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a b s t r a c t

A nanotubular, nanofibrous polyaniline (PANINT) was prepared from an emulsion polymerization in the
presence of n-dodecylbenzene sulfonic (DBSA) and hydrochloric acids.

The building of the tubular structure based on the tubular micelles from the accumulation (pile
up) of micelles at high surfactant concentration, leading to early stage of centipede-like and eventual
tubular morphologies. The PANINT molecule owning a highly conjugated backbone demonstrated a free
carrier-tail in the near-IR region due to its helical conformation. After dedoping, the once empty PANINT
with only some complexed DBSA inside shrank into solid rods, after the removal of the complexed DBSA.
As a result, the solid rods were filled with helical emeradine base (nano-EB) molecules associated with
inter-molecular H-bonding. The solid rods of nano-EB went on crosslinking and carbonization after

◦
200–300 C by opening the quinoid rings and the inter-molecular H-bondings were destroyed with
nano-EB molecules crosslinking into ladder-like structure. When temperature was over 300 ◦C and below
800 ◦C, carbonization enhanced by de-ammoniaization, causing a significant weight loss. However, the
cleavage of aromatic rings into aliphatic pieces occurred after 800 ◦C, which chopped the ladder-like, strips
of carbonized nano-EB sheets into small pieces of nano-particles. The conductivity of the pyrolyzed nano-
EB was found to be around 10−5 s/cm, 10,000 times higher than the neat nano-EB of 10−9 s/cm due to the

carbonization.

. Introduction

Polyaniline (PANI) is a typical conducting polymer that has
een found lots of applications in the field of biosensors biosen-
ors [1], electrochemical displays [2], corrosion protection [3],
echargeable batteries [4], etc. Conventionally, to synthesize PANI
ia chemical oxidization [5–8] or electrochemical route [7] came
ut with morphology of assembled particles in which conducting
ANI molecules are entangling, coiling with each other, leading to

he reduction of conductivity from the interruption of conjuga-
ion. In order to obtain a PANI with higher reactive surface area,
igher ordered structure, and higher conductivity, a nanofibrous or
anotube-like structure which is less possible for the molecules in
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it to coil or entangle with each other is necessary. Traditional chem-
ical oxidative polymerization approaches for a nano-structured
polymers include the using of insoluble solid templates such as
zeolites [9], opals [10], controlled pore-size membranes [11], and
anodic aluminum oxide (AAO) [12] or soluble templates such as
polymers [13] and surfactants [14]. Some physical methods, such
as electrospinning [15] and mechanical stretching [16] can also
produce conducting polymer nanofibers without templates. When
organic dopants with surfactant functionalities are used, emulsions
or micelles can be formed leading to microtubes, microfibers, or
microrodlike structures [17–21]. Kaner and coworkers prepared
PANINT by interfacial polymerization with aniline monomers solu-
ble in an organic solvent [22–24]. Haba et al. reported a nano-fibrous

morphology of DBSA doped polyaniline originated from the fill-
ing of the nanopores of the polyaniline spherical particles into
nanorods without the presence of any organic solvent, whereas
the conductivity is lower due to the absence of the strong acid to
induce high degree of doping [25]. Additionally, other novel meth-

http://www.sciencedirect.com/science/journal/03796779
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ds like sonochemical [26] and gamma irradiation [27] methods
ere also used for preparation of the nano-structure of polyani-

ines. Stejskal et al. proposed the presence of the phenazines as
he nucleus of the nanotubing in the early stage of polymeriza-
ion when the pH value is still high. The phenazines behaved as
he nuclei for the formation of helical polyanilines that then com-
ined into nanofibers and dissociated from phenazines to become
separated tubes in the later stage when the pH value decreased

28].
Recently, an easy way of preparing PANINTs via emulsion poly-

erization in the absence of any organic solvent was developed
y Ho et al. [29]. The prepared PANINT was found to be empty
nside and found to be a nano-fibrous structure composed of spirally
oiling polyaniline molecules [29].

