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a  b  s  t  r  a  c  t

This  article  summarizes  and  reviews  the  various  preparation  methods,  physical  properties,
and potential  applications  of one-dimensional  nanostructures  of  conjugated  polyaniline
(PANI),  polypyrrole  (PPY)  and  poly(3,4-ethylenedioxythiophene)  (PEDOT).  The  synthe-
sis approaches  include  hard  physical  template  method,  soft  chemical  template  method,
electrospinning,  and  lithography  techniques.  Particularly,  the  electronic  transport  (e.g.,
electrical  conductivity,  current–voltage  (I–V)  characteristics,  magnetoresistance,  and
nanocontact  resistance)  and  mechanical  properties  of individual  nanowires/tubes,  and
specific heat  capacity,  magnetic  susceptibility,  and  optical  properties  of  the  polymer  nanos-
tructures  are  presented  with  emphasis  on size-dependent  behaviors.  Several  potential
applications  and  corresponding  challenges  of these  nanofibers  and  nanotubes  in  chemical,
optical and bio-sensors,  nano-diodes,  field  effect  transistors,  field  emission  and  elec-
trochromic  displays,  super-capacitors  and  energy  storage,  actuators,  drug  delivery,  neural
interfaces,  and protein  purification  are  also  discussed.
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1. Introduction

In the last few decades, there has been significant
progress in one-dimensional (1D) nanostructures with
nanoscale and molecular scale properties that can sat-
isfy the demands of the 21st century, for example, carbon
nanotubes, inorganic semiconducting and metallic nan-
otubes/wires, conjugated polymer nanofibers/tubes, etc.
[1–11]. These nanostructures have a deep impact on
both fundamental research and potential applications in
nanoelectronics or molecular electronics, nanodevices and
systems, nanocomposite materials, bio-nanotechnology
and medicine [1–11].

Semiconducting and metallic polymers are the fourth
generation of polymeric materials. Their electrical conduc-
tivities can be increased by many orders of magnitude
from 10−10–10−5 to 102–105 S/cm upon doping [10,11],
which cover the whole insulator-semiconductor-metal
range. Due to their special conduction mechanism, unique
electrical properties, their reversible doping/dedoping
process, their controllable chemical and electrochem-
ical properties and their processability, a variety of
conducting polymers (e.g., polyacetylene, polyaniline
(PANI), polypyrrole (PPY), poly(p-phenylene-vinylene)
(PPV), poly(3,4-ethylene dioxythiophene) (PEDOT) and

Conducting polymer (CP) nanotubes and nanowires can
be prepared by physical approaches like electrospinning,
chemical routes like hard physical template-guided syn-
thesis and soft chemical template synthesis (e.g., interfacial
polymerization, template-free method, dilute polymeriza-
tion, reverse emulsion polymerization, etc.), and a variety
of lithography techniques. As shown in Table 1, each of
the established methods possesses advantages and disad-
vantages, but large scale production of well aligned arrays
of CP with controllable morphologies and sizes is still a
challenge, although the template method can be a candi-
date. By now, numerous publications have demonstrated
that these one-dimensional polymer nanostructures are
promising materials for fabricating polymeric nanodevices
such as chemical and bio-sensors, field-effect transistors,
field emission and electrochromic display devices, super-
capacitors, etc., and exhibit clear advantages over their bulk
counterparts in many types of applications. Some good
reviews on synthesis methods and applications of CP nano-
materials can be found in Refs. [6–14].

In order to fulfill the potential applications of CP
nanostructures, it is necessary to precisely address their
physical properties. Electrical and optical properties of
non-individual 1D-CP nanostructures, have been exten-
sively studied, showing unusual physical and chemical
other polythiophene derivatives, etc.), especially their
1D nanostructures such as nanotubes and nanowires,
have recently received special attention in the areas of
nanoscience and nanotechnology [6–11].
behavior due to the nanosize effects [15,16]. However, this

can result in averaging effects or matrix-induced effects
which may  overcome the intrinsic properties of individ-
ual nanowires. There are still some key questions to be
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Table  1
Synthesis methods of conducting polymer nanotubes and nanofibers.

Synthesis methods Advantages Disadvantages Examples References

Hard Physical Template Method
Porous membranes Aligned arrays of tubes and

wires with controllable length
and diameter

A post-synthesis process is
needed to remove the template

PANI, PPY, P3MT, PEDOT, and
PPV nanotubes/wires, CdS-PPY,
Au-PEDOT-Au nanowires,
MnO2/PEDOT and Ni/PPV
coaxial nanowires

[17–31]

Other hard templates [32–44]

Soft  Chemical Template Method
Interfacial polymerization Simple self-assembly process

without an external template
Relatively poor control of the
uniformity of the morphology
(shape, diameter); poorly or
non-oriented
1D-nanostructures

A variety of PANI and PPY
micro/nanostructures such as
tubes, wires/fibers, hollow
microspheres, nanowire/tube
junctions and dendrites

[45,46]

Dilute  polymerization [47]
Template-free method [8,9,48,49]
Rapidly mixed reaction [50]
Reverse emulsion

polymerization
[51]

Ultrasonic shake-up [52]
Radiolytic synthesis [53–55]

Electrospinning Mass fabrication of continuous
polymer fibers

Usually in form of nonwoven
web; possible alignment

PANI/PEO, PPY/PEO, PANI, PPY,
P3HT/PEO

[65–76]

Nanoimprint Lithography or
Embossing

Rapid and low-cost A micro-mold is needed PEDOT nanowires, 2D
nanodots of semiconducting
polymer, and aligned CP arrays

[77–79]

Directed Electrochemical
Nanowire Assembly

Electrode-wire-electrode or
electrode-wire-target growth
of CP micro/nanowires

Micro/nanowires with knobby
structures

PPY, PANI, and PEDOT
nanowires

[81–86]

Others Dip-pen nanolithography
method, molecular combing

[87–90]

c
t
o
n
t
a
s
r
p
c
t
b
o
s
b
t

2

2

M
t
w
i
p
t

method, whisker method,
strong magnetic field-assisted
chemical synthesis, et al.

larified, for example, the effects of the nanocontacts on
he electrical measurements, the tuning and the control
f the electrical properties of individual nanofibers and
anotubes, etc. These questions are particularly impor-
ant to develop nanodevices based on individual nanowires
nd nanotubes. Therefore, in this article, besides synthe-
is approaches and applications, we also provide a brief
eview of recent advances in the studies of electronic trans-
ort properties, magnetic susceptibility, and specific heat
apacity, optical and mechanical properties of nanostruc-
ures of conducting polyaniline, polypyrrole and PEDOT
ased on our results and some important contributions
f other groups. All these recent investigations contribute
ignificantly to identify and to understand the specific
ehavior and applications of conjugated polymer nanos-
ructures in comparison to the bulk materials.

. Synthesis methods

.1. Hard physical template method

The template method of polymerization proposed by
artin et al. [17–25] is an effective technique to syn-

hesize arrays of aligned polymer micro-/nanotubes and

ires with controllable length and diameter (as shown

n Fig. 1). The disadvantage of this method is that a
ost-synthesis process is needed in order to remove
he template. Many porous materials have been and
are currently being used as templates for the fabri-
cation of nanofibers and tubes, but anodic aluminum
oxide (AAO) templates and particle track-etched mem-
branes (PTM) are the most commonly used nanoporous
materials. By now, nanotubes/wires of a variety of CPs
such as polyaniline [17,18],  polypyrrole [17–21],  poly(3-
methylthiophene) (P3MT) [20], PEDOT [19,22],  PPV [25]
have been chemically or electrochemically synthesized
inside the pores of these membranes. Furthermore, CdS-
PPY heterojunction nanowires [26,27], multi-segmented
Au-PEDOT-Au and Au-PEDOT-PPY-Au nanowires [28,29],
MnO2/PEDOT [30] and Ni/PPV [31] coaxial nanowires have
also been prepared by the hard template method. For
example, core-shell Ni/PPV nanowires were fabricated by
a two-step process: tubular PPV shells were prepared first
within nanoporous membranes by a wet-chemical tech-
nique; the PPV tubules then were operated as a secondary
template for the electrodeposition of the Ni cores [31]. The
coaxial MnO2/PEDOT nanowires were obtained by a sim-
ple one-step method of coelectrodeposition in a porous
alumina template, the phase segregation of these two
materials may  help formation of the core-shell structures
[30].

Besides these hard templates with channels inside

pores, many kinds of pre-existing nanostructures can
serve as seeds or templates to synthesize CP nanostruc-
tures. For example, polyaniline, polypyrrole, and PEDOT
nanofibers/tubes have been prepared by using V2O5
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r disper
).
Fig. 1. SEM images of PEDOT nanowires anchored on Au thin film (a) o
polycarbonate track-etched membranes (membranes have been removed

nanofibers [32–34] or MnO2 nanowires [35] as seeds.
In addition, poly(styrene-block-2-vinylpyridine) diblock
copolymers [36] and a variety of biological templates such
as DNA [37–39] and tobacco mosaic virus [40] have also
been used to fabricate conducting polymer nanofibers.
Particularly, Abidian et al. [41–44] recently developed
a method for the fabrication of PEDOT and polypyrrole
nanotubes from biodegradable electrospun nanofibers as
templates for drug delivery and neural interface applica-
tions.

2.2. Soft chemical template method

The soft-template method is another powerful and
popular technique to produce CP nanomaterials. By now,
surface micelles, surfactants, colloidal particles, liquid-
crystalline phases, structure-directing molecules, and
aniline oligomers have served as soft templates, and
various soft-template methods have been developed:
interfacial polymerization [45,46], dilute polymerization
[47], template-free method [8,9,48,49],  rapidly mixed reac-
tions [50], reverse emulsion polymerization [51], ultrasonic
irradiation [52], and radiolytic synthesis [53–55].  The inter-
facial polymerization method proposed by Kaner et al.
[45,46] involves step polymerization of two monomers or
agents, which are dissolved respectively in two immisci-
ble phases so that the reaction takes place at the interface
between the two liquids. These methods are usually based
on self-assembly mechanisms due to hydrogen bonding,
�–� stacking, van der Waals forces, and electrostatic
interactions as driving forces. The disadvantage of the
soft-template method is poor control of the morphology,
orientation, and diameter of the 1D CP nanostructures.

