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Polyaniline is a conducting polymer that has been widely studied
for electronic and optical applications.1 Unlike other conjugated
polymers, polyaniline has a simple and reversible acid/base doping/
dedoping chemistry enabling control over properties such as free-
volume2, solubility3, electrical conductivity,4 and optical activity.5,6

In recent years, one-dimensional (1-D) polyaniline nanostructures,
including nanowires, rods, and tubes have been studied with the
expectation that such materials will possess the advantages of both
low-dimensional systems and organic conductors.

Syntheses of polyaniline 1-D nanostructures have been carried
out both chemically and electrochemically by polymerizing the
monomer with the aid of either a “hard” or a “soft” template.
Examples of hard templates include zeolite channels,7 track-etched
polycarbonate8,9 and anodized alumina.8,10 Soft templates, such as
surfactants,11 micelles,12-14 liquid crystals,15 thiolated cyclodex-
trins,16 and polyacids,17 are reported to be capable of directing the
growth of polyaniline 1-D nanostructures with diameters smaller
than 100 nm. Physical methods, including electrospinning18,19 and
mechanical stretching,20 have also been used to make polyaniline
nanofibers. In earlier work, polyaniline fibrils of∼100 nm in
diameter, with a compact microspheriod underlayer,21 were found
on the surface of electrochemically polymerized films. Intercon-
nected network-like structures with polyaniline “nano-linkers” 10-
50 nm wide have also been identified in polymer blends.22

Despite the variety of current synthetic approaches to polyaniline
nanostructures, there is a need for a practical synthetic method
capable of making pure, uniform, and template-free polyaniline
nanostructures with small diameters (sub-100 nm) in bulk quantities.
Such a synthetic method should prove useful for properties
dependent on ultra-small, low-dimensional structures, such as
sensors.

Here we report a facile chemical route to high-quality polyaniline
nanofibers under ambient conditions using aqueous/organic inter-
facial polymerization. The nanofibers have nearly uniform diameters
between 30 and 50 nm with lengths varying from 500 nm to several
micrometers. Gram-scale products can be synthesized that contain
almost exclusively nanofibers. The synthesis is based on the well-
known chemical oxidative polymerization of aniline in a strongly
acidic environment, with ammonium peroxydisulfate as the oxi-
dant.21 Instead of using the traditional homogeneous aqueous
solution of aniline, acid, and oxidant, the polymerization is
performed in an immiscible organic/aqueous biphasic system, to
separate the byproducts (inorganic salts, oligomers, etc.) according
to their solubility in the organic and aqueous phases. Films of the
polyaniline nanofibers possess much faster gas phase doping/
dedoping times compared with conventional cast films and therefore
hold promise for sensor applications.

In a typical synthesis, aniline is dissolved in an organic solvent,
(CCl4, benzene, toluene, or CS2), while ammonium peroxydisulfate
is dissolved in water with camphorsulfonic acid (CSA). The two
solutions are then carefully transferred to a beaker, generating an
interface between the two layers. After 3-5 min, green polyaniline
forms at the interface and then gradually diffuses into the aqueous
phase. After 24 h, the entire water phase is filled homogeneously
with dark-green polyaniline, while the organic layer appears red-
orange, likely due to the formation of aniline oligomers. The
aqueous phase is then collected, and the by-products are removed
by dialysis against deionized water, using tubing with a∼12,000-
14,000 MW cutoff (Fisher Scientific). When the deionized water
bath reaches a pH of 7, 10µL of the suspension is diluted with 1
mL of deionized water for characterization with electron microscopy
(Figure 1) and UV/vis spectroscopy (Figure 2). Dedoped polyaniline
is obtained by dialysis using 0.1 M ammonium hydroxide and then
deionized water. Synthetic yields range from 6 to 10 wt %.

Figure 1a shows a typical transmission electron microscopy
(TEM, JEOL 100CX) image of the polyaniline/CSA complex made
at the interface between water and CCl4 after dialysis. It is found
in multiple TEM studies that>95% (volume fraction) of the sample
are nanofibers with diameters of 30-50 nm. The lengths of the
fibers range from 500 nm up to several micrometers. The nanofibers
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Figure 1. (a) TEM images of polyaniline/CSA nanofibers cast from a
suspension after dialysis. The inset shows a twisted fiber (scale bar) 50
nm). (b) SEM secondary electron images of a thin film deposited on glass
from the suspension. The inset shows a cross-sectional view of the film on
the glass substrate (scale bar) 200 nm).

