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Polyaniline (PANI) nanotubes were chemically synthesized with the introduction of 4-sulfobenzoic acid
monopotassium salt (KSBA) into an aqueous solution. As opposed to PANI microplates synthesized in the
absence of KSBA, the PANI polymerized with KSBA exhibited tubular morphology, tens of micrometers
long, with a total diameter of 130e240 nm, an inner diameter of 10e100 nm, and a wall thickness of
60e70 nm. The formation yield of PANI nanotubes was as high as about 95%, and the electrical
conductivity was 4.8 � 10�1 S cm�1. However, the PANI microplates exhibited about 10 times lower
electrical conductivity of 3.1 � 10�2 S cm�1 than PANI nanotubes. The morphologies of the final PANIs
were greatly affected by the morphologies of the oligoanilines produced with or without KSBA in the
early polymerization stage. In this study, KSBA was introduced to regulate the reactant pH and to control
oligoaniline morphology (with KSBA: 1D long nanosheets, without KSBA: 2D microplates). Synthetic
time-resolved morphology dynamics revealed that the oligoanilines play a key role as templates for the
PANI nanosheets polymerized by anilinium cations. Finally, the nanosheets transform into long PANI
nanotubes through conformational changes induced by the protonation of the PANI chains in a highly
acidic medium. Interestingly, the final products are a simple mixture of pure PANI nanotubes and oli-
goaniline complexes composed of oligoanilines and aniline sulfate salts. Thus, the oligoaniline do not
grow into the PANI chains but function only as templates for the 1D PANI formation.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, various applications of nanostructured conducting
polymers have inspired the development of facile and practical
methods for the synthesis of conducting polymer nanostructures
[1e7]. In particular, much effort has been directed toward one-
dimensional (1D) polyaniline (PANI) nanostructures (e.g., nanofibers
andnanotubes)becauseof theireasypreparation, enhancedelectrical
properties and higher surface area than those of their bulk counter-
parts. Recently, PANI nanofibers/tubes have been readily synthesized
by rapidly mixed reactions of desired concentrations of an aqueous
monomer solution and an oxidant solution without templates.

Although these templateless routes to produce 1D PANI are
simple, their formation mechanism is very complicated. Much
research has been performed to investigate the formations of PANI
nanofibers and nanotubes. For synthesis of 1D PANI nanostructures,
ithasbeenproposed that complexes likemicellesare formed through
the acidebase reaction between basic anilinemonomers and various
: þ82 2 2297 5859.
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acids, e.g., inorganic acids [8], sulfonic acids [9] and carboxylic acids
[10], which function as soft templates. Until now, this micelle model
has been adopted as a general understanding of the formation
mechanism of 1D PANI. However, the mechanism can not be fully
explained by this micelle model because the inner diameter of the
PANI nanotubes is larger than those of the micelles produced via
reaction of aniline and various acids [11]. Moreover, the PANI nano-
tubeswere successfully synthesizedeven in the absenceof acids [12].

Recently, several research groups have proposed that water-
insoluble oligoanilines produced early in the polymerization of
aniline in an aqueous medium can act as templates for 1D PANI
formation [13e15]. According to these studies, the oligoanilines
consisted of phenazine derivatives stacked on top of each other.
Then, PANI chains extend from the oligoanilines and act as ordered
nuclei, resulting in 1D PANIs. More recently, it was reported that
PANI intermediates composed of phenazine-like units and para-
linked aniline units formed PANI nanotubes through self-curling
behavior [16,17]. Based on the previously published papers, oli-
goanilines formed in the early stage of aniline polymerization seem
to play a key role in the fabrication of 1D PANIs. Although much
progress has been made in comprehending the formation of 1D
PANIs, the overall mechanisms governing elongational growth and
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the factors determining the tubular or fibrous form of the PANIs are
not yet clearly understood.

Here we report on a successful synthesis of PANI with highly
uniform dimensions and a tubularmorphology tens of micrometers
long using a rolling mechanism at high aniline concentration
(0.15 M). In particular, we found that the morphologies of the oli-
goanilines produced with 4-sulfobenzoic acid monopotassium salt
(KSBA) in early stage polymerization were different from those
produced in the absence of KSBA.Moreover, themorphologies of the
final PANIs were greatly affected by the morphologies of the oli-
goanilines produced with or without KSBA. KSBA was firstly intro-
duced to regulate the reactant pH, control oligoaniline morphology,
and then produce PANI nanotubes tens of micrometer-long with
total diameters of 130e240nm. In order to investigate the formation
mechanism of the 1D PANI nanostructures, synthetic time-resolved
morphology dynamics using optical microscopy (OM) and scanning
electron microscopy (SEM) were performed.

