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We report an anomalous electronic transport signature in polyaniline nanofiber networks probed via the
temperature-dependent dc conductivity ��dc�T��, reflectance �R�� ,T�� over a broad frequency range
�300–50 000 cm−1�, and x-ray diffraction. We determined that disorder and localization dominate the bulk
charge dynamics and propose that the origin of the atypical electronic transport signature in the nanofibers
networks is the “fragile” nature of the conductance at the nanofiber interfaces resulting from the strong
T-dependent localization of electronic states in the nanostructure interface regions.
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The electronic properties of nonporous polyaniline films
prepared by conventional polymerization1 have been exten-
sively studied2 through optical,2–6 charge transport,2,5,7–9

structural,10–12 and magnetic probes.12,13 Though these films
are typically between 10% and 50% crystalline with coher-
ence lengths of several nm, electron micrographs reveal
these films as smooth and featureless due to the presence of
the amorphous polyaniline essentially coating the surface
and extending into the bulk of the film. The �dc of dense film
samples that contain extensively disordered regions is domi-
nated by hopping at all temperatures. Samples with less dis-
order have metal-like signatures at high temperature �typi-
cally T�200 K�, with a broad maximum in ��dc�T�� and
with a change in conductivity from room temperature �RT� to
the broad conductivity maximum of �15%, and a clear lo-
calized transport at low temperatures.5,12

In recent years, the progress in controlled synthesis has
led to the fabrication of networks of polyaniline nanofibers
and nanotubes,14–21 with tunable nanofiber and nanotube di-
ameters. The films of polyaniline nanofibers networks �PAN-
nfNs� charge transport being reported here behave differently
than metallic or dielectric conventional polyaniline and dif-
ferent from metallic or dielectric single nanotubes of
polyaniline.5,8,14 The films of PAN-nfN have anomalous
transport properties requiring a new approach to understand-
ing their transport behavior. The PAN-nfN conductivity in-
creases by �200% as the PAN-nfN is cooled from room
temperature to 235 K—very different than the behavior ear-
lier reported for any metallic polyaniline. These differences
are summarized in Table I. A recent charge transport study of
a polyaniline nanofiber network also showed a similar sharp
maximum around 230 K and a large conductivity increase
from RT to the maximum conductivity. The ��dc�T�� behav-
ior was assigned18 to that of a metallic transport similar to
that of conventional metallic polyaniline. However, the study
did not provide results of related experiments to determine
the mechanisms governing charge-carrier motion in the in-
terconnected network. Doped polyaniline nanofiber networks
are model systems to study the nature of charge carriers
within this nanostructure polymer network topology. In order
to understand the origin of the anomalous transport charac-
teristics in PAN-nfN including the sharp maximum at 235 K,
we probed the PAN-nfN using a wide variety of experiments

to determine the mechanisms governing this unusual phe-
nomenon.

In this Brief Report, we report the conductivity at dc �30–
300 K�, the frequency and temperature dependence of the
dielectric constant ���� ,T�� of the nanofibers network over
very broad frequency �300–50 000 cm−1� and temperature
ranges �20–300 K� derived from the Kramers-Kronig analy-
sis of the reflectance combined with the x-ray diffraction
�XRD� of the PAN-nfN and pressured PAN-nfN films. Ap-
plication of modest pressure �4000 psi� is shown to irrevers-
ibly change the fiber morphology and the electronic response
while leaving the x-ray structures the same. The results of
these experiments led us to conclude that the PAN-nfN is not
metallic and to propose that the behavior of PAN-nfN is the
first proposed example of an “interface-driven conductance
transition” in a nanostructured conducting polymer network.

The PAN-nfN samples studied here were prepared via di-
lute polymerization with ClO4