The template-free method developed by Wan  et al.
[8,48,49,56–63] is a simple self-assembly (soft-template)
method without an external template. By controlling syn-
thesis conditions, such as temperature and molar ratio of
monomer to dopant, polyaniline and polypyrrole nanos-
tructures can be prepared by in situ doping polymerization
in the presence of protonic acids as dopants (as shown in

Fig. 2). In the self-assembled formation mechanism in this
approach the micelles formed by dopant and/or monomer-
dopant act as soft templates in the process of forming
tubes/wires [48]. Up to now, a variety of polyaniline
sed on a SiO2/Si wafer (b), which were synthesized in hard template of

micro/nanostructures such as micro/nanotubes [49,56,57],
nanowires/fibers [58–60], hollow microspheres [61,62],
nanotube junctions and dendrites [56,63] have been pre-
pared by the template-free method. Furthermore, it was
reported that the magnetic and optical properties of poly-
mer  micro/nanostructures synthesized by this method can
be significantly improved by using a functional dopant
(e.g., Fe3O4, �-Fe2O3, carbonyl iron, CoFe2O4 and TiO2
nanoparticles, azobenzene sulfuric acid, and Rhodamine B,
etc.) [8].  Namely, (electrical, magnetic, optical, etc.) multi-
functionalized micro/nanostructures of polyaniline can be
fabricated by this approach. In addition, self-assembled
polyaniline microstructures with high orientation were
also reported [64].

2.3. Electrospinning

Electrospinning is an effective approach to fabricate
long polymer fibers with diameter from micrometers down
to 100 nm or even a few nanometers by using strong elec-
trostatic forces [65,66]. As shown in Fig. 3, in the usual
electrospinning process, polymer solution is extruded from
an orifice to form a small droplet in the presence of
an electric field, and then the charged solution jets are
extruded from the cone. Generally the fluid extension
occurs first in uniform, and then the straight flow lines
undergo vigorous whipping and/or splitting motion due
to fluid instability and electrically driven bending insta-
bility. Finally, the spun fibers are deposited commonly as
a nonwoven web on a collector. Through an improved or
modified electrospinning device, nanofibers with part or
even good orientation could be fabricated [65,66]. By now,
micro- and nano-scale fibers of polyaniline/polyethylene
oxide (PEO) [67,68],  polypyrrole/PEO [68], pure polyaniline
[69] and polypyrrole [70,71], poly(3-hexyl-thiophene)/PEO
[72], and polyaniline/PEO/carbon nanotubes [73] have
been prepared by this technique. In addition, field-effect
transistor [74,75] and chemical sensor [76] based on indi-
vidual electrospun nanofibers have also been reported.
Compared with other synthetic approaches, the electro-

spinning process seems to be the only method that can
mass-produce continuous long nanofibers. However, in
order to assist in the fiber formation, some non-conducting
polymers or chemicals (e.g. PEO) are usually added into
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Fig. 2. SEM images of polyaniline nanotubes (a and b), polypyrrole nanotubes (c), and TEM image of polyaniline nanotubes (d), all synthesized by template-
free  method.

Fig. 3. (a) Schematic diagram of electrospinning method and SEM images of electrospun polymer nanofibers (b) without orientation and (c) with preferential
orientation.
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spinning solution, which may  result in a decrease of the
conductivity (∼10−1–10−4 S/cm [67,69–71])  of the electro-
spun composite fibers. It is found that through reducing or
eliminating PEO content [69–71,74] or embedding carbon
nanotubes in the fibers [73], their conductivity could be
increased by one or several orders of magnitude.

2.4. Nanoimprint lithography or embossing

Soft lithography or embossing is a rapid and low-cost
approach to shape an initially flat polymer film by using
a micro-mold with the assistance of temperature or sol-
vent vapors. Recently, it was reported that conducting
polymer nanowires can easily be fabricated by this tech-
nique [77–80].  For example, conducting PEDOT doped
with poly(4-styrenesulfonate) was patterned in the form
of nanowires on a glass or a Si wafer by micro-molding
in capillaries [77]. Nanowires and two-dimensional nan-
odots of semiconducting polymer were also achieved by
a liquid embossing technique [77]. In addition, Hu et al.
[78] demonstrated that arrays of CP nanowires with inter-
nal preferential alignment can be produced by a simple
embossing protocol. Recently, Huang et al. [79] proposed a
technique based on nanoimprint lithography and a lift-off
process for patterning CPs.

2.5. Directed electrochemical nanowire assembly

Directed electrochemical nanowire assembly technique
has been employed to grow metal nanowires [81] as well
as CP micro/nanowires [82–86].  In this method, CP wire
is electrochemically polymerized and assembled onto two
biased electrodes (anode and cathode) immersed in aque-
ous monomer solutions. The essence of this method is an
electrode-wire-electrode or electrode-wire-target assem-
bly. Directional growth of polypyrrole, polyaniline, and
PEDOT micro/nanowires with knobby structures (e.g., vary-
ing from 90 to 700 nm in thickness with a lengthwise
averaged diameter of 340 nm for PEDOT wire [86]) between
electrodes by this technique was reported recently [82–86].
It was found that these assembled polymer wires can be
used as pH sensors [82] and in cell stimulation studies [86].

2.6. Other methods

Some other methods were also reported to produce
CP micro/nanostructures. For example, Noy et al. [87]
reported the fabrication of luminescent nanostructures and
conductive polymer nanowires of controlled size using dip-
pen nanolithography. Conducting polymer nanowires of
poly(styrenesulfonate) doped PEDOT with diameters under
10 nm were prepared by a molecular combing method
[88], which is a well-known technique to stretch a sin-
gle DNA molecule on various substrates. Recently, Samitsu
et al. reported the production of self-assembled conducting
polymer nanofibers by a whisker method using anisotropic
crystallization in a nematic liquid crystal, and obtained

large-scale alignment of the nanofibers [89]. In addition,
nanowires consisting of poly(3-hexylthiophene) with part
magnetic orientation were prepared by using strong mag-
netic field [90].
Science 36 (2011) 1415– 1442

3. Physical properties of conducting polymer
nanotubes and nanofibers

3.1. Electronic transport properties

3.1.1. Approaches to measure conductivity of individual
nanotubes/fibers

In order to fulfill the potential applications of CP
nanotubes and fibers, it is necessary to understand the
electronic transport properties of individual polymer
tubes/fibers. The electrical characterization of individual
CP nanotubes/fibers has made significant progress espe-
cially during the last decade. The different strategies for
estimating or measuring the electrical conductivity of indi-
vidual nanofibers and nanotubes are reviewed here. It can
be mentioned that each approach has its shortcoming, as
discussed below.

For template-prepared nanofibers, the easiest and usual
way  is to leave the synthesized polymer fibers inside the
pores of the template membrane and measure the bulk
resistance across the filled membrane by a two-probe
method [17–23].  Provided the number and diameter of
the fibers are known, and assuming the resistance of the
membrane is much larger than the parallel sum of the
resistances of the CP fibers and thus can be neglected,
the measured trans-membrane resistance can be used to
estimate the conductivity of a single fiber. It was found
that the room-temperature conductivity of 30-nm polypyr-
role and poly(3-methylthiophene) fibers [18] and 10-nm
PEDOT fibers [19] measured by this method can reach
2.2 × 103, 1.68 × 103 and 780 S/cm, respectively, which are
much higher than in conventional forms (e.g. powders or
thin films) of the analogous polymer. However, this two-
probe resistance measurement method may  result in huge
uncertainties on values due to the unknown number of
connected fibers, to the contact resistance between the
conductive paint and the CP thin film lying at the mem-
brane surface, and to the pressure applied on the contact
probes [19].

Another way is to measure the resistances of com-
pressed pellet or films (membrane removed) of the
polymer nanofibres. Martin et al. [91–93] developed a
procedure for making thin films from the template-
synthesized polymer tubes and fibers. A four-point
conductivity measurement was used on these thin films.
These four-point measurements also show that the
template-synthesized materials are significantly more
conductive. For example, the room-temperature con-
ductivity for polyaniline thin film made from 100-nm
tubes is 50 S/cm, whereas bulk conductivity of polyani-
line is 9 S/cm [91]. In addition, electrical conductivities of
compressed pellets made of polyaniline and polypyrrole
nanotubes/wires prepared by the template-free method
were also reported by this approach, in the magnitude
of 10−2–100 S/cm [94,95]. However, this approach cannot
exclude the inter-fiber contact resistance, which may  be
larger than the intrinsic resistance of the polymer fibers and

even dominate the measured resistance of the compressed
pellet or film [23,96].

In fact, the above two  methods did not realize the
conductivity measurement of an individual fiber directly.
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0.035 S/cm). Electrical properties of individual polypyrrole
tubes [110] and PEDOT wires [111] with different diame-
ters were also reported by using this approach. Generally,
platinum microlead fabricated by FIB assisted deposition
ig. 4. Schematic diagrams of measuring methods of electrical conductivi
oth  lateral and vertical electrodes configuration.

ecently, the conductivity measurement of single polymer
anotube/wire was achieved based on a conductive tip of
n atom-force microscope (AFM) [97–102], as shown in
ig. 4. For example, direct I–V measurements of isolated
olypyrrole nanotube deposited on Au were done using a
etal-coated AFM tip. It was found that the resistance is

ecreased as the contact force is increased and the electrical
onductivity of the 120-nm polypyrrole tube has been esti-
ated at about 1 S/cm [97,98]. Saha et al. [99] investigated

he current distribution over the selected area of the mem-
rane and the I–V characteristics of a single polypyrrole
anotube by this approach. They reported that the intrin-
ic conductivity of the polypyrrole tube changes with the
all thickness, and the conductivity for tubes with a wall

hickness of 15 nm can reach about 5000 S/cm [99]. For
omparison, the room-temperature conductivity of indi-
idual polyaniline nanotubes determined by this approach
s in the range of 0.1−15 S/cm [100,101].  It is worth not-
ng that in this two-probe geometry, the contact resistance
annot be excluded but can be minimized by applying a sig-
ificant pressure of the tip onto the nanotube/wire [97,98].

A common approach was generally realized by
ispersing nanotubes/wires on patterned micro- or
ano-electrodes prepared by photo-lithography, electron-
eam lithography or focused-ion bean deposition,
ollowed by the subsequent searching of nanofibers
ust lying on only two, three or four electrodes
14,24,28,29,67,68,74,88,103–108], as shown in Fig. 5.
or example, electrical conductivity (�RT ∼ 417 S/cm),
agnetoresistance and I–V characteristics of iodine-doped

olyacetylene fiber network and nanofibers were mea-
ured by this approach [103]. The conductivity of a single
320-nm polyaniniline/PEO (72 wt% PANI in PEO) fiber
repared by electrospinning was measured to be 33 S/cm
t 295 K [67,68]. The conductivity of two single PEDOT
anowires with diameters under 10 nm was determined
y this method to be 0.6 and 0.09 S/cm [88]. However,
anocontact resistance between the pre-patterned metal
icro-electrodes and the dispersed polymer fiber is uncer-

ain and often shows large sample-to-sample variations.
dditional treatments may  be needed to promise a good
ontact. Another problem for this approach often occurs:
wo or many isolated fibers cross over the same patterned

lectrodes [74,88]. In this case, some fibers crossed over
he electrodes may  be cut off with AFM manipulation [88].