2. Experimental

2.1. Materials

Aniline (SigmaeAldrich, 99.9%) was vacuum-distilled prior to
use. Ammonium persulfate (APS) (SigmaeAldrich) and 4-sulfo-
benzoic acid monopotassium salt (KSBA) (SigmaeAldrich) were
used as received without further purification.

2.2. Synthesis

Aniline (0.015 mol) and KSBA with different molar ratios were
dissolved in 100 mL deionized water and were stirred at room
temperature for 1 h. The ratios of [KSBA]/[An] were 0, 0.5, 1 and 2 in
the different experiments. An aqueous APS (0.015 mol) solution
(10 mL) was quickly poured into the above solution, and the
Fig. 1. SEM and TEM images of PANI synthesized at different [KSBA]/[An] ratios: a) 0, b) 0.5,
evidence of tubular morphology. The arrow in the right inset of d) indicates a semi-rolled
reactant was left unperturbed. After 6 h, precipitated PANI samples
were filtered andwashedwith distilled water andmethanol several
times, and then dried in a vacuum oven at 60 �C for 24 h.

2.3. Characterization

The acidities of the reactionmixtures were recorded in real-time
using a digital pH-meter (HANNA Instruments, pH213 Micropro-
cessor pH-meter). As soon as the polymerization began, a drop of
reaction mixture was quickly deposited onto a glass slide. The
morphological growth of oligoanilines in the initial stage of the
polymerization was thereby observed using an optical microscope
(OM) (Olympus, BX-51 TX) equipped with a CCD camera. In addi-
tion, the synthetic time-resolved morphological changes from oli-
goaniline to the final PANI nanostructures were observed using
scanning electron microscopy (SEM) (JEOL, JSM6340) and trans-
mission electron microscopy (TEM) (JEOL 2010). Fourier transform
infrared (FT-IR) spectra were recorded on a PerkinElmer Spectrum
100 FT-IR spectrometer. Wide angle X-ray diffraction (WAXD)
measurements were carried out on a Rigaku Denki X-ray generator
(D/MAX-2500) using CuKa (l ¼ 1.5418 Å) radiation operated at
40 kV and 100 mA. The electrical conductivity (298 K) of
a compressed pellet of the thoroughly washed and dried PANI
samples was measured by the four-point microprobemethod using
a Jandel contact probe connected to a Keithley 238 high-current
source measure unit. The electrical conductivity data were
measured from three independent samples of a single synthesis.

3. Results and discussion

3.1. Morphological and structural characterization of PANI

Fig. 1 shows SEM images of the PANI samples synthesized with
different concentrations of KSBA. The PANIs synthesized in the
c) 2 and d) 1. The left inset in d) shows a magnified SEM image. The arrows indicate the
PANI nanotube.



Fig. 2. FT-IR spectra of PANI samples synthesized at different [KSBA]/[An] ratios: a) 0
and b) 1.

Table 1
Properties of PANI samples obtained at different [KSBA]/[An] ratios.

[KSBA]/[An] Initial pH Final pH s (S cm�1) Morphology

0 7.5 1.2 3.1 � 10�2 Microplates
0.5 4.9 1.1 1.2 � 10�1 Nanotubes
1 4.5 1.1 2.6 � 10�1 Nanotubes
2 3.6 1.1 4.8 � 10�1 Nanotubes
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absence of KSBA chiefly show 2D microplates with some extent of
short nanofibers (Fig. 1a), analogous to previous reports using
a template-free method with high aniline concentration (>0.1 M)
[12,13,18]. However, different from the previous reports, PANIs with
very long tubular morphologies are obtained independent of KSBA
concentration when KSBA was introduced to the polymerization
solution (Fig. 1bed and inset TEM images). The lengths of the PANI
nanotubes were several tens of micrometers, and the formation
yield was about 95%, although they were synthesized at relatively
higher monomer concentration and larger scale than other works
[12,13,18]. PANI nanotubes had an outer diameter of 130e240 nm,
an inner diameter of 10e100 nm, and awall thickness of 60e70 nm
(from Fig. 1bed, inset TEM images). More interestingly, semi-rolled
PANI nanotubes were observed in the TEM image of Fig. 1d. The
morphological differences in the final PANIs (Fig. 1) appear to be
affected by the addition of KSBA.