− as the dopant following our
earlier published procedure.16 The doping level of the result-
ing polyaniline nanostructure measured by the perchlorate to
nitrogen ratio from the elemental analysis was 28%. The
�dc�T� measurement were performed on PAN-nfN and pellet
PAN-nfN films using a standard four-probe technique. The
dc conductivity was measured in a Quantum Design physical
property measurement system �PPMS�-9 platform with an
addition sample probe Keithley 2400 Sourcemeter. PAN-nfN
was drop cast onto a glass substrate containing four gold
patterned electrodes; the separation between the gold elec-
trodes was 2 mm and the width of each electrode was 0.5
mm. The PAN-nfN pellet sample prepared at a pressure of
4000 psi was mounted on a glass substrate using Kapton tape
�3M™ Polyimide 1205�. Four copper wires �0.05 mm in di-
ameter� were connected parallel to the pellet PAN-nfN
sample surface with graphite paint �Acheson Electrodag 502�
to ensure good electrical contact. For both PAN-nfN and pel-
let PAN-nfN films, the current was applied through the outer
electrodes/wires, while the voltage drop was measured across
the inner two electrodes/wires. The dissipative power was
kept under 10−7 W to eliminate self-heating effects. The T
and � dependences of reflectance was measured using a
Bruker IFS 66v/S Fourier transform infrared spectrometer
equipped with a continuous flow He cryostat over the range
300–50 000 cm−1. The high-energy �5000–50 000 cm−1�
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reflectance was measured at RT using a Varian Cary 5000
spectrometer equipped with an integrating sphere. The RT
reflectance at low energy �300 cm−1� was �50% and the
reflectance at low energies decreased with decreasing tem-
perature. For energies below 300 cm−1, the reflectance was
assumed to be constant, between 50 000–100 000 cm−1 the
reflectance was assumed to fall off as 1

�2 , and above
100 000 cm−1, the extrapolation was taken as 1

�4 .22 To cor-
rect for diffuse scattering due to the roughness of the film,
the gold overcoating method23 was used for scaling the low-
energy measurement. Structural XRD experiments were per-
formed using an x-ray scanning diffractometer �Rigaku
Ultima-III, with a Cu K� radiation source ��=1.542 Å��.
Pressure of 4000 psi was applied to the PAN-nfN using a
K Br pellet press �Carver Laboratory Equipment, Hydraulic
Unit model 3912�.

Table I shows the reported differences between the elec-
tronic transport of conventional polyaniline, single polya-
niline nanotube, and polyaniline nanofiber network films.
Figure 1 shows the scanning electron microscope images of
the nanostructure sample before and after the application of
pressure. The application of 4000 psi of pressure to PAN-nfN
changes the morphology to that of a continuous film. The
�dc�RT� of the PAN-nfN film is �0.7 S /cm, �100-fold
smaller than the Mott minimum metallic conductivity
�MMMC�. The �dc�RT� for the pressed PAN-nfN is �3-fold
larger than that of the PAN-nfN similar to the 0.7 S/cm for
the PAN-nfN when corrected for the presence of �2 /3
voids, but still well below the MMMC �Refs. 4, 8, and 24�
�Fig. 2�a��. For the PAN-nfN film, � increased rapidly as the
temperature decreased from RT until �235 K. Below that, a
gradual decrease in � was noted as the temperature was re-
duced to �30 K. The reduced activation energy W
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FIG. 1. �a� The scanning electron micrograph �SEM� of polya-
niline nanostructures obtained by 1M HClO4�aq� dilute polymeriza-
tion. �b� The corresponding SEM image after the application of
4000 psi pressure to the nanostructure.
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�d ln �dc�T� /d ln T vs T �Refs. 2, 5, 7, and 8� is presented
in the inset of Fig. 2�b�. The charge transport dynamics for
the PAN-nfN film and pellet both follow a quasi-one-
dimensional �quasi-1D� variable range-hopping �VRH�
model,9,12 where �dc�exp��−

T0

T �1/2�, and T0 can be inter-
preted as an effective energy barrier between localized states
determined by the degree of disorder. The onset of the
quasi-1D VRH for the nanostructured film is just below
Tmax�235 K �we have seen similar quasi-1D VRH behavior
in other PAN-nfN doped with hydrochloric acid and with
camphorsulfonic acid�; while for the pressed nanostructured
pellet, the model holds for T�100 K.

Optical studies �Fig. 3�a�� showed reflectance approach-
ing 50% at 300 cm−1. The oscillations in the mid-IR
�500–2500 cm−1� are assigned to phonons and there was no
significant change in the mid-IR signature over T-range stud-
ied. For all measured temperature ranges, the optical dielec-
tric constants �Fig. 3�b�� were calculated from the Kramers-
Kronig analysis.22 The optical dielectric constants did not
cross zero, suggesting that the plasma response was over-
damped �	P
�1�. To calculate the T-dependent dielectric
constants, the low-T reflectance data were extrapolated to
higher energy using the RT reflectance.

