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a b s t r a c t

Polypyrrole (PPy) microstructures with diverse shapes were synthesized in an aqueous inorganic salt
medium including organic crystals and pyrrole (Py). A series of sulfobenzoic acid salt forms with various
cations (Kþ, Naþ, Liþ, NH4

þ) in different positions (para,meta, ortho) of the sulfonate group on the benzene
ring were used to form organic crystals as sacrificial templates. Using these crystals, we produced five
different shapes of PPy microstructures (hexagonal microplates, curled nanofibers, lozenge-shaped
microplates, rigid rods, parallelogram microplates), which replicated the shapes of the organic crystal
templates through electrostatic interaction between the anionic crystal surfaces and the cationic PPy
chains. In contrast, PPy that was polymerized without crystals showed bulky agglomerates of 200
e500 nm size. The electrical properties were dictated by the molecular structures of the organic salt
molecules used. While the highest conductivity (200.3 Scm�1) was observed in PPy using crystals of
para-linked 4-sulfobenzoic acid monopotassium salt, the lowest conductivity (0.8 Scm�1) was observed
in PPy prepared in the presence of crystals of ortho-linked 2-sulfobenzoic acid monoammonium salt.

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

Various synthetic routes for conducting polymers have been
developed, both chemically and electrochemically, for fabricating
the micro/nanostructures. Among these methods, hard [1e3] and
soft template [4e12] methods have been used to prepare micro/
nanostructured conducting polymers in a controlled manner. These
methods have successfully provided morphologically well-defined
micro/nanostructures from zero-dimensional nanoparticles and
microspheres to one-dimensional nanofibers and nanotubes with
small diameters (<100 nm) and micrometer lengths. Such well-
defined conducting polymer micro/nanostructures with highly
controlled properties could extend the application area of con-
ducting polymers in plastic electronics.

Despite the many different synthetic routes to conducting
polymer micro/nanostructures, however, preparing uniform-sized
and -shaped micro/nanostructures from conducting polymers in
a practical, cost-effective way still remains a challenge. Recently, it
was reported that various complexes of organic dopant/oxidant,
organic dopant/monomer, or organic dopant/fluorosurfactant
could be used as templates for fabrication of conducting polymer
: þ82 2 2297 5859.
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nano/micro structures [13e15]. Dai et al. successfully fabricated the
conducting polymer microtubes using methyl orange fibrils formed
in HCl solution as templates [16]. In addition, Wang et al. reported
the chemical synthesis of spiral nanostructures of polypyrrole (PPy)
and polyaniline (PANI) using a hydrated crystallite of surfactant as
a template [17,18]. More recently, for the first time, we developed
an organic single-crystal surface-induced fabrication method
capable of producing PPymicro-hexagonal plateswith an improved
structural order and high conductivity (w400 Scm�1) [19]. This
method relies on a shape-copying process based on electrostatic
interactions between anionic organic crystal surfaces and cationic
PPy chains.

Here, we report a general strategy for fabricating diverse types
of conducting PPy microstructures using crystals of organic salt
molecules, 4-sulfobenzoic acid monopotassium salt (4-SBAK),
4-sulfobenzoic acid monosodium salt (4-SBANa), 4-sulfobenzoic
acid monolithium salt (4-SBALi), 3-sulfobenzoic acid monosodium
salt (3-SBANa), and 2-sulfobenzoic acid monoammonium salt
(2-SBANH4), as sacrificial templates. Using these organic crystals,
we produced five different shapes of PPy microstructures, dictated
by the shapes of the template organic crystals. Different from the
previous reports, in our method, only the crystals of organic salt
molecules were used as sacrificial templates for inducing the
shape-copying process. The organic crystals were formed at zero or
sub-zero temperature by rapid injection of organic salt solution
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Fig. 1. Polymerization scheme of the PPy microstructues by replicating organic crystals.
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into a nearly saturated solution of inorganic salt containing counter
cations of the organic salt to prevent cation exchange between
inorganic and organic salts. Inorganic salts, KCl, NaCl, LiCl, and
NH4Cl used in the experiment also lowered the freezing tempera-
ture of polymerization medium and decreased the solubility of
organic salt molecules to facilitate the formation of the organic
crystals. We systematically investigated the effect of different
cations and different positions (para, meta and ortho) of the sulfo-
nate group on the benzene ring on themorphologies of crystals and
electrical properties of their replicated PPys. Wide-angle X-ray
diffraction (WAXD), optical microscopy (OM), and scanning elec-
tron microscopy (SEM) analyses were conducted to confirm the
morphology and formation mechanism of the PPy microstructures.