Although the morphologies of the PANIs are different from each
other depending on the synthetic conditions, the FT-IR spectra of
the PANIs show very similar characteristic peaks (Fig. 2). The C]C
stretching deformations of the quinoid (1575 cm�1) and benzenoid
ring (1498 cm�1), the CeN stretching of the secondary aromatic
amine (1299 cm�1), the aromatic CeH in-plane bending
(1143 cm�1), and the out-of-plane deformation of CeH bending in
the 1,4-disubstituted benzene ring (819 cm�1) are all observed
Fig. 3. Acidity profiles during the oxidation of 0.15 M ani
[19,20]. The stretching vibrations of the SO3
� group (1039, 694, and

620 cm�1) [21e23] were also observed in all samples, indicating
that the HSO4

� anions created from APS or sulfonate anions of KSBA
were incorporated into the main chain of the PANI samples as
dopants. The existence of KSBA or hydrogen sulfate anions in doped
PANI can be explained by proton dissociation from strong acids (e.
g., HOOCC6H4SO3

�Kþ / HOOCC6H4SO3H / HOOCC6H4SO3
� þ Hþ

and H2SO4 / HSO4
� þ Hþ) during the polymerization. Thus, the

reaction mixture becomes more and more acidic as the polymeri-
zation proceeds.

3.2. Oxidative polymerization of aniline

The pH values of the reactants were recorded in real-time and
decreased with increasing polymerization time, as shown in Fig. 3.
During PANI polymerization, the pH value decreases due to the
protons released from the monomers together with the protons
dissociated from strong acids such as KSBA and sulfuric acid. As
shown in Table 1, although the initial pH values of the polymer-
ization solution with increasing [KSBA]/[An] ratio (¼0, 0.5, 1 and
2) were 7.5, 4.9, 4.5 and 3.6, respectively, all of the final pH values
were approximately 1.1e1.2. In addition, we observed that, with
increasing KSBA concentration, the electrical conductivity of the
final PANI increased (0.03 / 0.48 S cm�1) and the morphology
changed from plate-like to tubular form (Table 1). The electrical
conductivity data of the PANI nanotubes synthesized in the
presence of the KSBA were similar to the previous reports
[9e12,14]. From our experimental results and those of previously
published papers [12e17,24], the acidity profiles of the reaction
can be divided into two reaction steps on the basis of pH z 2.6.
Aniline molecules seems to exist mainly as neutral molecules at
pH > 2.6 where they produce oligoanilines through oxidation by
APS [14,24]. However, aniline molecules in strong acidic solution,
pH < 2.6, become protonated and convert to anilinium cations,
which can easily be polymerized to PANI [14,24]. The oxidative
polymerization of aniline without KSBA showed a sudden drop in
pH within a short induction period, the time to reach the
line with 0.15 M APS at different [KSBA]/[An] ratios.



Fig. 5. Sequential OM images of the oligoanilines synthesized in 0.15 M KSBA solution
at a given reaction time t (sec). The arrows indicate the dendritic growth of
oligoaniline.
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inflection point around pH z 2.6. However, as the concentration
of the KSBA in the polymerization solution increased, the induc-
tion period increased to a polymerization time of 65 min. The
retardation in pH drop with increasing KSBA concentration can be
ascribed to the steric hindrance of bulky KSBA molecules and the
decrease in oxidation activity by a formation of a complex
between Kþ ions from the KSBA and sulfate ions dissociated from
APS. This is similar to the retardation of propagation by complex
formation between cations of metal salts and sulfate ions in
persulfate redox systems [25].