In recent years, focused-ion beam (FIB) assisted
eposition technique has been employed to attach
Fig. 5. SEM image of a single polypyrrole nanowire crossed over the pre-
patterned metal electrodes.

metal microleads on isolated nanotubes/wires directly
[57,96,109–116]. Fig. 6 shows an isolated polyaniline nan-
otube and attached platinum microleads, which were
fabricated by FIB assisted deposition. The directly mea-
sured four-probe conductivity of the single polyaniline
tube is about 31 S/cm [109], which is much higher than
the bulk conductivity of the polyaniline tube pellet (about
Fig. 6. SEM image of an isolated polyaniline nanotube and attached
platinum microleads by FIB deposition [109]. Copyright 2003 American
Institute of Physics.
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Fig. 7. Diameter dependence of room-temperature conductivity of indi-
vidual (a) hard template- synthesized PEDOT nanowires [111] and (b)
1422 Y.-Z. Long et al. / Progress in P

can promise a solid and ohmic contact to the fiber [117].
However, in order to minimize the possible modification
or damage of the polymer fiber due to the incoming gal-
lium ions, very low focused-ion beam currents (I = 1–30 pA)
should be used [111].

In addition, a directed electrochemical nanowire assem-
bly technique has been recently developed. It consists in
the growth of CP micro/nanowires between patterned elec-
trodes [82–86].  It was found that the conductivity of the
polymer wires grown and measured by this approach is
about 0.5 S/cm for the polypyrrole wires and about 7.6 S/cm
for the polythiophene wires [86]. Lee et al. reported that
the conductivity of polyaniline wires with diameter of
133 nm can reach about 4200 S/cm [85]. Yun et al. also
demonstrated that the electrochemically grown polypyr-
role wires can be used for individually addressable pH
sensor arrays [82]. An obvious advantage of this approach
is that the conductivity measurement of a single wire is
possible on the as-synthesized nanofiber, which avoids
additional lithographic process. Here, it should be noted
that the conductivity measured by this approach can only
be obtained by two-probe geometry, because the polymer
wires are grown between the selected two (anode and cath-
ode) electrodes.

The above results indicate the electrical conductivity
of CP nanotubes/fibers has been explored by different
approaches. The reported conductivity values vary in a
wide range from 10−1 to 103 S/cm (For reference, the theo-
retically calculated conductivity parallel to the chain can
reach 2 × 106 S/cm for polyacetylene [11]). Besides the
polymer physical structure, the extent of disorder, the fiber
diameter, the doping level and the dopant type, the tech-
nique used for the conductivity measurement are also key
factors and have to be considered for comparing values.

3.1.2. Electrical conductivity vs. diameter and
temperature

The dependence of room-temperature conductivity
on the diameter of the polymer nanotubes/wires has
been widely reported since 1989 [17–23,118].  These
studies concern nanowires and nanotubes prepared by
the hard template method. It was found that the
room-temperature conductivities of nanotubes/wires of
conducting polypyrrole, polyaniline and polythiophene
derivatives can increase from 10−1–100 to about 103 S/cm
with decrease of their outer diameters from 1500 to
35 nm.  The mechanism responsible for this effect has been
ascribed to the enhancement of molecular and supermolec-
ular ordering with the alignment of the polymer chains,
as confirmed by studies on polarized infrared absorption
spectroscopy and X-ray diffraction [17,18,20].  For PEDOT
nanowires prepared by the hard template method, the
room-temperature conductivities of the nanowires with
diameters of 190, 95–100, 35–40, and 20–25 nm are about
11, 30–50, 470–520, and 390–550 S/cm, respectively, as
shown in Fig. 7a [111]. For polypyrrole nanotubes pre-
pared by the template-free method, it was found that a

polypyrrole tube with a 560–400 nm outer diameter is
poorly conductive, with a room-temperature conductivity
of only 0.13–0.29 S/cm, as shown in Fig. 7b. When the outer
diameter is decreased to 130 nm,  the conductivity of the
template-free self-assembled polypyrrole tubes [110]. Copyright 2007
American Institute of Physics & Copyright 2005 The American Physical
Society, separately.

single nanotube increases to 73 S/cm [110]. Such a conduc-
tivity dependence on diameter was  observed not only for
hard template-synthesized polymer tubes/wires, but also
for template-free self-assembled polypyrrole tubes, which
indicates that the polymer tubes/wires prepared by these
two methods have similar structural characterisitic: the
smaller the diameter, the better the polymer chain order-
ing.

Since the electrical properties of polymer are strongly
influenced by the effect of disorder and temperature, three
different regimes (namely, insulating, critical, and metallic
regimes close to the Anderson metal-insulator transition)
have been sorted out based on the extent of disorder and
conductivity dependence on temperature [15,16,119]. In
the insulating regime, for a three-dimensional system, the
temperature dependent resistivity usually follows three-
dimensional (3D) Mott variable-range hopping (VRH)
model: �(T) = �0 exp(TM/T)1/4, where TM is the character-
istic Mott temperature. At lower temperatures, when the
Coulomb interaction between charge carriers becomes sig-
nificant, �(T) usually follows Efros-Shklovskii (ES) VRH:
�(T) = �0 exp(TES/T)1/2, where TES is the characteristic ES
temperature. In the critical regime, for a three-dimensional
system close to the metal-insulator transition, the resistiv-
ity follows a power-law dependenc: �(T) ∝ T−ˇ, where ˇ

lies within the range of 0.3 <  ̌ < 1. In the metallic regime,
the sample shows a positive temperature coefficient of the
resistivity at low temperatures (for example, below 10-20 K
for metallic polypyrrole films [119]).
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electrons induced by Coulomb interaction or small disor-
der must be taken into account to explain the insulating
behavior at low temperatures. It should be noted that
for the hard template-synthesized PEDOT nanowires, the
ig. 8. The dependence of resistance on temperature of a single polyan
ransition: (a) plotted as ln R(T) versus T−1/4; (b) plotted as ln R(T) vers
emperatures and follows ES-VRH at lower temperatures [110]. Copyrigh

Long et al. reported the temperature dependent resis-
ivity of a single polyaniline nanotube with average outer
nd inner diameters of 120 nm and 80 nm,  which falls in
he insulating regime of metal-insulator transition [110].
he tube’s room-temperature conductivity is 47 S/cm. It
as found that the resistivity follows 3D Mott-VRH above

6 K, and follows ES-VRH model below 66 K, as shown in
ig. 8. Here it is noted that from the view point of charge
arriers, the polymer tube/wire with an outer diameter of
20 nm is still three dimensional because the localization

ength of carriers (LC < 20 nm)  is much smaller than the
all thickness or the diameter of the submicrotube. Sim-

lar smooth crossover from Mott-VRH to ES-VRH has also
een observed in a single polypyrrole microtube (room-
emperature conductivity, 0.8 S/cm) at around 96 K [110].
t is noted that the crossover temperature (Tcros ∼ 66–96 K)
nd the characteristic ES temperature (TES ∼ 316–780 K) of

 single polymer tube/wire are much higher than that of
 polyaniline pellet or a polypyrrole film (Tcros < 15 K and
ES ∼ 29–56 K), which could be possibly due to enhanced
trong Coulomb interaction in polymer nanotubes/wires
t low temperatures. In addition, it is worthy to note
hat Aleshin et al. reported power-law dependent electri-
al conductance (G(T) ∝ T˛ with  ̨ ∼ 2.2–7.2) in individual
olyacetylene nanofibers and polypyrrole nanotubes pos-
ibly owing to repulsive short-range electron-electron
nteractions [14,107].

In addition, with the decrease of disorder or diameter
f polymer nanotubes/wires, the room-temperature con-
uctivity of 73 S/cm found with the 130-nm polypyrrole
anotube is close to the critical regime of metal-insulator
ransition [110]. Its resistivity follows the power-law
ependence: �(T) ∝ T−ˇ, as shown in Fig. 9a. The fit yields

  ̌ value of 0.49. Duvail et al. reported that two-different
00-nm PEDOT nanowire (�RT ∼ 50 S/cm) fell in the critical
egime with a  ̌ value of about 0.78 [111]. Further-
ore, the 35–40 nm template-prepared PEDOT nanowire

�RT ∼ 490 S/cm) displays a metal-insulator transition at

bout 32 K, as shown in Fig. 9b, indicating that the nanowire
s in the metallic regime of the metal-insulator transition
111]. However, for a PEDOT nanowire with a diame-
er of 20–25 nm,  and high room-temperature conductivity
notube (�RT = 47 S/cm) in the insulating regime of the metal-insulator
; the temperature dependence of resistance follows 3D-VRH ar higher
he American Physical Society.

(∼390–550 S/cm), a very strong temperature dependence
(R(10 K)/R(300 K) ∼ 105) and an insulating behavior at low
temperature have been measured. This is possibly due
to a confining effect since the value of the diameter
(20–25 nm)  is equal or close to the localization length
of electrons (Lc ∼ 20 nm). In such a case, localization of
Fig. 9. Temperature dependences of resistance for (a) a single 130-
nm polypyrrole nanotube in the critical regime [110] and (b) a single
35–40 nm PEDOT nanowire in the metallic regime of metal-insulator tran-
sition [111]. Copyright 2005 The American Physical Society & Copyright
2007 American Institute of Physics, separately.
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Fig. 10. I–V characterisitics (a) and the corresponding differential conduc-
tance (dI/dV)  curves (b) of a single PEDOT nanowire at low temperatues.

temperature dependences of the four-probe resistivity
demonstrate that the PEDOT nanowires with diameters of
190, 95–100, 35–40 and 20–25 nm are in the insulating,
critical, metallic and insulating regimes of metal-insulator
transition, respectively [111]. This result indicates that
the electronic transport properties of individual polymer
nanowires could be tuned by controlling the diameter.