2. Experimental

2.1. Materials

Pyrrole (Py) (SigmaeAldrich, 99%) was vacuum-distilled and
stored at 2 �C. The oxidant, FeCl3 (Riedel, 98%), was used without
further purification. 4-SBAK (SigmaeAldrich, 95%), 4-SBANa (Sig-
maeAldrich, 95%), 4-SBALi (SigmaeAldrich, 95%), 3-SBANa (Sig-
maeAldrich, 97%), and 2-SBANH4 (Tokyo Kasei) were purified by
recrystallization in water and acetone. Inorganic salts, such as KCl
(SigmaeAldrich, 99%), NaCl (SigmaeAldrich, >98%), LiCl (Sigma-
eAldrich, 99%), and NH4Cl (SigmaeAldrich, 99.5%), were used as
received.

2.2. Synthesis

A typical synthesis proceeded as follows. Py dissolved in 100 mL
of aqueous inorganic salt solution, while the organic salt, 4-SBAK,
4-SBANa, 4‑SBALi, 3-SBANa, or 2-SBANH4, dissolved in 10 mL of
water. The above monomeric solution was cooled to 0 or �10 �C,
and then the organic salt solution was injected quickly with
vigorous stirring. To prevent cation exchange between inorganic
and organic salts, an inorganic salt containing the same cation as
the organic salt was used in all reactions (e.g., 4-SBAK solution in
KCl solution and 4‑SBANa solution in NaCl solution). A white
Table 1
Polymerization recipe and yield of the PPy samples.

Sample Pyrrole (mole) Organic salt (mole) Inorgani

PPy-4SBAK 0.015 0.005 KCl (0.3)
PPy-4SBANa 0.015 0.005 NaCl (0.3
PPy-4SBALi 0.015 0.008 LiCl (0.4
PPy-3SBANa 0.015 0.005 NaCl (0.3
PPy-2SBANH4 0.015 0.08 NH4Cl (0
Conventional PPy 0.015 NaCl (0.3

a Yield (%)¼ (weight of PPy/weight of Py monomer) �100.
organic crystal precipitates appeared immediately in the trans-
parent mixture solution. FeCl3 aqueous solution (20 mL) was added
dropwise to themixture. Thewhite mixture gradually turned black.
After 5 h, the PPys were filtered and washed with distilled water
and acetone several times, and then dried in a vacuum oven at 60 �C
for 24 h. The polymerization procedure of the PPy microstructures,
by replicating organic crystals, is described in Fig. 1. Because the
crystallization conditions of various organic salt molecules were
different from each other, polymerization temperature and the
concentrations of added organic salt and inorganic salt were set
differently in each experiment. A conventional PPy sample was
polymerized using the same procedure in the absence of organic
salts. Details of the experimental recipes are presented in Table 1.
2.3. Characterization

The morphology of the organic crystals was observed by OM
(Olympus BX‑51) equipped with a charged coupled device (CCD)
camera. The morphology of the synthesized PPys was observed by
SEM (JEOL JSM6340). A zeta potential analyzer (Malvern model
Zetasizer Nano-ZS) was used to measure the zeta potentials of the
organic crystals and PPy dispersions at 20 �C. The dispersions were
diluted with ethanol to 1.0 wt% before measurement. Fourier-
transform infrared (FT-IR) spectra of the PPys in attenuated total
reflection (ATR) mode were recorded on a PerkinElmer Spectrum
100 FT-IR spectrometer. The electrical conductivity (298 K) of
a pressed pellet of the dried PPys was measured using the four-
point probe method, with a Jandel contact-probe connected to
a Keithley 238 high-current source-measuring unit. The conduc-
tivity data in Table 1 were measured from three independent
samples of a single synthesis. WAXD measurements were carried
out using a Rigaku Denki X-ray generator (D/MAX-2500) with CuKa
radiation (l ¼ 1.5418 Å), operated at 40 kV and 100 mA. The bulk
currentevoltage (IeV) measurements were conducted using
a conventional two-probe method. The probes were made of
platinum and the distance between the two probes wasmaintained
at 1.0 cm. The voltage was varied using a Keithley 2400 source-
meter. X-ray photoelectron spectroscopy (XPS) measurements
were performed using a Sigma Probe (Thermo VG, UK) system
c salt (mole) Oxidant (mole) Temperature (�C) Yielda (%)