Fig. 4 shows the acidity and yield profiles of total product con-
taining oligoaniline and pure PANI with increasing polymerization
time. The oligoaniline is easily separated from the product owing to
the methanol solubility of oligoaniline. The yields of oligoaniline
and pure PANI were estimated based on the dry weight of the
methanol-insoluble product (PANI) and the methanol-soluble
product (oligoaniline). As can be seen in Fig. 4c, pure PANI is
initially produced at a polymerization time of 50 min, and then the
yield gradually increases. On the other hand, the yield of oligoa-
niline (%yield of total producte %yield of pure PANI) increases up to
50 min and then is constantly maintained at about 22% up to
150 min. Thus, the synthesis of the oligoanilines continues up to
50 min (pH > 2.6), after which, there seems to only be an increase
in PANI produced at pH< 2.6. This yield data is in good accord with
the above real-time pH result (Fig. 3). Therefore, the oligoanilines
produced in the early polymerization stage (pH > 2.6) may not
react with other aniline molecules to grow into the PANI chains, but
exist until the final stage.

Indeed, based on our experimental results, the oligoanilines
produced during the extended induction period seem to have
a great effect on the morphologies of the final PANIs. Together with
the abovementioned results, themorphological observations of the
oligoanilines can provide clues for investigating the formation
mechanism of the PANI nanostructures. The synthetic time-
resolved morphological dynamics of the oligoanilines and final
PANI will be discussed in detail below.
3.3. The morphological and structural analyses of oligoanilines

The growth mechanism of oligoanilines produced in the early
polymerization stage in the presence of the KSBA was studied by
optical microscopy (Fig. 5). On reaction initiation by APS, the oli-
goaniline seeds can be seen at t¼ 15 s. As reaction time increases up
to t ¼ 60 s, dendritic growth of oligoanilines from the seed is
Fig. 4. Acidity and yield profiles during the oxidation of 0.15 M aniline with 0.15 M APS
in 0.15 M KSBA solution. a) pH, b) total product yield and c) pure PANI yield.
observed with sizes of several micrometers. On the other hand, the
morphology of the oligoanilines produced without KSBA exhibited
a bulky particulate morphology in the micrometer size range (data
not shown).
Fig. 6. SEM images and XRD patterns of oligoanilines produced at polymerization time
t ¼ 5 min at different [KSBA]/[An] ratios: a) 0 and b) 1. The inset in b) shows the
magnified nanosheets of oligoaniline.



Fig. 7. FT-IR spectrum of oligoaniline obtained at polymerization time t ¼ 5 min in
0.15 M KSBA solution.
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For longer polymerization times, t ¼ 5 min, the morphological
and structural differences in oligoanilines are shown in SEM images
and XRD patterns in Fig. 6. The shape of the oligoanilines synthe-
sized without KSBA exhibited 2D microplates (Fig. 6a), similar to
that of the final PANI (Fig. 1a). However, the oligoanilines produced
with KSBA possess a dendritic structure with branches of ribbon-
like nanosheets tens of micrometers in length (Fig. 6b and inset).
The oligoanilines with these peculiar morphologies are likely to
play a role as seeds for final PANI growth.

The inset XRD patterns also show the structural differences
between oligoanilines produced at t ¼ 5 min. To compare with the
oligoanilines produced under various synthetic conditions, XRD
patterns of aniline sulfate salt precipitated by an acidebase reaction
with aniline monomer and sulfuric acid are also provided. The XRD
pattern of aniline sulfate salt shows a highly crystalline structure
composed of two distinct peaks at around 2q ¼ 6.0� and 18.3�.
Although all of the samples exhibited highly crystalline structures,
the XRD pattern of the oligoaniline produced with KSBA was
different from that of the oligoaniline produced without KSBA. This
result may be related to the morphological differences in the oli-
goanilines. However, these two XRD patterns apparently have two
peaks at around 2q ¼ 6.0� and 18.3�, similar to the characteristic
peaks of the aniline sulfate salt. Thus, oligoanilines are apparently
a complicated salt complex composed of aniline sulfate salts and
other oligomers. Because of these complexations and the mixed
Fig. 8. Sequential SEM images showing the evolution of the PANI nanotubes produced in 0.1
each image. The insets in t ¼ 45e180 min show the magnified images. Scale bar: 1 mm.
structures of oligoanilines, accurate structure determination of
oligoanilines has yet to be sufficiently clarified.