3.1.3. Nonlinear I–V characteristics
The current–voltage (I–V) characteristics

of individual polymer nanowires/tubes have
been explored extensively in the past 10 years
[14,28,29,67,68,98–101,103–108,110,116,120–127].
With decreasing temperature, a transition from linear to
nonlinear I–V characteristics is usually observed (Fig. 10a),
and a clear zero bias anomaly (i.e., Coulomb gap-like struc-
ture) gradually appears on the differential conductance
(dI/dV) curves (Fig. 10b). Similar transition has also been
reported in polyacetylene fibers [105], carbon nanotubes
[128], self-assembled wire made of Au nanorods [81], and
inorganic compound nanowires such as CdS nanropes
[129], K0.27MnO2 nanowires [130], SnO2 [131] and ZnO
[132] nanowires.

Up to now, several theoretical models, such as
space-charge limited current [84,104], fluctuation-induced
tunneling [122,125],  Coulomb gap [110,128,130,131],
Coulomb blockade [108,126,129],  Lüttinger liquid [14,107],
and Wigner crystal [14,127] models, have been considered
to explain the conduction mechanism of quasi-one dimen-

sional nanofibers. For example, Saha and Aleshin et al.
reported single-electron tunneling or Coulomb-blockade
transport in conducting polypyrrole and helical poly-
acetylene nanofibers [108,126],  respectively. In addition,
Science 36 (2011) 1415– 1442

power-law behaviors for both I–V characteristics (I(V) ∝ Vˇ

with  ̌ ∼ 2–5.7) and electrical conductance (G(T) ∝ T˛ with
 ̨ ∼ 2.2–7.2) have been reported recently in polyacetylene

fibers [107] and polypyrrole wires/tubes [127], which is
characteristic of one-dimensional systems composed of
several Lüttinger liquids or Wigner crystals connected in
series, owing to electron-electron interactions (repulsive
short-range electron-electron interactions or long-rang
Coulomb interactions). Similar nonlinear transport was
also reported in other semiconducting conjugated poly-
mers at high carrier densities [133]. In the Lüttinger liquid
model, I–V curves measured at different temperatures
should be fitted by the general equation [14,107]

I = I0T˛+1 sinh
(

eV

kBT

)∣∣∣∣�
(

1 + ˇ

2
+ i  V

�kBT

)∣∣∣∣
2

(1)

where � is the Gamma  function, V is the voltage bias,
and I0 is a constant. The parameters  ̨ and  ̌ correspond to
exponents estimated from the G(T) and I(V) plots. Namely,
the I–V curves should collapse into a single curve if I/T˛+1

is plotted as a function of eV/kBT.
Particularly, Kaiser et al. [122,125] recently proposed

a generic expression (extended fluctuation-induced tun-
neling and thermal excitation model) for the nonlinear I–V
curves based on numerical calculations for metallic con-
duction interrupted by small barriers:

G = I

V
= G0 · exp(V/V0)

1 + h[exp(V/V0) − 1]
(2)

where G0 is the temperature-dependent zero-bias con-
ductance; V0 is the voltage scale factor, which strongly
depends on the barrier energy; h = G0/Gh (where h < 1),
which yields a decrease of G below the exponential increase
at higher values of voltage V (the saturation of G at a
high-field value, Gh, as V → ∞ given by expression (2) is
an extrapolation of the calculations). Kaiser et al. showed
that this expression gave a very good description of the
observed nonlinearities in polyacetylene nanofibers, vana-
dium pentoxide nanofibers, etc. [122,125].  Here, one can
wonder whether the Kaiser expression is appropriate to
fit the nonlinear I–V characteristics of individual polymer
nanowires/tubes if the Coulomb interactions are strong and
should be taken into account.

The Kaiser expression has been used by Long et al.
[116,134] to numerically calculate the I–V characteristics
of individual polyaniline nanotube, polypyrrole nan-
otubes, PEDOT nanowires, CdS nanorope, and K0.27MnO2
nanowire. As shown in Fig. 11,  the results indicate that
except at low temperatures and low bias voltages, the
Kaiser generic expression can give a good description of
the I–V characteristics of individual nanotubes/wires. This
indicates that the Kaiser expression (extending the Sheng
model or fluctuation-induced tunneling and thermal exci-
tation model) takes into account the microstructure feature
and the conduction feature of polymer nanofibers (quasi-

one-dimensional metallic conduction interrupted by small
barriers). However, apparent deviation from the Kaiser
expression has been evidenced in the low-temperature I–V
curves (Fig. 11).
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ig. 11. I–V characterisitics of a single polypyrrole nanotube, also showin
rom  80 to 10 K, and a single PEDOT nanowire with fits to expression (2) 

ociety and IOP Publishing Ltd.

In particular, we compare the values of zero-bias con-
uctance determined from the fitting parameter G0 with
hat determined from experimental measurements (G0,

btained from the I–V curve or the differential conduc-
ance). As shown in Fig. 12,  the G0 decreases smoothly
ith temperature lowering, but the experimental value G0

′

harply decreases below 80–100 K and deviates from G0,

ig. 12. Variation of the zero-bias conductance with temperature varying,
here G0 is determined from the fitting data and G0

′ is determined from
he  experimental data of the single polypyrrole nanotube [116]. Copyright
009 Chinese Physical Society and IOP Publishing Ltd.
 by expression (2), at temperatures (a) ranging from 300 to 100 K and (b)
eratures ranging from 100 to 2 K [116]. Copyright 2009 Chinese Physical

although superposes with G0 for temperature equal and
larger to 100 K. We  note that the deviation temperature
(about 80 K) is consistent with the crossover temperature
(66–96 K) for the cross-over from Mott-VRH to ES-VRH, as
shown in Fig. 8. We  propose that one possible reason for the
deviation is that the Kaiser expression does not include the
contributions from the Coulomb-gap occurring in density
of states near Femi level and/or enhanced Coulomb inter-
actions due to nanosize effects, which become important
at low temperatures and voltages [110,116,134].

3.1.4. Nanocontact resistance
The contact resistance is often encountered in stud-

ies of the electronic transport of an individual polymer
nanowire/tube or polymer nanofiber-based nanodevices.
As we know, there are two  major factors responsible for
the contact resistance magnitude: geometry and insulat-
ing layers (or potential barriers) between the contacting
surfaces. From the geometrical point of view, and con-
sidering an homogeneous contact over the whole contact
area, the resistance of a contact is inversely proportional
to its area, and is dependent on the surface stiffness and
the force holding the two surfaces together. Particularly,
the relative energy shifts of the Fermi level of the polymer
nanowire and the metal electrode may lead to formation

of a diode, p–n junction or metal-semiconductor junction
due to their different energy levels or work functions. In
addition, insulating layer on the unclean surfaces (residual
layer due to the contact processes) may  be critical when the



1426 Y.-Z. Long et al. / Progress in Polymer Science 36 (2011) 1415– 1442

Fig. 13. The temperature dependence of the four-probe resistance (R4P)
and the two-probe resistance (R2P) of (a) an individual PEDOT nanowire
with a diameter of 35 nm,  which falls in the metallic regime of the

Fig. 14. SEM images showing two crossed polyaniline nanotubes (a)
metal-insulator transition, and (b) an individual PEDOT nanotube with
a  diameter of 190 nm,  which falls in the insulating regime of the metal-
insulator transion [135]. Copyright to the authors 2009.

contact size is very small. A bad (insulating or semiconduct-
ing) electronic contact may  possess a strongly temperature
dependent contact resistance, and thus can seriously com-
plicate or even dominate the measured resistance. In this
section, we discuss two kinds of nanocontact resistance:
between polymer nanowire/tube and metal microlead and
between two crossed polymer nanowires/tubes.

The nanocontact resistance between a polymer PEDOT
nanowire and a platinum microlead fabricated by focused-
ion-beam deposition has also been studied by Long
et al. [135]. It was found that the nanocontact resistance
(determined from four-probe resistance and two-probe
resistance of the same nanowire) is about 10 k� at room
temperature and can reach 10 M�  at low temperatures,
which, in some case, is comparable to the intrinsic resis-
tance of the PEDOT nanowires. On the one hand, for
a semiconducting polymer nanowire in the insulating
regime of the metal-insulator transition, the four-probe
resistance is quite close to the two-probe resistance
because the contact resistance is much smaller than the
intrinsic resistance of the polymer nanowire as shown in
Fig. 13 [135]. On the other hand, for a nanowire that falls
in the metallic regime of the metal-insulator transition (for
example, the 35 nm PEDOT nanowire as shown in Fig. 13

[135]), the metallic nature of the measured polymer fibers
could be overshadowed in the two-probe measurement,
although the nanowire shows a relatively high electri-
cal conductivity at room temperature (390–450 S/cm),
and two crossed PEDOT nanowires (b) and their attached Pt microleads
[96,140].  Copyright 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
and Copyright 2009 Materials Research Society, seperately.

because the nanocontact resistance is much larger than
the intrinsic resistance of the nanowire especially at low
temperatures. We note that, for individual RuO2 nanowires
[136], the temperature dependence of the two-probe
resistance indicates that the nanowire is semiconduct-
ing, whereas the four-probe resistance dependence of the
same nanowire shows the nanowire is metallic. Nanocon-
tact resistance has also been widely reported in carbon
nanotubes and other inorganic semiconductor nanowires
[137–139]. So, in order to explore the intrinsic electronic
transport properties of individual nanowires, especially in
the case of metallic nanowires, the four-probe electrical
measurement is required.

The nanocontact resistance between two  crossed poly-
mer  nanotubes/wires has been studied by Long et al.
[96,140]. It was found that the inter-tubular junction resis-
tance of two  crossed polyaniline nanotubes (Fig. 14)  is
very large, about 500 k� at room temperature, which is
nearly 16 times larger than the intra-tube (intrinsic) resis-
tance of an individual PANI nanotube (about 30 k� for
5-�m long nanotube) [96]. This result explains straight-
forwardly why  an individual polyaniline nanotube has a
much higher room-temperature conductivity (30.5 S/cm)
than that of a pellet of polyaniline nanotubes where the
measured resistance is dominated by the inter-fibrillar
resistance (0.03 S/cm). For crossed PEDOT nanowires, the
junction resistance (between the two  nanowires) at room
temperature can vary from 885–1383 k� for one sample
to 370–460 M� for another sample, respectively compa-

rable or much larger than the intrinsic resistance of the
PEDOT nanowires. In addition, the contact resistance shows
a stronger temperature dependence (R(72 K)/R(300 K)
is about 120–141) and could be fitted by a thermal
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uctuation-induced tunneling (FIT) model [140]. It should
e noted that the nano-junction resistance is compara-
le to the intrinsic resistance of polymer nanotube/wire
nd shows large sample-to-sample variations. Possible rea-
ons could be contamination of the nanotube/wire surfaces
rom solvent impurities or water adsorption, the variation
f the junction area between the two nanotubes/wires, or
he self-formation conditions of the junction; no special
ffort was made to control the formation of the junction
etween the two crossed nanotubes/wires during fabrica-
ion.