0.03 0 47.3
) 0.03 0 49.1
) 0.03 0 45.7
) 0.03 �10 46.2
.5) 0.03 �10 46.5
) 0.03 0 25.6



Fig. 2. XRD patterns of (a) 4-SBAK, (b) 4-SBANa, (c) 4-SBALi, (d) 3-SBANa, and (e) 2-
SBANH4 organic crystals. i) and ii) in each figure are XRD patterns of crystals that are
precipitated in our polymerization medium before adding FeCl3 and pure distilled
water, respectively. iii) in each figure are XRD patterns of crystals that are filtered after
adding FeCl3 solution to organic crystal solution without Py.
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equipped with a monochromatic AlKa X-ray source (1486.6 eV).
The X-ray power supply was operated at 100 W (15 kV) and the X-
ray spot size was 400 mm. All binding energies were referenced to
a C 1s neutral carbon peak at 284.6 eV.
Fig. 3. OM images of (a) 4-SBAK, (b) 4-SBANa, (c) 4-SBALi, (d) 3-SBANa, and (e) 2-
SBANH4 organic crystals before polymerization.
3. Results and discussion

Organic crystals could be formed simply by recrystallization
from the respective aqueous inorganic salt solutions. Unlike our
previous work [19], in the present study, inorganic salts such as KCl,
NaCl, LiCl, and NH4Cl, were used to lower the freezing point of the
aqueous polymerizationmedium and expedite the recrystallization
of the organic molecules by decreasing the solubility of the organic
molecules in water. Fig. 2 shows the XRD patterns of organic
crystals precipitated under various conditions. We observed that
crystal structure of the organic crystals (curve i) in each figure) that
are precipitated in the proposed polymerization medium before
adding FeCl3 were identical to the pure organic crystals (curve ii) in
each figure) produced in only distilled water. This result indicates
that once organic crystals were formed, they are very stable
because Pys dissolved in the polymerization medium do not
interact with the organic salt molecules and have no effect on the
crystallization of the organic salt molecules under our polymeri-
zation conditions. We also confirmed that even after adding FeCl3
to the organic crystal solution without Py, the crystal structure of
the organic salts (curve iii) in each figure) did not change; however,
the fraction of the organic crystals decreased to 18%, comparedwith
those precipitated without FeCl3. This is due to the increased
solubility brought about by the addition of the FeCl3 solution and
the ionic strength of the FeIII ions [19]. In addition, although it is
known that there exist different crystal polymorphs of organic
crystals depending on the crystallization temperature and solvent
composition [20], however, structural change was not observed in
our experimental conditions.

OM images of the organic crystals and SEM images of the corre-
sponding replicated PPy microstructures synthesized by the above
process are shown in Figs. 3 and 4, respectively. As the Kþ ion of 4-
SBAK was substituted with Naþ (4-SBANa) and Liþ (4-SBALi), the
shape of the organic crystals changed from hexagonal microplates
(Fig. 3a) to long needles (Fig. 3b) and lozenge-shaped microplates
(Fig. 3c), respectively.Moreover, as thepositionof the sulfonate group
in the benzene ring shifted from para-(4-SBAK) to meta-(3-SBANa)
and ortho-(2-SBANH4), the shape of the organic crystals changed to
rigid rods (Fig. 3d) and parallelogrammicroplates (Fig. 3e).