Figure 2. UV/vis spectra of polyaniline nanofibers after dialysis with
water (green line+ inset a), and with ammonium hydroxide (blue line+
inset b).
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tend to agglomerate into interconnected nanofiber networks, rather
than bundles.15 A closer look at the nanofibers reveals that many
of them are twisted, as shown in the inset to Figure 1a. The sample
uniformity and narrow diameter distribution are also confirmed by
field emission scanning electron microscopy (JEOL JSM-6401F)
images. Figure 1b shows a typical SEM secondary electron image
of a nanofiber thin film cast on a glass substrate from a dialyzed
colloidal suspension. The sample appears to be exclusively nanofi-
bers, consistent with the TEM images. Dedoping has no noticeable
effect on the morphology of the fibers. All the other aqueous/organic
systems including benzene, toluene, and CS2 produce similar
polyaniline nanostructures.

Figure 2 presents the UV/vis (HP 8453) spectra of the doped
(green line) and dedoped (blue line) nanofibers in water. The
polyaniline/CSA complex forms a green suspension (inset a), after
dialyzing against water, corresponding to doped polyaniline in its
emeraldine salt form. Remarkably, these polyaniline/CSA nanofibers
are stable in water in contrast to conventional polyaniline/CSA thin
films, which can be dedoped by water. Since the polyaniline/CSA
nanofibers have no absorption due to free CSA at∼285 nm (Figure
2), CSA is most likely tightly incorporated as anions within the
polyaniline backbone during the in situ polymerization of aniline
in CSA solution. Dedoped polyaniline nanofibers (inset b) can be
obtained by dialyzing the pristine polyaniline/CSA complex against
0.1 M ammonium hydroxide, which produces the emeraldine base
form of polyaniline (Figure 2, blue line).

Once the CSA molecules are removed, these dedoped fibers
respond to doping/dedoping significantly faster than conventionally
undoped polyaniline. To examine the doping and dedoping of the
nanofibers versus conventional films in more detail, a dedoped
nanofiber emeraldine base thin film (∼2.5µm) and a conventional
undoped thin film (∼1 µm) were deposited on an array of
interdigitated gold electrodes and exposed to HCl (doping) and then
NH3 (dedoping). The array consists of 23 pairs of electrodes (4946
µm × 40 µm × 0.18µm) on a glass substrate, with gaps of 40µm.

Figure 3 shows the real-time resistance changes of dedoped films
monitored with an electrometer (Keithley 617), upon exposure to
100 ppm of HCl (left), and the same fully HCl doped films exposed
to 100 ppm of NH3 (right). The nanofiber thin film responds much

faster than the conventional film to both acid doping and base
dedoping even though the nanofiber film is more than twice as
thick. This is likely due to the small diameter of the nanofibers
that gives rise to a high surface area within the film that can be
accessed by the gas vapors. Surprisingly, the nanofiber films show
essentially no thickness (0.2-2.5 µm) dependence in their perfor-
mance. This is consistent with the porous nature of the nanofiber
films, which enables gas molecules to diffuse in and out of the
fibers rapidly. This also leads to a much greater extent of doping
or dedoping over short times for the nanofiber films. Therefore,
nanofiber films appear to have better performance in both sensitivity
and time response compared to conventional films.

In summary, this aqueous/organic interfacial synthesis has the
following advantages: (i) Both the synthesis and purification are
simple with no template-removing steps needed. (ii) Uniform
nanofibers comprising>95% of each sample are readily produced.
(iii) The synthesis is easily scalable and reproducible. Multiple
syntheses performed from millimolar to molar quantities yield
nanofibers of the same morphology, size distribution, and unifor-
mity. (iv) The diameter of polyaniline fibers is at the nanoscale,
which dictates their superior performance as chemical sensors. (v)
The nanofibers are readily dispersed in water, which could facilitate
environmentally friendly processing and biological applications.
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Figure 3. Resistance changes of a nanofiber emeraldine base thin film
(solid line) and conventional (dotted line) film upon exposure to 100 ppm
HCl vapor in nitrogen (left) and the same fully HCl doped films exposed
to 100 ppm NH3 vapor in nitrogen (right).R/R0 is the resistance (R)
normalized to the initial resistance (R0) prior to gas exposure.
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