It is understood that polyaniline (emeraldine base type) can
ndergo thermal crosslinking and becomes a ladder polymer. When
he parallel helical polyaniline molecules were in the nanotube,
he inter-molecular crosslinking can occur in an easier and spon-
aneous way between the neighboring molecules, resulting in strip
ike carbon sheet with built up aromatic structure when the tem-
erature goes higher. In other words, the surface of the nanotubular
olyaniline can be carbonized under thermal treatment to become
aterials which is competitive to carbon nanotubes.
The thermal degrading mechanism for PANINT, considered to be

ifferent from the conventional polyaniline due to its entirely dif-
erent conformation [30–32], has not been studied yet. The PANINT

olecules of helical conformation will demonstrate different
ypes of thermal degradation from the conventional, non-fibrous,
on-helical polyaniline as will be characterized by spectral and
lectronic microscopy measurements.

In this study, the thermal degradation (pyrolysis) on the PAN-
NTs starting from room temperature to 1000 ◦C will be carried
ut in an inert atmosphere and the mechanism, carbonization will
e characterized by IR, Raman spectra and morphologies of PAN-

NTs with various thermal histories will be examined by SEM, TEM
icrographs, and electron diffraction pattern, respectively.

. Experimental

.1. Preparation of PANINTs

To dissolve 3 g (0.091 mole) n-dodecylbenzenesulfonic acid
DBSA: TOKYO KASEI KOGYO CO.) in 50 ml de-ionized water, the

ixture was slowly stirred until a homogeneous solution was
ormed, then 9 g (0.0968 mole) aniline monomer (TOKYO KASEI
OGYO CO.) was added and kept stirring to become emulsified then
ml,1 M HCl (Riedel-de Haën) was mixed with mixture, linking the
icelles together and enhancing the emulsification. The mixture

ecame turbid with the addition of HCl. An ammonium persulfate
APS: SHOWA CHEMICALS INSTRUMENT CO.) aqueous solution pre-
ared in another beaker by dissolving 7.33 g (0.0323 mole) APS in
0 ml de-ionized water was kept in low temperature in a freezer
everal hours before using and was poured directly into the reac-
ion mixture followed by a vigorous stirring with a magnetic stirrer.

ith the proceeding of the polymerization, the temperature rose
p quickly after 10–15 min, followed by the darkening of the reac-
ion mixture and the polymerization was proceeding for 3 h before
olyaniline was isolated by filtration, followed by washing with
ome isopropanol and the obtained filter cakes were dried in an
ven at 60 ◦C for 12 h.
The nano-EB was prepared by stirring PANINTs in 1 M ammo-
ium water for more than 48 h in a magnetic stirrier. The dedoping
ime was found to be much longer for PANINTs compared to the
egular polyaniline, which only takes at most 24 h for complete
edoping.
s 159 (2009) 1202–1209 1203

2.2. Prepare thermal degraded sample in a high temperature oven

An oven which can be heated up to 1000 ◦C was used to pre-
pare the thermal degraded samples at various temperatures with
purging argon gas.

2.3. Characterization and measurements

2.3.1. SEM (scanning electronic microscopy)
Images of PANINTs were taken in a Field Emission SEM, HR-

SEM (HITACHI S-4200: accelerating voltage of 15 kV) prepared from
strewn on carbonic tape and followed by posting on ferric stage.

2.3.2. TEM (transmission electronic microscopy)
Samples for field emission transmission electron microscope,

HR-AEM (HITACHI FE-2000) were first dispersed in acetone and
put on carbonic-coated copper grids in drop wise before subjected
to the emission.

2.3.3. UV–vis-NIR spectroscopy
The UV–vis-NIR spectra of the sample were obtained from a

Hitachi U-2001 and DTS-1700 NIR Spectrometer. The wavelength
ranged from 300 to 1600 nm.