The 4-SBAK crystals (Fig. 3a) that precipitated in an aqueous KCl
solution exhibited hexagonal microplate shapes, leading to the
formation of similarly shaped PPy hexagonal microplates about
75 mm long and 25 mmwide (Fig. 4a). A close look at the surface of
PPy hexagonal microplate indicated that the smooth PPy surface
consisted of granular nanoparticulates (Fig. 4a, inset). In the case of
the long needlelike crystals of 4-SBANa (Fig. 3b), the morphology of
the polymerized PPy changed significantly, mimicking the original
shape of the 4-SBANa crystals; instead of micro-sized long needles,
entangled PPy nanofibers resulted (Fig. 4b). SEM images at higher
magnifications (Fig. 4b, inset) revealed that the nanofibers had
diameters of 300e500 nm and lengths varying from tens to
hundreds of micrometers. Similarly, the existence of differently
shaped organic crystals, such as lozenge-like crystals of 4‑SBALi
(Fig. 3c), rigid-rod 3-SBANa crystals (Fig. 3d), and 2-SBANH4
parallelogram crystals (Fig. 3e), in the polymerization medium
produced shaped-matched PPy structures. A lozenge-shaped PPy
microplate of about 10 mm in width (Fig. 4c), rigid rod-type PPys of
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50e80 mm in length (Fig. 4d and inset), and a parallelogram-shaped
PPy microplates of about 25e30 mm in width (Fig. 4e) are shown in
Fig. 4cee. Similarly to the PPy hexagonal microplates, the surface of
the PPys polymerized with 4-SBALi and 2-SBANH4 crystals con-
sisted of granular nanoparticles (Fig. 4c, inset, and Fig. 4e, inset).
This is a general phenomenon that has been reported in previous
reports describing the PPy structures [14,15,19]. It is thought that
heterogeneous nucleation of cationic PPy chains on anionic organic
crystal surfaces produced the interconnected spherical nano-
particles of PPy microstructures. For comparison, conventional PPy
that was polymerized in the absence of organic crystals showed
agglomerates of 200e500-nm spherical nanoparticles (Fig. 4f and
inset) instead of microstructures. The results shown in Figs. 3 and 4
demonstrate that the organic crystals acted as sacrificial templates
during PPy growth, allowing PPy to copy the shapes of the precipi-
tated organic crystals. Moreover, while the polymerization yield of
conventional PPy was as low as 25.6%, the yield of PPy produced in
the presence of organic crystals as sacrificial templates was
45.7e49.1% regardless of organic salts (Table 1).

As reported in our previous work [19], the presence of the
relevant organic crystals is essential for the formation of the shape-
Fig. 4. SEM images of PPys polymerized in the presence of (a) 4-SBAK, (b) 4-SBANa, (c) 4-SB
insets in (a), (c), and (d) show the magnified images of the circle in images and the insets
copied PPy microstructures. A schematic diagram illustrating the
formation process is presented in Fig. 5a. First, organic crystals are
precipitated by recrystallization below the saturation temperature
in an aqueous inorganic salt medium. Upon initiation of the PPy
polymerization, the anionic surfaces of the organic crystals are
increasingly covered with growing cationic PPy via electrostatic
interactions. The organic crystals would separate from the PPy
microstructures by both continuous dissolution and fragmentation
of the organic crystals, resulting from the addition of an oxidant
solution and mechanical stirring. Finally, shape-copied PPy micro-
structures are formed. The electrostatic interactions [21,22]
between growing cationic PPy chains and anionic surfaces of
organic crystals during the polymerization drive the PPy replication
of the organic crystal templates (Fig. 5b). Experimental evidence of
the binding of PPy on the crystal surface is shown in Fig. 5c and d.
The 4-SBAK crystal surface prior to PPy synthesis remained smooth
(Fig. 5c), whereas nucleation of PPy (white spots, 100e200 nm in
size) was observed on the 4-SBAK crystal surface through electro-
static interaction after a synthesis time of 10 min (Fig. 5d).

For additional experimental evidence, zeta potentials were
measured for the organic crystals and the conventional PPy
ALi, (d) 3-SBANa, and (e) 2-SBANH4 crystals. (f) SEM image of the conventional PPy. The
in (b), (d), and (f) show the magnified images of the PPys, respectively.



Fig. 5. (a) Schematic diagram of the organic crystal-directed fabrication of PPy
microstructures. (b) A simplified illustration of the electrostatic interaction between
growing radical cationic PPy chains and anionic crystal surfaces. SEM images of (c) 4-
SBAK crystal surface before polymerization and (d) PPy nucleation on the 4-SBAK
crystal surface by electrostatic interaction at polymerization time of 10 min.

Fig. 6. FT-IR spectra of the PPys. (a), (b), (c), (d), and (e) PPy synthesized in the
presence of organic crystals of 4-SBAK, 4-SBANa, 4-SBALi, 3-SBANa, and 2-SBANH4,
respectively; (f) conventional PPy.
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obtained at a polymerization time of 10 min (Table 2). For the
organic crystals, regardless of the organic salt molecules, negative
zeta potentials (surface charge) were observed ranging from �1.77
to�2.18 mV. In contrast, the zeta potential for the conventional PPy
produced at a polymerization time of 10 min had a positive value,
þ32.4 mV, indicating the formation of PPy radical cations during
polymerization. The cationic PPy chains are adsorbed on the
anionic surfaces of the organic crystals through electrostatic
interactions, generating nucleation sites for subsequent polymeri-
zation reactions. Thus, the zeta potential measurement provides
further evidence that the cationic PPy chains grew from the anionic
surfaces of the organic crystals.

