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Polypyrrole (PPy) nanotubes have been fabricated by reverse
microemulsion polymerization in an apolar solvent, and
factors affecting the formation of PPy nanotubes have also
been investigated.

Recently considerable attention has been directed towards
hollow tubular structures. Hollow nanotubes have novel
properties and possess different contact areas that can be
functionalized in various ways. They also have potential
applicationsin the fields of electronics, optics, catalysis, energy
storage, and biological systems. Beginning with the discovery
of carbon nanotubes, many inorganic nanotubes' composed of
silicon, titanium oxide, vanadium oxide, silica, etc. have been
fabricated and many approaches to fabricating organic nano-
tubes have also been presented.2 Conducting polymer nano-
tubes have been synthesized due to their potential applications?
such as nano-sized transistors, displays, and sensors. In
addition, nanotubes and nanofibers of conducting polymers are
excellent candidates to be used as molecular wire materials
because of their one-dimensional structures and metal-like
conductivity. Martin et al.4 fabricated conducting polymer
nanotubes and nanofibers by filling the nanopores of anodic
auminium oxide (AAO) or organic polymer filters. They
reported that tubular and fibrillar nanostructures of conducting
polymers have the potential to display a much higher con-
ductivity than the bulk forms. Thus, polypyrrole, polythiophene
and poly(p-phenylene vinylene) nanotubes® have been synthe-
sized. Most of these researches have been focused on synthetic
methods using organic/inorganic templates like alumina and
polycarbonate membranes. Wan et al.6 have reported the
preparation of polyaniline tubular nanostructures through self-
assembly in the presence of adopant, which acted asatemplate.
Especially, PPy tubular structures’ prepared by the self-
assembly method have only been achieved with micrometer-
sized diameters and low aspect ratios.

In reverse microemulsion systems, water promotes the
aggregation of surfactant molecules in apolar solvents through
solvation of polar groups and hydrogen bonding. Hence, various
reactants can be introduced into the nanometer-sized agueous
domains confined within the reversed micelles. These micelles
act as ‘nano-reactors’.8 In the past few years, many studies®
have been conducted on reverse microemulsion-mediated
synthesis of polymeric nanoparticles, metallic nanoparticles,
and ultrafine ceramic particles. However, polymeric nanotubes
have not yet been successfully fabricated using a reverse
microemulsion system.

Here, we report the fabrication of PPy nanotubes using
reverse microemulsion polymerization for the first time. The
overall synthetic procedure of PPy nanotubes is presented in
Scheme 1. To fabricate PPy nanotubes, 9 g (20.3 mmol) of
sodium bis(2-ethylhexyl) sulfosuccinate, commercially known
as AOT, was added to 40 mL of hexane at room temperature.
AOT formed reversed micellesdueto its double-tailed structure
with arelatively small hydrophilic head group.1© Then, 1 mL of

T Electronic supplementary information (ESI) available: FTIR spectrum
and TEM images of PPy nanotubes. See http://www.rsc.org/suppdata/cc/b2/
b211716a/
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9.0 M aqueous FeClz solution was added to the AOT/hexane
mixture. FeCls aids the formation of rod-shaped micelles by
decreasing the ‘ second critical micelle concentration (CMC 1)’
value and increasing the solvent’sionic strength.1* The anionic
polar head group of AOT extracts metal cations from the
agueous solution to the reverse micellar phase.12 In other words,
Fe3+ ions concentrated in the reversed micelles were capped by
the anionic polar headgroups of AOT so that they would
maintain the rod-shape of AOT. Then, 0.5 g (7.5 mmoal) of
pyrrole monomers were added into the solvent, and pyrrole
monomers were polymerized by Fe3+ ions along the outside of
the rod-shaped micelles. The polymerization of PPy proceeded
for 3 h. The resultant product was moved to a separation funnel
and an excess of ethanol was added to remove the surfactants.
PPy nanotubes were precipitated after 2 h, and the upper
solution containing surfactants was discarded.