X-ray diffraction studies �inset of Fig. 3�b�� indicated that
the PAN-nfN and pellet PAN-nfN films were �50% crystal-
line, with a coherence length of �2 nm. This coherence
length is similar to the values reported earlier for conven-
tional polyaniline with less disorder and higher
conductivity.10 We suggest that due to the average diameter
size of the nanostructure fiber ��40 nm�, which is a factor
of 20 more than the coherence length, the XRD probes par-
tially crystalline regions similar to bulk conventional polya-
niline.

The signature of ��dc�T�� features an anomalous elec-
tronic transport signature characterized by conductivity
increasing by a factor of 3 as the PAN-nfN is cooled from RT
to 235 K. The �dc�RT� of the PAN-nfN ��0.7 S /cm� is very
small compared to the MMMC. Therefore, we expect the
charge transport of the PAN-nfN to be dominated by phonon
activation with very little or no metallic contribution. On the
contrary, the charge transport of PAN-nfN films increases as
the temperature is lowered from RT to �235 K. However,
for the pressed PAN-nfN films, the polymer nanofibers
merge as 4000 psi pressure is applied leading to continuous
film morphology. The signature of the charge transport
for the pressed PAN-nfN films resembled that of conven-
tional disordered polyaniline,4 having a broad peak and a
moderate change in conductivity from �dc�RT� to the peak
conductivity.

Based on the wide range of experimental results presented
here, we propose that the charge transport of the PAN-nfN
films is affected by two competing mechanisms: the interac-
tions with phonons in the bulk of each nanofiber and the
nature of the conductance at the nanofiber-nanofiber inter-
faces. We propose at low temperatures, below �235 K the
effect of “fragile” �consisting mainly of weakly intertwined
nanofibers interface susceptible to becoming broken, loose,
and disconnected from each other� interfiber contacts is
small, while the effect of phonon activation dominates the
charge transport dynamics, so electrons can hop from one
localized state to another. As higher temperatures are ap-
proached, the effect of phonon assistance is reduced, and the
fragile nature of the interfiber contact dominates, leading to a
longer charge transport path length and a more resistive
nanostructure network as the temperature is increased above
235 K. In contrast, with the pressed PAN-nfN, the applied
pressure significantly reduced the effect of interfiber contacts

20000 40000
0.0
0.1
0.2
0.3
0.4
0.5
0.6 300 K

250 K
200 K
100 K
20 K

Film

1200 18000.2

0.3

0.4

Re
fle
ct
an
ce

Wavenumber(cm-1)

R
ef
le
ct
an
ce

Wavenumber(cm-1)

10 10000
0

10

20

30

40

300 K
250 K
200 K
100 K
20 K

15 30 45 60

F ilm
Pelle t

In
te
ns
ity
(a
.u
)

2 θ degree

εε εε (
ωω ωω
)

Wavenumber(cm -1)

a b
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leading to a shorter charge transport path length as the mor-
phology was transformed from one consisting of nanofibers
to that of a continuous film. Therefore, the signature of
charge transport resembled that of a conventional polyaniline
pellet with disorder. From the fit of ln �dc vs T−1/2 to a 1D
VRH model, we estimate T0 as �2.5�103 K for the film
and �1.39�103 K for the pellet, similar to reported values
for disordered polyaniline films.12 These values suggest that
the PAN-nfN film had a greater degree of disorder in the
disordered regions compared to the pellet �pressed� PAN-nfN
film. The increase in W with decreasing T implies that the
system is in the insulating regime throughout the temperature
range studied. The dielectric functions ��� ,T� also revealed
that the charge carriers were localized, similar to the result of
the reduced activation energy plot W. The RT XRD measure-
ment indicated a �50% crystalline sample. However, due to
the fragile nature of the nanofiber interface contacts, the ef-
fective conductivity of the network was significantly re-
duced.

In summary, the ��dc�T�� transport data of PAN-nfN ex-

hibit an anomalous electronic transport signature behaving
differently from conventional polyaniline and polyaniline
nanotube, while pressed PAN-nfN exhibits charge transport
signature typical of conventional polyaniline. The dielectric
constant revealed that the charge carriers within the nanofi-
ber network are localized. RT XRD data showed a partially
crystalline PAN-nfN; however, the effective conductivity of
the network is less than the MMMC. Therefore, our experi-
mental results suggest that the anomalous electronic behavior
seen in the signature of the temperature-dependent dc con-
ductivity of the PAN-nfN is driven by the fragile nature of
conductance at the nanostructured interface, while disorder
and localization dominate the bulk charge dynamics.
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