2.3.4. IR spectroscopy
The functional groups of neat and degraded samples were char-

acterized by FTIR spectroscopy. The FTIR spectra were recorded on
an IFS3000 v/s Fourier-transform infrared spectrometer at room
temperature.

2.3.5. Raman spectroscopy
The Raman spectra of neat and degraded samples were carried

out by a Triax 550 spectroscopy with a green laser light source of
520 nm wavelength. The samples were pressed into tablets before
exposing to Raman source.

2.3.6. Thermogravimetric analysis (TGA)
The thermal degradation behavior of PANINT and nano-EB were

characterized by a thermal gravimetric analysis of TA SDT-2960 at
10 ◦C/min, under purging N2.

2.3.7. Conductivity
A 4-probes Milliohm meter (LUTRO MO-2001) was used to mea-

sure the conductivity of PANINT powders which were pressed into
tablets.

3. Result and discussions

3.1. Formation mechanism of PANINTs

The SEM micrograph taken at the early stage of the polymer-
ization demonstrated nanorods of strings made of nano-beads in
Fig. 1(a), which is similar to the accumulated micelles before poly-
merization, as depicted in Scheme 1. These connected micelles were
then polymerized into strings of beads (centipede-like) in the early
stage and developed into nanofibers eventually as seen in Fig. 1(b)
and depicted in Scheme 1. The obtained PANINTs were found to
still retain the nano-fibrous structure after dedoping into EB-type
of polyaniline in ammonia water where all the free or doped pro-
tonic acids inside or outside the tubes were removed. The dedoping
caused the shrinking of the nanotube with a smaller diameter for

the resultant nano-EB and the once empty PANINT became a solid
rod after removing all the complexed DBSA as shown in Fig. 1(c)
and Scheme 1.

The TEM image of the early stage PANINT demonstrates also the
centipede-like morphology which developed into nanorods with
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Fig. 1. SEM micrographs of (a) early stage of PANINT, (b) neat PANINT, (c) neat nano-EB, (d) neat nano-EB heated at 300 ◦C, (e) 600 ◦C, and (f) 800 ◦C.

Scheme 1. Emulsion polymerization of PANINT and dedoped into nano-EB.
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ig. 2. TEM micrographs of (a) early stage of PANINT, (b) neat PANINT, (c) nano-EB
heoretical diffraction pattern of helical crystalline.

moother surfaces as seen from Fig. 2(a) and (b). An isolated PANINT
ES type) is shown in Fig. 2(d) that illustrates lots of meandering,
elical molecules inside the nanotube. The helical structure also
emonstrated anisotropic diffraction pattern in Fig. 2(e), similar
o the theoretical diffraction of helical crystalline in Fig. 2(f) and
eviated from the circular pattern of common polyaniline crystals.
esides, the electron diffraction pattern is much like the helical
trips prepared from the carbonization (pyrolysis) of polyacety-
ene [33] and template-polymerized PANINTs [34] pyrolyzed at high
emperature.

The nano-EB became a smaller solid tube after dedoping as seen
rom its TEM micrograph in Fig. 2(c). Obviously, the diameter of

he solid nanofibrous EB is significantly contracted when compar-
ng with Fig. 2(b). After removing the complexed DBSA molecules
etween doped polyaniline (PANINT) molecules, the formed nano-
B molecules are able to develop strong inter-molecular H-bonding
etween the neighboring helixes inside the nanorods as described
solated nanotube of PANINT, (e) electronic diffraction patterns of nano-EB, and (f)

in Schemes 2 and 3. The helical conformation of nano-EB can
be maintained and enhanced with the presence of inter-chain H-
bondings depicted in Scheme 3.