.1.5. Magnetoresistance
The magnetoresistance MR  (defined as

R = �R(H)/R(0) = [R(H) − R(0)]/R(0)) of bulk films of
Ps have been extensively studied over the last 20 years
15,16,119]. For example, polyaniline, polypyrrole, PEDOT
lms, and polyaniline composites usually exhibit a posi-
ive magnetoresistance at low temperatures (T < 10 K) and

R ∝ H2 (H is not very large). The mechanism generally
nvolved is the shrinkage of localized wavefunctions of
lectrons in the presence of a magnetic field or electron-
lectron interactions [15,16,119]. Highly conductive
olyacetylene films usually show a negative magnetore-
istance at low temperatures, generally attributed to the
eak localization effects [15,16,141]. Up to date, only
 few papers have reported the magnetoresistance of
olymer nanotubes/wires [103,105,110,141–145].  Since
he individual polymer tubes/wires have a much smaller
ize (e.g., size effect induced by structural/electronic

ig. 15. The magnetoresistance curves for different temperatures of (a) a single
olyaniline nanotubes [142]. Copyright 2006 IOP Publishing Ltd.
cience 36 (2011) 1415– 1442 1427

changes of CP when synthesized in nanostructures), their
magnetoresistance is found to be different from that of the
bulk films and pellets.

Long et al. reported that the magnetoresistance of single
polyaniline nanotube and single PEDOT nanowire is posi-
tive below 10 K and increases as H2 up to 9 T. [110,142]
Typically, a positive magnetoresistance is expected for
hopping conduction, because the applied magnetic field
contracts the overlap of the localized state wavefunc-
tions and it thus results in an increase of the average
hopping length. It corresponds to a positive magnetore-
sistance at sufficiently low temperatures. The theory of
positive magnetoresistance has been developed for two
cases, without and with electron-electron interactions. In
both cases, the weak-field MR  with strong temperature
dependence can be expressed as ln(R(H)/R(0)) ∝ H2T−3/4

[146]. However, the magnetoresistance of a single nan-
otube/wire is much smaller than that of the nanotube/wire
pellet at 9 T: MR  < 5% (2 K) for the single polyaniline nan-
otube and PEDOT nanowire (Fig. 15a and b), and MR  ∼ 90%
(3 K) for the polyanline nanotubes’ pellet (Fig. 15c) [142]. In
addition, when the temperature increases, the magnetore-
sistance of the single nanotube/wire becomes smaller and
close to zero. No evident transition from a positive magne-
toresistance to negative one was observed. In contrast to
single nanotube/wire, pellets of polyaniline and polypyr-

role nanotubes/wires show a relatively large positive
magnetoresistance at low temperatures. With temperature
increasing, there is a transition from positive magneto-
resistance to small negative magnetoresistance at about

 polyaniline nanotube, (b) a single PEDOT nanowire, and (c) a pellet of
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60 K. The results indicate that the magnetoresistance in the
bulk pellet samples made of polymer nanotubes/wires is
dominated by a random network of inter-fibril contacts.

A small magnetoresistance effect in individual poly-
mer  nanotube/wire has been confirmed in other samples.
For example, the low-temperature magnetoresistance
(MR  ∼ 0.1%) in a polyacetylene nanofiber network is rather
smaller than that in a bulk polyacetylene film [103,105].  A
vanishing MR  of polyacetylene nanofibers in high electric
fields has also been reported recently [145]. In addition,
a single gold/polyaniline microfiber shows a small posi-
tive magnetoresistance (MR  < 4.1%) below 6 K [143]. The
reason for this weak magnetoresistance effect in indi-
vidual polymer nanotube/wire is possibly due to the
elimination of inter-nanotube/wire contacts, small size
and, relatively high conductivity of individual polymer
nanotube/wire [105,142].  The vanishing MR  of poly-
acetylene nanofibers in high electric fields is ascribed
to the deconfinement conduction of spinless charged
solitons [145].

3.2. Magnetic susceptibility of polyaniline and
polypyrrole nanotubes/wires

Since the magnetic properties can provide important
details of charge-carrying species and unpaired spins,
magnetic susceptibility of CPs such as polyacetylene,
polyaniline, polypyrrole, and polythiophene has been
extensively studied [147–159]. It was found that the
total dc magnetic susceptibility (�dc) of doped poly-
mer  could be separated into three components: atomic
core diamagnetism �dia, local-moment Curie-law para-
magnetism �C = C/T (where C is the Curie constant),
and temperature-independent Pauli paramagnetism �P:
�dc = �dia + �C + �P = �dia + �P + C/T. The magnetic suscepti-
bility clearly changes from a Curie-like to a Pauli-like
behavior as the temperature arises. Through susceptibil-
ity studies, the coexistence of polarons and bipolarons
in doped polyaniline and polypyrrole has been sug-
gested [149,156].  It should be mentioned that Kahol et al.
[150–152] found that nearly all polyaniline derivatives
have a nearly linear �(T)T dependence on T, and pointed
out that the simple interpretation of the “linear” part of
the �(T)T vs. T plot in terms of Pauli-like susceptibility
may  not be correct especially for less conducting poly-
meric materials, because most of the spins are localized
and there are only a low or zero density of states at the
Fermi level. For such a disordered system, a pair of polarons
(called bipolaron) can be formed by being held together
by a strong exchange interaction characterized by the
coupling constant J, the magnetic behavior should there-
fore be determined by a distribution of J couplings within
the pairs. So a simple exchange coupled pairs model was
proposed by Kahol et al. [150–152]: � = fP

∫
�PAIRP(J)dJ +

(1 − fP)N2	2
B/kBT , where fP is the fraction of total spins

involved in pairs, P(J) is the distribution function for intra-
pair couplings, �PAIR = (N2	2

B/kBT)[3 + exp(−2J/kBT)]−1 is

the magnetic susceptibility of a pair of spins, J varies from
Jmin to a maximum value J0, and N is the number of spins
in the disordered system. Assuming the distribution func-
tion P(J) = constant and J0 » T, the above equation can be
Science 36 (2011) 1415– 1442

simplified as �T = fP	2
B[(2/3) ln(3/4)(N/J0)]T + N2	2

B(1 +
fP)/3kB, which exhibits a linear dependence of �T vs. T.

Although a lot of efforts have been focused on the
magnetic properties of CPs through static magnetic mea-
surements, electron paramagnetic resonance (EPR), or
NMR  spectroscopy, some of the results are still contradic-
tory. For example, Jinder et al. [148] found that HCl-doped
polyaniline shows a Pauli susceptibility, which is approxi-
mately linearly proportional to the degree of protonation.
However, Raghunathan et al. [149] reported that the
temperature-independent susceptibility of p-toluene sul-
fonic acid (PTSA) doped polyaniline decreases by one order
of magnitude with increasing dopant concentration. The
question is whether the temperature-independent suscep-
tibility is a true Pauli susceptibility related with the density
of states at the Fermi level. Some measurements on CP
nanotubes/wires bring additional elements.

Long et al. [153] reported magnetic susceptibility mea-
surements on conducting polyaniline and polypyrrole
nanostructures with different dopant type and doping level
as functions of temperature and magnetic field. It was
found that the dc susceptibility �dc = Mdc/B is dependent
on the applied magnetic field B for some samples, which
has been evidenced by the magnetic field dependence of
magnetization (Mdc vs. B plot). For example, Fig. 16a  and
b show the magnetization M(B) as a function of magnetic
field at high temperature (300 K) and low temperature
(4 K or 5 K) for lightly doped and heavily doped PANI-NSA
(naphthalene sulfonic acid) samples, respectively. For the
lightly doped sample, paramagnetic behavior is evident
both at 300 and 4 K, whereas the heavily doped sample
shows diamagnetism at 300 K and paramagnetism at 5 K.
However, for salicylic acid (SA) doped PANI samples, as
shown in Fig. 16c, the lightly doped sample mainly shows
diamagnetism at 300 K and very weak paramagnetic con-
tribution only at weak magnetic field B < 1 kOe. At T = 3 K,
a strong transition from paramagnetism to diamagnetism
is observed in the Mdc vs. B plot. When the concentration
is increased to [An]/[SA] = 1:1, the magnetic properties of
PANI-SA becomes quite unusual. As shown in Fig. 16d, at
T = 300 K, the sample shows the signature of weak param-
agnetism measured below B = 3.6 kOe, which is dominated
by a diamagnetic contribution at higher field. In partic-
ular, the sample only shows diamagnetism at T = 3 K, no
Curie-type paramagnetism is observed. Here we  note, the
above results can be repeated in other samples. For exam-
ple, the magnetic field dependences of magnetization for
p-toluene sulfonic acid doped polypyrrole (PPy-PTSA, [pyr-
role]/[PTSA] = 1:0.3) nanostructures at 300 and 10 K are
quite similar to those shown in Fig. 16c.

In addition, some unusual transitions were observed
in the temperature dependence of susceptibility. For
PANI-NSA nanostructures, the temperature-independent
Pauli-like susceptibility decreases with the increase of
doping level, as shown in Fig. 17a. In addition, paramag-
netic susceptibility decreases gradually with decreasing
temperature, as shown in Fig. 17b–d. These transitions
suggest the coexistence of paramagnetic polarons and spin-

less bipolarons, with the possible formation of bipolarons
(or polarons) with changes in doping level and temper-
ature. According to the Shimoi-Abe model [157] taking
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ig. 16. Magnetic field dependences of magnetization for (a) lightly dope
SA  samples at room temperature and low temperature (4 or 5 K), and for s

c)  and [aniline]/[SA] = 1:1 (d) at 300 and 3 K [153]. Copyright 2006 Amer

ccount of Coulomb effects on bipolarons and polarons,
he polaron is the most stable configuration at low dop-
ng levels, and a doping-induced phase transition from a
olaron lattice to a bipolaron lattice is possible because
olarons are destabilized at high concentration of carri-

rs. Furthermore, the doping level and dopant type may
lso strongly influence the relative stability of polarons
nd bipolarons by changing the microcrystalline structure
uring sample preparation (e.g., degree of conjugation,
ine]/[NSA] < 1:0.25) and (b) heavily doped ([aniline]/[NSA] > 1:0.5) PANI-
cid doped polyaniline (PANI-SA) with doping level of [aniline]/[SA] = 1:0.1
mical Society.

degree of cross linking, interactions between charge car-
riers, counter-anions and other particles).