The FT-IR spectrum of the oligoaniline obtained at a polymeri-
zation time of t ¼ 5 min confirmed the existence of the sulfate
5 M KSBA solution. The polymerization time and electrical conductivity are indicated in



Fig. 9. a) and b) TEM images of semi-rolled PANI nanotubes obtained at polymeriza-
tion time t ¼ 75 min in 0.15 M KSBA solution. The arrows in a) and b) indicate semi-
rolled PANI nanotubes. c) SEM image of a PANI nanotube obtained at polymerization
time t ¼ 360 min in 0.15 M KSBA solution. The arrow in c) indicates the commissure of
the two edges of the PANI nanosheet.

Fig. 10. XRD patterns of PANI nanotube formation in 0.15 M KSBA solution for different
polymerization times. The samples used in XRD analysis were thoroughly washed with
distilled water and dried before analysis.
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group in oligoaniline (Fig. 7). This sulfate group can be identified by
peaks at 1035, 685 and 619 cm�1 [21e23]. Moreover, the peaks at
3260 and 3200 cm�1 are assigned to the intra- and intermolecular
hydrogen-bonded NeH stretching vibrations of the amine group
(NeH . N or NeH . O), respectively [20,26,27]. Therefore, oli-
goanilines produced with KSBA possess crystalline structures
through hydrogen bonding between oligoanilines and aniline
sulfate salts.

3.4. Shape evolution of PANI nanotubes

Synthetic time-resolved SEM studies confirmed the shape
evolution of PANI nanotubes produced in the presence of KSBA
(Fig. 8). After adding APS, the oligoaniline nanosheets were
continuously observed for up to t ¼ 45 min (Fig. 8, t ¼ 45 min). As
the pH value decreases to around 2.6, flexible PANI nanosheets are
gradually synthesized (Fig. 8, t ¼ 60 min). Moreover, preexisting
oligoaniline nanosheets may function as templates leading to the
growth of PANI nanosheets. Although, it is difficult to distinguish
clearly PANI nanosheets from preexisting oligoaniline nanosheets
because of low yield of PANI as shown in Fig. 4, it is reasonable to
assume that PANI nanosheets at this stage will be formed on the
surfaces of oligoaniline nanosheets because residual aniline
monomers can not only interact with the surfaces of oligoaniline
nanosheets composed of aniline sulfate salts and phenazine-like
units through hydrogen bonding and relatively strong pep inter-
action among aromatic rings but react withmany active end groups
such as ]NH and eNH2 of the surfaces of oligoaniline nanosheets.
In addition, it is observed that the morphology of the nanosheets
change from rigid form to flexible form at polymerization time of
45e75 min, as the PANI nanosheets are gradually produced. The
PANI nanosheets synthesized prior to this stage are thought to have
an emeraldine base form because they are electrically non-
conducting.

As polymerization proceeds for up to 75 min, the PANI nano-
sheets begin to roll up (Fig. 8, t ¼ 75 min, inset and Fig. 9a and b).
The PANI chains at this stagemay undergo a conformational change
from an emeraldine base to an emeraldine salt by protonation in
the highly acidic polymerization medium [28,29]. This conforma-
tional change in the PANI chains can further induce torsional
movement within the chains, [30] which acts as a driving force for
rolling the PANI nanosheets. Evidence for the protonation of PANI
chains is provided by an increase in conductivity up to 0.005 S/cm.
For further increasing polymerization time, PANI structures change
into tubular forms (Fig. 8, t¼ 120e180min) as a result of this rolling
process. As a consequence of further polymerization, PANI nano-
tubes with a high electrical conductivity of 0.26 S/cm and uniform
dimensions are obtained (Fig. 8, t ¼ 360 min). Fig. 9c shows
evidence for the binding of the two edges of PANI nanosheets to
construct PANI nanotubes through a rolling mechanism. For addi-
tional experimental evidence about structural change during the
shape evolution of PANI nanotubes, XRD analysis was performed
for different polymerization times (Fig. 10). As polymerization
proceeds for up to 45min, the XRD peaks of oligoanilines composed
of aniline sulfate salts and other aniline oligomers of phenazine-
like units are clearly observed, as already shown in Fig. 6. After
prolonged polymerization (t ¼ 60 min), XRD peaks of oligoanilines
broadens progressively as amorphous PANIs are initially synthe-
sized. The change of XRD pattern in this range (t¼ 45e60 min) is in
good accord with the yield profiles of oligoanilines and PANIs in
Fig. 4. For further increasing polymerization time (t¼ 120e360min),
the intensity of XRD peaks associated with crystalline structure of
oligoanilines more and more decreases and the XRD patterns show
broad scattering at the peaks 2q ¼ 15e30�. Based on the yield
profiles of oligoanilines and PANIs and synthetic time-resolved SEM
studies, this is due to the relatively increased yield of amorphous
PANI chains instead of as-prepared oligoanilines.

