decomposition behavior with a slower rate.
The degradation temperature for 50 wt % decompo-
sition increases significantly from 490 to 5208C, and
this suggests extensive interchain linking and hydro-
gen bonding in this copolymer, whereas the TGA
thermogram of PNA-co-POT (Fig. 5) shows a steep
decomposition curve with a decrease in the 50 wt %
decomposition temperature from 4908C for pristine
PNA to 4708C.

It can be concluded that the thermal stability of
PNA increases with the incorporation of aniline into
the PNA backbone, whereas it decreases upon the
incorporation of o-toluidine because of the steric
hindrance, which is in agreement with the con-
formational structures of the homopolymer and
copolymer.

Conductivity studies

The conductivity values of undoped and doped sam-
ples of PNA, PNA-co-PANI, and PNA-co-POT are
given in Table III. The conductivity of the undoped
sample of PNA was found to be 5.4 3 1029 S/cm21.
Doping of PNA with HCl and with I2 led to a signif-
icant increase in the conductivity by 5 orders, that is,
8 3 1024 and 7.1 3 1024 S/cm21, respectively. The
conductivity of the copolymers was found to be
higher than that of the homopolymer. The conduc-
tivity for HCl- and I2-doped PNA-co-PANI was
found to be equal to 6.2 3 1023 and 5.2 3 1023 S/cm,

respectively. The conductivity can be correlated to
the number of charge carriers and the conjugation
length along the polymer backbone. The conductiv-
ity of HCl- and I2-doped PNA-co-POT was found to
be 4.5 3 1024 and 7.6 3 1024 S/cm, respectively,
and was lower than that of the homopolymer. The
presence of aniline in the copolymer significantly
enhanced the conductivity of PNA because higher
conjugation led to greater transport of charge car-
riers. For PNA-co-POT, the presence of methyl sub-
stituents hindered charge transfer, and this caused a
drop in the conductivity value.

CONCLUSIONS

The effects of the comonomer type and polymeriza-
tion conditions on conducting copolymers of PNA
with o-toluidine and aniline synthesized with the
inverse emulsion techniques were studied. FTIR and
UV–vis spectra confirmed copolymerization. The
particle sizes of the homopolymer and copolymers
were in the nanoscale range. The particle size of
PNA was lower than those of PNA-co-PANI and
PNA-co-POT, the sizes being 50, 150, and 130 nm,
respectively. PNA was found to be semicrystalline,
PNA-co-PANI was partly crystalline, and PNA-co-
POT was almost amorphous. PNA-co-PANI exhib-
ited increased conductivity in comparison with PNA
and PNA-co-POT. Copolymerization brought about a
change in the chain conformation, particle size, par-
ticulate nature, and electrical conductivity. Another
advantage of copolymerization was the formation of
discrete and more or less agglomerated free par-
ticles, which resulted in a homogeneous material,
the properties of which could be regulated by
changes in the types of the comonomers in the feed.
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