The above results indicate that the magnetic susceptibil-
ities of doped polyaniline and polypyrrole nanostructures
are strongly dependent on the doping level, dopant type,

temperature, and extent of disorder, which result in
a change of the relatively ratio (equilibrium) of local-
ized spins, mobile spins, and spinless bipolarons. These
results also suggest that we could not simply estimate the
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Fig. 17. Temperature dependences of dc magnetic susceptibility � for different types of nanostructures: (a) naphthalene sulfonic acid doped polyaniline
etic field
Oe, and
emical 
dc

(PANI-NSA) with different molar ratio of [aniline]/[NSA] measured at magn
([aniline]/[SA] = 1:1) PANI-SA sample measured at magnetic field B = 0.5 k
measured at magnetic field B = 10 kOe [153]. Copyright 2006 American Ch

density of states at the Fermi level through static mag-
netic susceptibility measurements (�P = 	2

BN(EF), where
	B is the Bohr magneton), because the temperature-
independent susceptibility is dependent on the applied
magnetic field [134,139] and cannot include the contri-
bution of spinless bipolarons (which have a contribution
to electrical conductivity). We  note that the interpreta-
tion of the magnetic behavior of CPs is still controversial.
For example, the concept of bands of ferromagnetic and
antiferromagnetic correlated polarons and singlet (S = 0)
and triplet (S = 1) bipolarons was proposed recently to
explain both the ferromagnetic behavior and the mag-
netic field dependence [154,158].  So, systematic theoretical
and experimental studies are still needed for this field of
research [154,158,159].

3.3. Specific heat capacity of polyaniline nanotubes

As we know, the specific heat can be written as
CP(T) = 
T + ˇT3 for metals, where 
T and ˇT3 are the
electronic and lattice contributions, respectively, to the
specific heat. For CPs, only a few papers report the spe-
cific heats at low temperatures [151,152,160–167].  The
temperature dependences (0.8∼7 K) of the specific heats
of pure polyacetylene and heavily doped metallic poly-
acetylene were firstly reported by Moses et al. [160]. Kahol
et al. [162] reported the low temperature specific heat of

polyaniline film and polyaniline-polymethylmethacrylate
(PANI-PMMA) blends. It was found that the specific
heat was represented at low temperatures (0.4–16 K)
by CP(T) = A + 
T + ˇT3 for the polyaniline film and by
 B = 0.5 kOe, (b) lightly doped ([aniline]/[SA] = 1:0.1) and (c) heavily doped
 (d) molybdenic acid doped polyaniline (PANI-MA, [aniline]/[MA] = 1:1)

Society.

CP(T) = 
T + ˇT3 for the PANI-PMMA blends. They calcu-
lated the corresponding density of states at the Fermi level
according to the free-electron model. Gilani [163] studied
the specific heats of highly conductive p-toluene sulfonate
doped polypyrrole and metallic PF6-doped polypyrrole
films in the temperature range of 0.6–12 K. It was found
that at low temperature, a finite electronic contribution 

prevails in all samples. Namely, highly-doped polypyrrole
behaves like a metal with finite density of states at Fermi
level. These results indicate that the free-electron model is
applicable to the metallic conjugated polymeric systems.
However, the applicability of the free-electron model to CPs
in the critical and insulating regimes of the metal-insulator
transition is questionable, especially when temperature is
below 10 K, because previous studies on dc conductivity
(e.g., see Section 3.1), frequency-dependent conductivity,
magnetic susceptibility (e.g., see Section 3.2)  and ther-
moelectric power indicate that charge carriers in these
non-metallic polymers strongly localized at low temper-
ature due to disorder and/or electron-electron interactions
[15,16].

Xu and Long et al. [164,165] studied the specific heat
of polyaniline nanotubes prepared by template-free self-
assembly method. Fig. 18a shows the specific heat of
camphor sulfonic acid (CSA) doped polyaniline nanotubes
(�RT ∼ 6 S/cm) between 1.8 and 45 K in the form of a CP/T
versus T2 plot. The inset shows the low temperature data

(1.8–6.3 K). The linear fit passes through the origin, which
indicates an electronic specific heat (
T) is not observed
from the present data. The possible reason is that the
polyaniline nanotubes are not metallic and charge carri-
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Fig. 18. (a) The specific heat of polyaniline nanotubes, plotted as Cp/T
versus T2. The inset shows the low temperature data (1.8–6.3 K). (b)
The temperature dependence of the specific heat; curve a shows the fit
to Cp(T) = DgCcr(T)+(1 − Dg)Cam(T), curve b shows the contribution from
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morphous regions and curve c shows the contribution from crystalline
egions of the polymer nanotubes [165]. Copyright 2004 IOP Publishing
td.

rs are strongly localized to polymer chains. This result
emonstrates that the free-electron model is not suitable
or the present self-assembled polymer nanotubes. In view
f the inhomogeneous disorder picture, it is proposed that
he lattice specific heat of the polymer nanotubes can be
xpressed as a linear overlap of the heat capacities from
he crystalline and amorphous regions [166]:

P(T) = DgCcr(T) + (1 − Dg)Cam(T) (3)

cr(T) = 9�R
(

T

�D

)3
∫ �D/T

0

x4 exp(x)

[exp(x) − 1]2
dx (4)

am(T) = 9�R
(

T

�D

)3
∫ �co/T

0

x4 exp(x)

[exp(x) − 1]2
dx

+ 9�R
(

T

�D

)
Q

∫ �M/T

�co

x2 exp(x)

[exp(x) − 1]2
dx (5)

Here the parameter Dg expresses the corresponding
rystallinity fraction. The contribution from the crystalline
hase Ccr(T) has been evaluated by the usual Debye the-
ry, and that from the amorphous phase Cam(T) has been

nalyzed in terms of a phonon-fraction model [167]: v
s the number of atoms per formula unit, R is the molar
as constant, Q is a dimensionless constant, �D is the
ebye temperature, �co and �M are the crossover frequency
cience 36 (2011) 1415– 1442 1431

temperature and the maximal frequency temperature,
respectively. Fig. 18b shows that the data can be well
fitted using the above equation. The calculated Debye tem-
perature �D is 218.5 K. The obtained crystallinity fraction
Dg is about 10–15%, which is small compared with the
values reported for highly conductive polyaniline films
(Dg is about 40–50%) [168]. This result is consistent with
the inhomogeneous disorder picture of the polymer nan-
otubes/wires.

3.4. Optical properties and optically-related properties:
photoconductance, electrochromism and photothermal
effect

Besides improved and tunable electrical properties,
nanotubes/fibers of polyaniline, polypyrrole and PEDOT
also show some interesting optical and optically-related
properties [169–176]. For example, when PEDOT nan-
otubes are oxidized by applying a positive potential, the
color of PEDOT turns from a deep blue (reduced state)
to a transparent pale blue (oxidized state) [169,170].  In
addition, it has been shown that PEDOT nanowires exhibit
improved electroactivity and electrochromism by a com-
parative analysis between UV–Vis-near infrared spectra
measured on PEDOT nanowires (diameter: 80 nm,  30 nm)
and a thin film [171]. Particularly, template-synthesized
PEDOT nanotubes have been demonstrated to be an excel-
lent electrochromic material for electronic paper due to
their facile fabrication, good color, mechanical stabilities,
and ultrafast switching speeds. [169,170] Since the thin
walls (10–20 nm)  of PEDOT nanotubes render the diffusion
distance of counter-ions extremely short, the switching
speeds can be less than 10 ms,  which are compatible with
moving-image display technology. In recent years, photo-
sensitivity and photoresponse of individual CP nanofibers
have also been reported. For instance, a clear increase of
conductance was observed when a polyaniline nanofiber
was illuminated by a UV lamp, which can be explained
as carrier generation in polyaniline nanofibers by UV illu-
mination [172]. Wang et al. [173,174] observed similar
results: the current of a bundle of polyaniline and polypyr-
role nanowires under illumination by an incandescence
lamp is enhanced by 4–6 times, and the devices exhib-
ited clear photocurrent switching characteristics during
switching on/off.

Another interesting phenomenon, a photothermal
effect on CP nanofibers, was reported recently. Compared
with bulk materials, nanofibers have a much larger efficient
photothermal conversion and lower thermal conductivity,
because the heat generated through photothermal pro-
cesses will be confined within the individual nanofibers. It
was found that a random network of polyaniline nanofibers
under a camera flash irradiation was  turned into a smooth
and shiny film [175]. This flash welding technique (pho-
tothermal effect) can be used to fabricate asymmetric
nanofibre films, to melt polymer/polymer nanocompos-
ites rapidly and to photo-pattern polymer nanofibre films

[176,177].

The optical properties of CP nanostructures can also be
modified by using a functional dopant method. For exam-
ple, azobenzene sulfuric acid doped polyaniline nanotubes
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synthesized by template-free method show trans–cis pho-
toisomerization upon irradiation with UV light [178].
Zhang et al. [62] reported polyaniline hollow micro-
spheres with a strong fluorescence and a high conductivity
(∼10−1 S/cm), which were prepared by the template-free
method in the presence of Rhodamine B (RhB) as a fluores-
cent material.

3.5. Mechanical properties

Recently, the mechanical properties of a single
nanofiber/tube have drawn much attention [for a review,
see Ref. [179]]. Elastic modulus of individual nanotubes
and nanofibers of conjugated polymers such as polypyr-
role, polyacetylene and PEDOT were measured using
atomic force microscopy.[97,180–183] Cuenot et al. [180]
first reported the elastic tensile modulus of template-
synthesized polypyrrole nanotubes with an outer diameter
ranging between 30 and 250 nm,  deduced from force-curve
measurements or resonance-frequency measurements. It
was found that the elastic modulus strongly increased
when the thickness of the polypyrrole nanotubes wall or
its outer diameter decreased: the elastic modulus varies
between 1.2 and 3.2 GPa for tubes with outer diameter
larger than 100 nm and wall thickness higher than 20 nm
(as a set of comparison, Park et al. found about 1 GPa
for a polypyrrole nanotube with an outer diameter of
120 nm [97]). With decreasing thickness or outer diame-
ter, the nanotube’s elastic modulus strongly increases and
can reach a value close to 60 GPa for a wall thickness of
6.5 nm and an outer diameter of about 35 nm.  Similar size-
dependent mechanical behavior has been also observed
in other single polymer nanofibers [179,184–186].  The
observed behavior for the elastic modulus is very similar
to that previously observed for the electrical conductivity.
That suggests that the structural improvement induced by
the template synthesis for the smaller nanotubes diam-
eters could be responsible for the mechanical behavior.
However, both theoretical models and experimental stud-
ies (e.g., measuring apparent elastic modulus [182]) have
shown recently that the increase of elastic modulus for
lower diameters comes essentially from surface effects
[182,184,185,189]. Precisely, when the surface-volume
ratio increases, an additional term including the surface
effects (mainly surface tension) may  become predominant
[182]. Here it should be noted that similar size-dependent
mechanical behavior has been also observed in inorganic
nanowires such as CuO [187], silicon [188], silver and lead
[189] nanowires. Of course, the structural improvement as
induced by the template synthesis for the (super)molecular
structure cannot be considered for these inorganic systems.