FT-IR spectra (Fig. 6) of the PPys fabricated by the organic
crystal-mediated method were essentially identical to that of the
conventional PPy [23,24]. All characteristic bands of PPy, such as
the peaks at around 1560 and 1480 cm�1 assigned to the anti-
symmetric ring stretching mode and symmetric mode in the Py
ring, the peaks at 1042 and 1318 cm�1 attributed to CeH and NeH
deformation vibration modes, and the peaks at around 1175 and
900 cm�1, which correspond to the CeH vibration mode in the Py
rings, were observed from the resultant microstructures. These
spectral characteristics indicate that PPy was successfully poly-
merized in the presence of the organic crystals.

Bulk IeV behaviors of the PPys (pressed pellets) were measured,
as shown in Fig. 7. The PPy microstructures exhibited
Table 2
Zeta potentials of the organic crystals and PPy dispersions.

Samples Zeta potential (mV)

4-SBAK �2.09
4-SBANa �2.14
4-SBALi �1.77
3-SBANa �1.84
2-SBANH4 �2.18
PPy-10a þ32.4

a PPy after washing at a polymerization time of 10 min.
semiconductivity [25]. The bulk IeV curves of the semiconducting
PPy showed breakdown voltages. To obtain the breakdown voltages
of the bulk PPys, the dI/dV signals were taken from the IeV curves,
as shown in Fig. 7 (inset). The dI/dV signals of the PPys with high
conductance polymerized in the presence of 4-SBAK, 4‑SBANa, and
4‑SBALi crystals had relatively lower breakdown voltages
(2.3e2.5 V) than that of the conventional PPy (4.4 V). In contrast,
the breakdown voltages of the PPys polymerized in the presence of
3-SBANa or 2-SBANH4 were beyond the measured voltage range.
Moreover, the conductance of PPy samples polymerized in the
presence of 3-SBANa or 2-SBANH4 was markedly reduced. The IeV
data corresponded well with the conductivity data (Table 3).
However, the conductivity of the PPymicrostructures varied widely
from 10�1 to 102 Scm�1, depending on the type of the organic salt
molecules. The reason for this will be explained later.
Fig. 7. IeV curves for the PPys. The inset graph shows the dI/dV signals obtained from
the IeV curves of PPy-4SBAK and conventional PPy.



Table 3
Properties of PPys obtained at various conditions.

Samples Nþ/N ratioa XRD peak analysis Conductivity (Scm�1)

2q(001) (deg) d(001) (Å)

PPy-4SBAK 0.28 26.4 3.38 200.3
PPy-4SBANa 0.25 26.1 3.41 168.2
PPy-4SBALi 0.23 25.8 3.45 117.5
PPy-3SBANa 0.20 25.3 3.52 17.2
PPy-2SBANH4 0.15 23.3 3.82 0.8
Conventional PPy 0.28 25.3 3.52 33.7

a Ratio of the Nþ components to the total area of the N1s peak.

Fig. 9. XRD patterns of the PPy. (a), (b), (c), (d), and (e) PPy synthesized in the presence
of of 4-SBAK, 4-SBANa, 4-SBALi, 3-SBANa and 2-SBANH4 crystals, respectively; (f)
conventional PPy.
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The XPS nitrogen 1s (N 1s) core level spectra of the various PPys
at room temperature are shown in Fig. 8. Themain peak component
at about w399.8 eV is attributable to neutral amine nitrogen
(eNHe) in the pyrrole ring [26,27]. However, this peak is not
symmetric. The low binding energy component of shoulder peak at
about w397.9 eV is assigned to the imine nitrogen (eN]) [26,27].
The high binding energy shoulder, which was deconvoluted into
two peaks at about 401.2 and 402.8 eV, can be defined as positively
charged nitrogens of (Nþ) in the pyrrole ring, such as eNHþe and
eNþ], respectively [27,28]. Based on the information obtained
from the XPS N 1s spectra, protonation levels on the nitrogen sites
can be determined in terms of Nþ/Ntotal [27,28]. The Nþ/Ntotal ratio
is nearly consistent with the doping level because the doped anions
are ideally balanced by the positive charges in the pyrrole rings. The
Nþ/Ntotal ratios of the PPys polymerized with 4-SBAK, 4-SBANa,
4-SBALi, 3-SBANa, and 2-SBANH4 were 28.0, 25.0, 23.1, 20.3, and
14.6%, respectively. This data correlated well with the conductivity
Fig. 8. Nitrogen 1s (N 1s) XPS core level spectra of the PPys. (a), (b), (c), (d), and (e) PPy
synthesized in the presence of 4-SBAK, 4-SBANa, 4-SBALi, 3-SBANa and 2-SBANH4