The FT-IR spectrum (see ESI) of PPy nanotubes showed
charateristic peaks at 3400, 1550, 1470, and 1290-1030 cm—1,
which are considered to be the result of N-H stretching
vibrations, pyrrole ring stretch, conjugated C-N stretching, and
=C—H in plane vibrations, respectively. An elemental analysis
was performed to confirm that AOT was removed from the PPy
nanotubes. The result showed the presence of carbon (42.3%),
hydrogen (3.6%), nitrogen (13.5%). Sulfur was not detected.
Considering these facts, it is obvious that PPy nanotubes were
successfully prepared and AOT was completely removed.

The morphology of PPy nanotubes was observed by field
emission scanning electron microscopy (FE-SEM) and trans-
mission electron microscopy (TEM). Fig. 1a presents an FE-
SEM image of the PPy nanotubes. The diameter of the PPy
nanotubes was ca. 95 nm and the length was more than 5 um.
These dataindicate that the diameter was smaller and the aspect
ratio was higher than those of PPy tubes made by the self-
assembly method.” The TEM image showed hollow structures
as nanotubes, see Fig. 1b, and the wall thickness of the PPy
tubes was ca. 22 nm.

The electrical conductivity of PPy nanotubes was measured
using the standard four-probe method.13 The conductivity of
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Scheme 1 Schematic diagram of PPy nanotube fabrication using reverse
microemulsion polymerization.
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Fig. 1 (a) FE-SEM image and (b) TEM image of PPy nanotubes. PPy
nanotubes were prepared with 9 g of AOT, 1 mL of aqueous FeCl3 solution,
and 0.5 g of pyrrole monomer in 40 mL of hexane at room temperature.

PPy nanotubes was 304 S cm—1. In general, polymer
conductivity is a function of the monomer and oxidant
concentrations, solvent, reaction time and temperature. Thusthe
molar ratio of FeCla/pyrrole for the polymerization of pyrrole
by FeCl3 has been suggested to be approximately 2.4.14 Under
these experimental conditions, the conductivity of PPy nano-
tubes was high although the molar ratio of FeCls/pyrrole was as
small as 0.83. It was found that charge transfer rates in tubular
PPy were significantly higher than those of granular PPy15 and
that the narrowest tubes showed the highest conductivity
because such tubes had a higher proportion of ordered chain
material .16 In other words, PPy nanotubes have been found to
have longer conjugation length than ordinary PPy, facilitating
charge transport in the material which in turn results in
enhanced conductivity.

Table 1 presents the influence of the amount of AOT and
aqueous FeClz solution on the formation of PPy nanotubes.
When the amount of aqueous FeCl 3 solution was reduced to 0.5
ml, the diameter and conductivity of PPy nanotubes (see ESI)
were retained, but irregular structures were observed as well as

Table 1 Diameter and conductivity of PPy nanotubes according to the
amount of AOT and aqueous FeCl3 solution (conditions: hexane 40 mL,
pyrrole 0.5 g)

FeCls Diametert/ Conductivity/
AOT/g solutiona/mL nm Scm—1
9 1 95 304
9 05 90 26.5
7 1 135 17.8

aMolar concentration of agueous FeClz solution was 9.0 M. b Average
diameter was determined by TEM (50 nanotubes counted).

nanotubes. When the amount of AOT was reduced to 7 g, the
diameter of PPy nanotubes (see ESI) increased and their
conductivity decreased slightly. Therefore, the mechanism of
PPy nanotube formation was found to be significantly depend-
ent on the amount of AOT and aqueous FeCl 3 solution.

In conclusion, PPy nanotubes were successfully prepared by
reverse microemulsion polymerization, and they exhibited
smaller diameters and higher aspect ratios than PPy tubes
prepared by the self-assembly method.” The conductivity of the
PPy nanotubes was also enhanced.
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Notes and references

¥ Characterization of materials: Tranmission electron micrographs were
taken with a JEOL EM-2000 EX |1 microscope. The polypyrrole nanotubes
were diluted in ethanol and the diluted solution was cast onto copper mesh
grids. After drying, the images were examined at a voltage of 200 kV.
Scanning electron micrographs were recorded on a JEOL JSM-6700 F
microscope. Polypyrrole nanotubes were diluted in ethanol and the diluted
solution was cast onto carbon tape. After drying, the specimens were coated
with athin layer of gold to eliminate charging effects and the morphology
was examined at a voltage of 5.0 kV. A Bomem MB 100 FT-IR
spectrometer was used to confirm the fact of polypyrrole polymerization. IR
spectra were obtained by the transmission technique. 32 scans were
collected with a spectral resolution of 4 cm—1. The measurement of
conductivity was performed by the standard four-probe method where a
constant current was passed through a sample of known length, thickness
and width.