3.6. Microwave absorbing property

CPs as new microwave absorbing materials have been
explored due to their lower density and their easy pro-
cessability. In general, traditional films or pellets of doped

polyaniline and polypyrrole only exhibit an electrical
loss in the microwave frequency (e.g., f = 1–18 GHz)
[190–192]. However, Wan  et al. [193] found that PANI-NSA
and PANI-NSA/glucose micro/nano-tubes prepared by the
Science 36 (2011) 1415– 1442

template-free method show an excellent electro-magnetic
loss. For comparison, the dopant NSA, aniline salt formed
with NSA and granular PANI-NSA exhibited only weak
or no magnetic loss (Figs. 6 and 7 of Ref. [193]). Obvi-
ously, the tubular morphology contributed to the strong
magnetic loss observed in the polymer microtubes at
f = 10–18 GHz. Namely, it may  arise from an enhanced
chain ordering (or partial order of the polaron as charge
carrier) induced by the tubular morphology [193]. In addi-
tion, Liu et al. [194] studied the electromagnetic wave
absorbing property of polyaniline/polystyrene composite.
It was found that the doped polyaniline with fiber-like
morphology has better electromagnetic wave absorbing
property than that of polyaniline with particle-like mor-
phology. The frequency breadth of the reflectivity below
−10 dB is 6 GHz (11.6–17.6 GHz) by optimizing the elec-
tromagnetic parameters of the micro/nano-composite. The
above results indicate that nanotubes/fibers of CPs can be
used as high absorption, wide frequency and lightweight
microwave absorbent.

4. Applications of conducting polymer nanotubes
and nanofibers

4.1. Chemical, optical and bio-sensors

Since the electrical and optical properties of CPs can
be reversible changed by a doping/dedoping process, CP
nanostructures have been widely explored as chemical
sensors, optical sensors and biosensors due to greater
exposure area than the conventional bulk polymers. Pre-
vious studies demonstrate that the gas (HCl, NH3, NO, H2S,
ethanol, liquefied petroleum gas [40], etc.) sensors based
on polyaniline or PEDOT [195] nanofibers usually show a
higher sensitivity and shorter response time because of
higher surface areas [45,196–205]. For example, it was
found that the response times of the polyaniline nanofiber
sensors exposed to chloroform, toluene and triethylamine
were about a factor of 2 faster, with the current variations
up to 4 times larger than those of the bulk polyaniline sen-
sors [198].

NH3, NO, and pH sensors based on individual polyani-
line, PEDOT, polypyrrole nanofibers/wires have also been
reported [76,82,83,206–210].  For instance, single polyani-
line nanowire chemical sensors showed a rapid and
reversible resistance change upon exposure to NH3 gas
at concentrations as low as 0.5 ppm [76]. The response
times (on the order of 10 s to a few minutes) of nanowire
sensors with various diameters correspond to radius-
dependent differences in the diffusion time of NH3 gas into
the wires. NO gas sensors based on single and multiple
PEDOT nanowires were also reported by Lu et al. [207].
The responses to NO were highly linear, reproducible and
reliable with a minimal concentration of NO of 10 ppm.

Pringsheim et al. reported that fluorescent beads coated
with polyaniline can be used as a novel optical pH sen-
sor [211]. The fluorescence emitted by dye-doped polymer

nanobeads is modulated by a thin conductive polyaniline
coating, whose visible-light absorption varies with pH at
values around seven. Gu et al. [212,213] demonstrated
a single waveguiding polyaniline/polystyrene nanowire
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or highly selective optical detection of gas mixtures
sensing with a response time of 30 ms  for humidity;
etection down to subparts-per-million level for NO2 and
H3). In addition, the photosensitivity and photoresponse
f a bundle of polyaniline nanowires were also inves-
igated by Wang et al. [173,174],  which showed that
he photocurrent enhanced by 4–5 times under irradia-
ion of an incandescence lamp (12 V, 10 W).  These results
ndicate that CP nanofibers might be useful in the fab-
ication of photosensor and photoswitch nanodevices. In
ddition, Zhu et al. [8,9,224,225] reported a pH sensor
f polyaniline-perfluorosebacic acid (PFSEA)-coated fab-
ic guided by reversible switching wettability through a
FSEA doping/NH3 dedoping process. It was found that
he CP nanostructure-based sensors show a fast response,
tability, and good reproducibility by changing wettabili-
ies from superhydrophobic (doping) to superhydrophilic
dedoping).

Biosensors based on CP nanotubes/wires were also
xplored intensively in recent years [214–223]. For
nstance, Zhang et al. [215] reported poly(methyl vinyl
ther-alt-maleic acid) doped polyaniline nanotubes for
ligonucleotide sensors. Peng et al. [216] reported a func-
ionalized polythiophene as an active substrate for a
abel-free electrochemical geno-sensor. In addition, Langer
t al. [217] reported a bacteria nanobiodetector based on a
imited number of polyaniline nanofibers. The device works
ike an “ON-OFF” switch with nearly linear response above

 threshold number of cells in the suspension examined,
nd may  be useful in bio-alarm systems, environmental
onitoring and medical applications.

.2. Field effect transistors and diodes

Field-effect transistors based on individual
P nanofibers have been reported extensively
74,75,226–228]. Pinto et al. [74] reported an electrospun
olyaniline/polyethylene oxide nanofiber field-effect tran-
istor. Liu et al. [75] reported a single nanofiber field-effect
ransistor from electrospun poly(3-hexylthiophene).
he transistor exhibited a hole field-effect mobility of
.03 cm2/V s in the saturation regime, and a current on/off
atio of 103 in the accumulation mode. An ultra-short
oly(3-hexylthiophene) field effect transistor with effec-
ive channel length down to 5–6 nm and width ∼2 nm
as also reported by Qi et al. [226]. In addition, Alam

t al. [227] reported electrolyte-gated transistors based on
onducting polyaniline, polypyrrole and PEDOT nanowire
unction arrays. In the presence of a positive gate bias,
he polyaniline nanowire-based transistors exhibit a
arge on/off current ratio of 978, which can vary accord-
ng to the acidity of the gate medium. Lee et al. [228]
lso reported electrolyte-gated conducting polyaniline
anowire field-effect transistors.

Besides nanofiber field effect transitors, nanostructured
olymer/semiconductor (metal) diodes were also reported.
uo et al. [26,27] reported an organic/inorganic p–n junc-
ion nanowire consisting of polypyrrole and CdS fabricated
sing an Al2O3 template, which displays a strong photo-
ependent rectifying effect. It was also reported that single
u-polypyrrole-Cd-Au nanorods exhibit diode behavior
cience 36 (2011) 1415– 1442 1433

with rectifying ratio ∼200 at ±0.6 V at room temper-
ature [229]. Pinto et al. [230,231] reported a Schottky
diode using an n-doped Si/SiO2 substrate and an electro-
spun fully doped polyaniline nanofiber. Liu et al. [102]
demonstrated that Au/template-synthesized polypyrrole
nanofiber devices show rectifying behavior, and might be
used as nano-rectifiers.

4.3. Polymer light-emitting diodes, field-emission and
electrochromic displays

Well-aligned polyaniline, polypyrrole, and PEDOT
nanofibers/tubes have also been explored for polymer
light-emitting diodes (PLEDs) [232–235], field emission
[24,236–238] and electrochromic [169,170,239–241] dis-
plays. For example, micrometer- and nanometer-sized
polymeric light-emitting diodes based on hard template-
synthesized PEDOT nanowires were first reported by
Granström et al. [232]. Boroumand et al. [234] fabricated
arrays of nanoscale conjugated-polymer light-emitting
diodes, each of which has a hole-injecting contact limited
to 100 nm in diameter. Concerning field-emission applica-
tions, it was  found that polyaniline nanofibers within hard
template membrane showed stable field emission behavior
with low threshold voltage of 5–6 V/�m and high emis-
sion current density of 5 mA/cm2 [236]. For field emission
cell of template-synthesized PEDOT nanowires [237,238],
the turn-on field was 3.5–4 V/�m,  the current density was
0.1 mA/cm2, and the field enhancement factor of nanotips
was about 1200, which is comparable to those of car-
bon nanotubes. These results suggest that the polyaniline,
PEDOT, and polypyrrole nanofibers/tubes can be used as
nanotips for field emission displays. However, the sta-
bility of organics into such high-field and the resulting
increase in temperature has to be addressed. In addi-
tion, due to the ability to change color under an applied
potential, CP nanostructures have been investigated as the
active layer in electrochromic devices [169,170,239–241].
For instance, Cho et al. [169] demonstrated a fast color-
switching electrochromic device based on nanotubular
PEDOT. An electrochromic device from nanostructured
PEDOT grown on vertical Si nanowires was also reported
[241].

4.4. Energy storage

Electrochemical studies on CP nanostructures have
demonstrated that they usually have higher specific
capacitance values and can be beneficial in the devel-
opment of the next-generation energy storage devices
[242–247]. Zhang et al. reported that PANI nanofibers
showed higher capacitance values and more symmetrical
charge/discharge cycles due to their increased available
surface area [32,244]. The highly dense arrays of ordered
and aligned nanorods of polyaniline with 10 nm diameter
were found to exhibit excellent electrochemical proper-
ties with an electrochemical capacitance value of 3407 F/g

[245]. Template-synthesized PEDOT nanotubes also show
high power capability: the specific capacitance value is
132 F/g, and the device retains a high energy density
(5.6 Wh/kg) at a high power, which can be attributed to
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the fast charge/discharge of nanotubular structures: hol-
low nanotubes allow counter-ions to readily penetrate into
the polymer and access their internal surfaces [247]. It
was also reported that MnO2/PEDOT coaxial nanowires
prepared by a one-step coelectrodeposition in a porous alu-
mina template show very high specific capacitances even at
high current densities. The excellent electrochemical and
mechanical properties indicate that the coaxial nanowires
may  lead to new types of nanomaterials in electrochemical
energy storage devices [30].