crystals, respectively; (f) conventional PPy.
data (Table 3). Generally, as the doping level increases, conductivity
increases, but the result of the conventional PPy was somewhat
inconsistent with those of PPys polymerized with organic crystals.
Although the Nþ/Ntotal ratio of the conventional PPy was very high,
up to 27.8%, similar to that of the PPy polymerized with 4-SBAK
crystals, the conductivity was as low as 33 Scm�1. Additionally, as
the Kþ ion of 4-SBAK was substituted with Naþ and Liþ and the
position of the sulfonate group on the benzene ring shifted from
para to meta and ortho, the Nþ/Ntotal ratios decreased with
decreasing conductivity. In this experiment, another factor gov-
erning the electrical property of PPys appeared to be the degree of
structural order. Thus, we suggest that the degree of p-stacking and
average face-to-face distance of the p-stacked inter-Py ringsmay be
partially responsible for the widely different electrical properties of
the PPys.

XRD patterns of the PPys polymerized in the presence of organic
crystals and conventional PPy are shown in Fig. 9. The peak at
around 26.4� is associated with the average p-stacking distance
(d001) of the inter-Py rings [19,29]. The p-stacking of aromatic rings
in PPy chains is influenced by the structures of the aromatic planar
molecules, such as aromatic sulfonic acid salts used in this study
that can be crystallized by p-stacking. The enhanced p-stacking-
and decreased p-stacking-distance between PPy rings improved
the conductivity [19,30,31]. As the position of the sulfonate group
on the benzene ring shifts from para (Fig. 9aec) to meta (Fig. 9d)
and ortho (Fig. 9e), effective p-stacking of the Py rings was inter-
rupted by the steric effect between the carboxyl and sulfonate
groups. Thus, as shown in Table 3, the peak at around 26.4� shifted
toward the lower angle for the PPys from 3-SBANa and 2-SBANH4
(2qz 25.3� and 23.3�, respectively), and the d-spacing of the (001)
plane increased from 3.38 to 3.82 Å, accompanied by peak broad-
ening and reduced intensity. As a result, the conductivity of the
PPys decreased due to the structural imperfections arising from the
inefficient p-stacking and the interruption of the effective inter-
chain charge transport brought by the increased p-stacking
distance. Additionally, the XRD pattern of the conventional PPy also
exhibited reduced intensity and lower 2q peak position (2qz 25.3�

(d001¼3.52 Å)) compared to the PPy polymerized in the presence of
the 4-SBAK crystals at a similar doping level, which correlated with
the conductivity data. Considering the results of Table 3, the elec-
trical properties of the synthesized PPys are likely governed not
only by the Nþ/Ntotal ratio related to doping level but also by the
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structural difference brought about by different synthetic routes
and structures of the organic salt molecules used. Further experi-
ments to understand the difference in conductivity of the PPys
polymerized with the 4-SBAK, 4-SBANa, and 4-SBALi crystals are
currently under investigation.

4. Conclusion

In summary, various conducting PPy microstructures were
synthesized using the proposed organic crystal-directed fabrication
method. Our facile approach has the following advantages: i) the
morphologies of the resultant PPy are controlled by the shapes and
sizes of the organic crystals, ii) the automatic template removal and
self-assembly processes occur concurrently in one pot, and iii) the
electrical properties and structural order of the resultant PPy can be
altered by the chemical structure of the organic molecules forming
the crystals. This approach should provide a general method for
shaped-controlled fabrication of a conducting polymer such as
polyaniline with different micro/nanostructures. With the organic
crystal template in a monodispersed nanometer-sized form, the
resulting conducting polymer should be reproduced in the same
size and shape of the template crystal, which would have great
potential applications in plastic electronics, such as sensors, elec-
trodes, field effect transistors, and substitutes for carbon materials.
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