3.2. Highly conjugated helical polyanilines molecules of PANINTs

The most interesting feature of the nano-polyaniline comes from
the presence of the free carrier tail at the near-IR region, which is
usually found when polyaniline was secondarily doped by phenolic
derivatives [35–39] due to the presence of the highly conjugated,
extended chain, resulting from the extension of the coiled state.
Commonly, polyanilines with no secondary doping are composed

of the coiled or worm-like molecules, mainly caused from the intra-
complexation through the ionic bridging of the counter ions, which
can effectively interrupt the conjugation and demonstrate a blue
shift to the visible region. Here, in Fig. 3(a), the free carrier tail
at the near-IR region can be also found for PANINT molecules in
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Scheme 2. Degradati

he absence of any secondary doping but the formation of the
elical conformation which can prevent any entanglements or coil-

ng of the polyaniline molecules depicted in the upper in-set in
ig. 3(a). The non-interrupted conjugation was maintained through
he formation of helical conformation. In other words, the PANINT

olecules are helically arranged into the nanotubes and remained
ighly conjugated by avoiding entanglements, leading to the pres-
nce of a free carrier-tail red-shift to the higher wavelength of
ear-IR region shown in Fig. 3(a). And the free carrier-tail was not

ound in the UV–vis-NIR spectrum of random-coiled or worm-like
ANIDBSA [35–39] shown in Fig. 3(b) in which only �max around
80 nm can be seen when conjugation was disrupted by the kink

r entanglement of coiled chains as described in the lower in-set of
ig. 3(b). The nanotubular or nanofibrous molecules like the hairy
od molecules have a tendency to arrange into an ordered struc-
ure and give a well-defined crystalline structure as seen in the
iffraction pattern found in Fig. 2(e).

ig. 3. UV–vis-NIR spectra of (a) PANINT and (b) DBSA doped, non-tubular polyani-
ine.
chanism of nano-EB.

3.3. Characterization on the degradation mechanism of PANINTs

The DBSA emulsified micelles can associate into bigger micelles
after the addition of HCl and the solution became more turbid
due to the formation of bigger, micelles through the sharing of
the common counter ions of the neighboring spherical micelles
[29]. Lots of free or complexed DBSAs which behaved as emulsi-
fiers will be captured inside when a tubular micelle was formed.
Consequently, DBSAs free or complexed will be captured inside the
polyaniline tubes after the polymerization. The free DBSAs can be
removed washing with organic solvents like toluene, which can
enhance the emptiness of PANINTs. And the complexed DBSAs can
only be removed through the neutralization with base materials
like ammonium water, which would close the empty zone of the
tubes and converted the empty tubes to solid rods as described in
last stage of Scheme 1.

The EB molecules inside the nanotube can be crosslinked by
opening their quinone rings upon heating and the quinoid band
at around 1587 cm−1 became shorter compared to benzenoid band
at 1510 cm−1 when temperature is increased as seen in Fig. 4(a)
and (b). The disappearance of 1380 cm−1 stretching mode of C–N
bond of QBQ [40] in Fig. 4(b) illustrated the crosslinking of nano-
EB as described in Scheme 3. And the carbonization which started
at 300 ◦C continued when temperatures were increased to 600
and 800 ◦C in N2 according to Fig. 4(c) and (d). When tempera-
ture was over 800 ◦C, the pyrolyzed nano-EB went on chain scission
into aliphatic pieces, resulting in the significant shortening of the
1580 cm−1 band seen in Fig. 4(e).

Raman spectra of carbonized nano-EB at 300 ◦C in Fig. 5(a) shows
the vibrational bands of sp2 bonds of G-band at 1580 cm−1 [40],
indicating some carbonization reactions already occurred at 300 ◦C.
With the temperature increasing from 300 to 600 and 800 ◦C, the

absorbance of bands at 1580 cm−1 remain higher compared to
bands at 1350 cm−1 of G-band of disordered sp3 carbons, indicat-
ing that the aromatic structure originated from carbonization was
remained to 800 ◦C. However, the aromatic structure was destroyed
abruptly when temperature was increased to 800–1000 ◦C and lots
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Scheme 3. Helical conformation