Fuel and photovoltaic cells are also concerned by poly-
meric nanofibers. Kim et al. [248] reported template-
synthesized polypyrrole nanowire-based enzymatic bio-
fuel cells. It was found that the nanowire-type biofuel
cell exhibited a higher power density than the film-type
biofuel cell by two orders of magnitude. Particularly,
single polypyrrole-CdS nanowire photovoltaic cells were
reported recently [26,27]. We  note that conjugated-
polymer-based photovoltaic elements (plastic solar cells)
have been extensively reported, for a good review see Ref.
[249].

4.5. Drug release and protein purification
Drug delivery devices have flourished during the last
few decades and are extensively used in various kinds
of treatments. In this context, conducting polymer-based

Fig. 19. Schematic illustration of the controlled release of dexamethasone: (a)
(b)  hydrolytic degradation of PLGA fibers leading to release of the drug, and (c) e
electrospun PLGA fiber slows down the release of dexamethasone (d). (e) PEDOT na
controls the release of dexamethasone from the PEDOT nanotubes due to contrac
are  injected into the chains and positive charges in the polymer chains are comp
towards the solution and the nanotubes contract. This shrinkage causes the drugs
and  (h) a single PEDOT nanotube which was polymerized around a PLGA nanosca
[41]].  Copyright 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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devices have been investigated to examine how they can
serve as electrically controlled drug delivery devices inside
the body. One major challenge is to develop a drug deliv-
ery system that allows strict control of the ON/OFF state.
In addition, such a device must be able to deliver the
drug of interest at doses that are required to obtain the
therapeutic effect. Abidian et al. [41] reported an on-
demand drug realizing system based on PEDOT nanotubes,
as shown in Fig. 19.  In this approach, poly(lactide-co-
glycolide)/dexamethasone fibers were formed and grown
using electrospinning onto a supporting electrode, and
PEDOT was  thereafter electrochemically grown along the
surface of the fibers to form PEDOT nanotubes. The release
characteristics of dexamethasone were studied while the
carrying electrode was biased at different voltages. The
cumulative mass release of dexamethasone was found
to increase dramatically as short voltage pulses were
applied to the electrode hosting the PEDOT/poly(lactide-
co-glycolide)/dexamethasone fibers. The electrically con-
trolled release in this case is tentatively attributed to
two  parallel effects. First, as the oxidation state of
PEDOT cladding layer is switched, a contraction force on
the poly(lactide-co-glycolide)/dexamethasone fiber core is

induced. This force squeezes the core of the fiber, affecting
the transport as well as the kinetics of the drug molecule.
More important, it is expected that the PEDOT-cladding
may  crack during a switch cycle. This may  result in addi-

 dexamethasone-loaded electrospun poly(lactide-co-glycolide) (PLGA),
lectrochemical deposition of PEDOT around the dexamethasone-loaded
notubes in a neutral electrical condition. (f) External electrical stimulation
tion or expansion of the PEDOT. By applying a positive voltage, electrons
ensated. To maintain overall charge neutrality, counterions are expelled

 to come out of the ends of tubes. SEM images of (g) PLGA nanoscale fibers
le fiber, followed by dissolution of the PLGA core fiber [adapted from Ref.
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Fig. 20. SEM images of PEDOT nanotubes from lower (a) to higher magnification (b) on the surface of a single microelectrode site. (c) The in vivo impedance
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pectroscopy in a rat model during seven weeks post implantation. (d) N
rticle  for more clarification [adapted from Ref. [43]]. Copyright 2009 Wil

ional pathways for the dexamethasone drug to escape
he poly(lactide-co-glycolide) core host via nano-cracks
hrough the PEDOT nanotubes.

In addition, Shi et al. [250] reported chemically modified
oly(1-(2-carboxyethyl)pyrrole) microtubes could be used
s an affinity matrix for protein purification. Elution of the
rotein showed that the desorption ratio was up to 99.5%.
urthermore, it is found that the adsorption–desorption
ycle was repeated 10 times using the same microtubes
ithout significant loss in the hemoglobin adsorption

apacity.

.6. Neural interfaces

Abidian et al. [251] have demonstrated a fabrication
ethod for the growth of conducting polymer nanofibers
ithin a hydrogel scaffold coated on neural microelec-

rodes (Fig. 20a  and b). In this paper, Abidian et al. describe
he design and characterization of a multifunctional, hybrid
anostructured interface for neural microelectrodes that is
oft, low impedance, has high charge density, and is capa-
le of controlled drug release [41]. The design includes:
i) biodegradable electrospun nanofibers for the controlled
elease of drugs and to provide a scaffold for the formation
f conducting polymer nanotubes and (ii) hydrogel layers
or the sustained release of drugs, and to provide a scaffold

or the formation of nanostructured cloud-like conduct-
ng polymer. The hydrogel coatings provide a mechanical
uffer layer between the hard silicon-based probe and the
oft brain tissue, a scaffold for growing the conducting poly-
cording activity of animal during seven weeks post implantation of this
 Verlag GmbH & Co. KGaA, Weinheim.

mer  within the hydrogel matrix, and a diffusion barrier for
controlling drug release. They have also compared elec-
trical properties of different combinations of conducting
polymer nanofibers and nanotubes within the hydrogel in
terms of impedance spectroscopy and capacity of charge
density.

They have shown that the minimum impedance
occurred in the case of combination of PEDOT nan-
otubes and PEDOT within the hydrogel. The impedance
decreased significantly at 1 kHz from 783 k� (bare gold)
to 2.5 k� (PEDOT nanotubes + hydrogel + PEDOT) (Fig. 20)
[251]. Abidian et al. also demonstrated that the charge
density increased significantly, about 2 orders of mag-
nitude, from 1.28 mC/cm2 to 223.8 mC/cm2 in the case
of PEDOT nanotubes + hydrogel + PEDOT [251]. They also
demonstrated that electrodes modified with PEDOT nan-
otubes registered high quality unit activity (signal-to-noise
ratio, SNR > 4, as shown in Fig. 20d) on 30% more sites
than uncoated controls, primarily as a result of reduced
noise. They also showed that sites modified with PEDOT
nanotubes had significantly less low frequency artifact
in local field potential recordings. The Nyquist plots of
in vivo electrochemical impedance spectroscopy mea-
surements revealed that the PEDOT nanotubes may  be
used as a novel method for biosensing to indicate the
transition between acute and chronic responses in brain

tissue [43,251]. In addition, it has been shown that
polypyrrole and PEDOT nanotubes can adhere better to
the surface of electrodes in comparison with their film
counterparts [44].
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4.7. Actuators and other applications

Potential applications of CP bulk films and nanos-
tructures on actuators or artificial muscles have also
drawn much attention [177,252–258].  For example,
Okamoto et al. [253] reported an actuator based on
doping/undoping-induced volume change in anisotropic
polypyrrole film. Otero and Cortes [254] reported the
movement of an all polymeric triple-layer artificial mus-
cle based on polypyrrole. Recently, it was reported that
flash-welded polyaniline nanofiber actuators demonstrate
unprecedented reversible, rapid actuation upon doping
[177]. An asymmetric nanofiber film with a thin dense
layer on top of a thick porous nanofibrillar layer is formed
by an intense flash of light; the layer can curl more than
72◦ on exposure to camphor sulfonic acid [177]. Actua-
tion response (or reversible volume changes with electrode
potential) in polypyrrole and polyaniline nanostructures
were also investigated by electrochemical AFM (atomic
force microscopy) [255,258].

Besides all the potential applications reported above,
some other applications of CP-based nanofibers have been
investigated. For instance, Yang et al. [259] reported that
polyaniline nanofibers have better corrosion protection
for mild steel than conventional aggregated polyani-
line. Polyaniline microtubes/nanofibers [193,194] and
polyaniline-multiwalled carbon nanotubes nanocompos-
ites [260] may  be used as microwave absorbers and
electromagnetic interference shielding materials. It was
also reported that conducting polyaniline nanofibers were
used as nanofillers to improve the electrical properties of
a ferroelectric copolymer [261]. In addition, polyaniline
nanofibers decorated with gold nanoparticles exhibited
very interesting bi-stable electrical behavior, and can be
switched electrically between two states, which may  be
used in the fabrication of plastic digital nonvolatile memory
device [262].

5. Summary and outlook

During the last 20 years, significant progress has been
made in synthesis, morphological and structural character-
izations, physical and chemical properties of CP nanofibers
and nanotubes. This article is a brief review on these fast
growing research areas in order to understand the specific
behavior and potential applications of one-dimensional CP
nanostructures in comparison to their bulk materials.

To date, a variety of approaches have been employed
to synthesize and fabricate CP nanostructures. However,
facile, efficient, and large-scale synthesis of the nanostruc-
tures of CPs with uniform, non-disperse, and well-desire
morphology and size, even oriented nanostructure arrays,
is still desired. In addition, the currently reported poly-
mer  nanostructures produced by these methods are usually
amorphous or partially crystalline. In some strategies, the
polymeric structure can be improved in comparison to the
bulk case, but fabrication of highly crystalline and metallic

polymer nanotubes and nanofibers is still a challenge.

CP nanotubes and nanofibers have displayed an impres-
sive applicative potential from energy harvesting and
bio-/chemical sensing to electronic devices and drug deliv-
Science 36 (2011) 1415– 1442

ery. However, due to the complicated microstructures of
CPs, there are still problems to fulfill their applications
in nanoscale devices, such as the reproducibility and/or
controllability of individual polymer nanotubes/wires, sta-
bility of the doping level and improving processability of
CP nanostructures. Previous studies of individual nanode-
vices (diodes and transistors) based on isolated tubes/fibers
represent only an initial step towards nanoelectronic cir-
cuits. It remains a great challenge to assemble or fabricate
integrated functional circuits from single devices. Fur-
thermore, synthesizing CP nanostructures with improved
electrical conductivity and/or mobility will enhance the
performance of the devices and many of the applications
discussed. Finally, it is worth noting that CP-based hybrid
nanostructures [26–31,204,260–270] offer a very broad
and promising field of research, not only to enhance the
above-mentioned properties and to address the corre-
sponding challenges for applications, but also to achieve
multifunctional nano-systems and then, to open new per-
spectives.
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