The XRD patterns of the products obtained in the final stage
(t ¼ 360 min) are shown in Fig. 11. The final products contain both
oligoanilines and pure PANI nanostructures (Fig. 11a), which can be



Fig. 11. XRD patterns of the products obtained in the final stage (t ¼ 360 min). a)
product washed with only water, b) pure PANI and c) recrystallized oligoaniline after
methanol extraction.
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separated by methanol filtering. After filtering, the methanol
solution containing oligoanilines was dried, and then pure oligoa-
nilines were recrystallized. The reported typical XRD patterns of
chemically synthesized and doped PANI have two peaks centered at
about 2q ¼ 25.7 and 20.4� ascribable to periodicities of perpen-
dicular and parallel to the PANI chains, respectively [31,32].
However, the XRD pattern of our pure PANI (methanol-insoluble
part) has a broad scattering amorphous structure (Fig. 11b). On the
other hand, the XRD pattern (Fig. 11c) of oligoaniline extracted by
methanol is similar to that of the oligoaniline produced at t¼ 5min,
as shown in Fig. 6. In addition, the tubular morphology of the pure
PANI is not destroyed by removal of the oligoaniline through
methanol washing, as shown in Fig. 1. Based on the above results,
the final products are simple mixtures of pure PANI nanotubes and
oligoaniline complexes composed of oligoanilines and aniline
sulfate salts. Thus, the oligoaniline complexes produced in the early
stages do not grow into the PANI chains, but function as only
templates for 1D PANI formation. In addition, KSBAwas introduced
only to regulate the pH of reaction medium and to control oligoa-
niline morphology.

Fig. 12 illustrates the scheme of the rolling mechanism of
PANI nanotubes synthesized in the presence of the KSBA: a) first,
after adding APS, the oligoaniline nanosheets composed of
aniline sulfate salts and oligomers of phenazine-like units are
Fig. 12. Scheme of the rolling mechanism of PANI nanotubes. a) oligoaniline nano-
sheet, b) oligoaniline nanosheet and PANI nanosheet of emeraldine base form, c) semi-
rolled PANI nanotube, and d) PANI nanotube.
synthesized; b) oligoaniline nanosheets act like templates for the
growth of PANI nanosheets of emeraldine base form; c) PANI
nanosheets start to be rolled up by the conformational change
due to the protonation of PANI chains under acidic condition; d)
finally, PANI nanotubes are fabricated as a result of the rolling
process.

4. Conclusions

Highly uniform and long PANI nanotubes with total diameters
of 130e240 nm were easily synthesized in KSBA solution. The
oligoanilines produced at pH > 2.6 possessed dendritic micro-
structures and were non-conducting. These oligoanilines acted as
templates for further growth of PANI nanostructures. As the pH
of the polymerization solution decreased below 2.6, the PANIs
conglomerated into nanosheets with morphologies similar to
that of oligoaniline. Finally, the nanosheets were transformed
into PANI nanotubes through a rolling mechanism. The driving
force of the rolling mechanism may be attributed to the
conformational change via protonation of the PANI chains
forming nanosheets in a highly acidic medium. Furthermore, the
addition of KSBA regulated the pH drop of reaction medium and
contributed to the fabrication of micrometer-long 1D PANIs.
Although we have confirmed the preparation and formation
mechanism of PANI nanotubes based on acidity control of poly-
merization medium via addition of KSBA, it is possible to control
the PANI morphology using other pH-regulating additives to the
reaction medium, including aniline monomer. In particular, our
method to fabricate the PANI nanotubes discussed here can have
advantages in mass production of high purity, because, although
the PANI nanotubes were synthesized at relatively higher
monomer concentration and larger scale than other works, they
had a high formation yield of about 95%.
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