f aliphatic groups were found according to the IR-spectrum in
ig. 4(d) and (e) with the disappearance of G-band at 1580 cm−1

n Fig. 5(d) of Raman spectroscopy. The carbonized, crosslinked
ano-EBs were cut into individual pieces by the abstract of the ter-
iary amine into ammonia gas that crosslinked the EB molecules
ogether when temperature was increased to 600–800 ◦C. The ther-

al degradation behavior of nano-EB can be characterized by its
hermogram obtained from TGA demonstrated in Fig. 6. It illus-
rates a slight weight loss around 200–400 ◦C from the inter-chain
rosslinking, followed by a significant weight loss from 400 to
00 ◦C due to release of ammonia gas which can remove the nitro-
en and hydrogen atoms away and leads to the carbonization
rocess described in Scheme 2. Either the degradation (release

f ammonia gas) or carbonization can cause the disappearance
f the bands around 1300 cm−1 of C–N stretching, referring to
ig. 4(c) and (d). The carbonized residues can prevent signifi-
ant weight loss from 600 to 700 ◦C. However, the weight loss
tarts again and increases steadily when temperature is over 700 ◦C
egradation diagram of nano-EB.

due to the breakage of aromatic bonding as seen in Fig. 6 and
Scheme 2.

3.4. Conductivity variation upon pyrolysis

The nano-EB was electrically insulated with conductivity lower
than 10−9 S/cm, which cannot be measured by a regular mini-ohm
meter. However, its conductivity can be increased to 10−5 S/cm and
can be measurable from the mini-ohm meter after staying in the
high temperature oven for 30 min at 800 ◦C with purging argon gas.
The conductivity was not found to be still too compared with carbon
nanotubes when the conjugated aromatic rings broke into aliphatic
pieces made of non-conjugated C–C structures at 800–1000 ◦C seen

in Fig. 4(e) and described in Schemes 2 and 3. High temperature
(pyrolysis) does improve the conductivity by carbonization but
chain scission degradation was also present to break the conjuga-
tion and decrease the conductivity since the chain scissions at high
temperature mostly results in the formation of C–C single bonds
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Fig. 4. IR spectra of nano-EB at (a) RT, (b) 300 ◦

Fig. 5. Raman spectra of nano-EB at (a) 300 ◦C, (b) 600 ◦C, (c) 800 ◦C, and (d) 1000 ◦C.

(
a

4

e
a
i

[
Fig. 6. TGA thermogram of nano-EB.

sp3) not C=C double bonds (sp2) that can enhance the conjugation
nd conductivity.

. Conclusion
A nanotubular polyaniline can be prepared directly from the
mulsion polymerization of anilinium salt in the presence of DBSA
nd HCl. The electronic micrographs at each stage of polymerization
llustrated the formation of nanotubes from the accumulation or

[
[
[
[
[

C, (c) 600 ◦C, (d) 800 ◦C, and (e) 1000 ◦C.

impingement of micelles before or during polymerization. The pre-
pared PANINTs were found to own a highly conjugated backbone,
leading to the strong red shift and the appearance of a carrier-tail
like spectrum at NIR region due to its non-entangled, non-coiled
helical conformation.

Nanotubular PANINTs were dedoped into solid, nanorods of EB
type polyaniline molecules which still own helical conformation.
These nano-EB molecules went on crosslinking type of degrada-
tion when temperature was increased, followed by carbonization
through the release of ammonia gas at higher temperature. The
carbonization confirmed by both IR and Raman spectra resulted in
the increase of the conductivity of nano-EB after pyrolysis. How-
ever, some chain scissions occurred after 800 ◦C, interrupted the
conductivity increase of the pyrolyzed EB.

In the future, various naorods of EB will be prepared and thermal
degradation at temperature higher than 1000 ◦C will be carried out
to obtain a highly conductive, processible pyrolyzed EB to replace
the intractable, insoluble carbon nanotubes.
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