1 J. Sha, J. Niu, X. Ma, J. Xu, X. Zhang, Q. Yang and D. Yang, Adv.
Mater., 2002, 14, 1219; T. Kasuga, M. Hiramutsu, A. Hoson, T. Sekino
and K. Niihara, Langmuir, 1998, 14, 3160; F. Krumeich, H.-J. Muhr, M.
Niederberger, F. Bieri, B. Schnyder and R. Nesper, J. Am. Chem. Soc.,
1999, 121, 8324; M. Adachi, T. Harada and M. Harada, Langmuir,
2000, 16, 2376.

M. Steinhart, J. H. Wendorff, A. Greiner, R. B. Wehrspohn, K. Nielsch,
J. Schilling, J. Choi and U. Gosele, Science, 2002, 296, 1997; J. Raez,
I. Manners and M. A. Winnik, J. Am. Chem. Soc., 2002, 124, 10381.

3 X. Duan, Y. Huang, Y. Cui, J. Wang and C. M. Lieber, Nature, 2001,
409, 66; D. Normile, Science, 1999, 286, 2056; J. Kong, N. Franklin, C.
Zhou, M. G. Chapline, S. Peng, K. Cho and H. Dai, Science, 2000, 287,
622.

4 C.R. Martin, L. S. Van Dyke, Z. Cai and W. Liang, J. Am. Chem. Soc.,
1990, 112, 8976; V. P. Menon, J. Lei and C. R. Martin, Chem. Mater .,
1996, 8, 2382.

5 S. Demoustier-Champagne and P.-Y. Stavaux, Chem. Mater., 1999, 11,
829; M. Fu, Y. Zhu, R. Tan and G. Shi, Adv. Mater., 1996, 13, 1874; K.
Kim and J. Jin, Nano. Lett., 2001, 1, 631.

6 K.Huangand M. Wan, Chem. Mater., 2002, 14, 3486; Z. Zhang, Z. Wei
and M. Wan, Macromolecules, 2002, 35, 5937.

7 Y.Yangand M. Wan, J. Mater. Chem., 2001, 11, 2022; S. Y ouging and
M. Wan, J. Polym. ci.: Part A: Polym. Chem., 1999, 37, 1443.

8 M. P. Pileni, J. Phys. Chem., 1993, 97, 6961; M. A. Lopez-Quintanela
and J. Rivas, J. Colloid Interface Sci., 1993, 158, 446.

9 F. Candau, Z. Zekhini and J. P. Durand, J. Colloid Interface Sci., 1986,
114, 398; P. Luthi and P. L. Luisi, J. Am. Chem. Soc., 1984, 106, 7285;
J. H. Fandler, Chem. Rev., 1987, 87, 877; K. Kurihara, J. Kizling, P.
Stenius and J. H. Fendler, J. Am. Chem. Soc., 1983, 105, 2574; A. J.
Zarur, H. H. Hwu and J. Y. Ying, Langmuir, 2000, 16, 3042.

10 M. Zulauf and H.-F. Eicke, J. Phys. Chem, 1979, 83, 480; M.
Kotlarchyk and J. S. Huang, J. Phys. Chem., 1985, 89, 4382.

11 L. Zheng, F. Li, J. Hao and G. Li, Colloids Surf. A., 1995, 98, 11, E.
Alvarez, L. Garcia-Rio, J. C. Mgjuto, J. M. Navaza and J. Perez-Juste,
J. Chem. Eng. Data, 1999, 44, 850.

12 R. B. Khomane, A. Manna, A. B. Mandale and B. D. Kulkarni,
Langmuir, 2002, 18, 8237.

13 D. K. Schroder, in Semiconductor Material and Device Character-
ization, John Wiley and Sons, New Y ork, 1990, p. 2.

14 S. P. Armes, Synth. Met., 1987, 20, 365.

15 L. S. Van Dyke and C. R. Martin, Langmuir, 1990, 6, 118.

16 Z. Ca and C. R. Martin, J. Am. Chem. Soc., 1989, 111, 4138.

N

CHEM. COMMUN., 2003, 720-721




