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ABSTRACT: The electrical transport, optical, and micro-
structural properties of bulk polyaniline (PANI) and
nano-PANIs were investigated. A field emission scanning
electron microscopy (SEM) image of bulk PANI showed
macroscopic and aggregated granular particles. A SEM
image of the nanostructured PANI showed the formation
of one-dimensional nano/microstructures. The formation
of nanofibers was observed from the transmission electron
microscopy image. The electrical conductivities of the
bulk and nanostructured PANIs increased with increasing
temperature, which indicated semiconductor behavior.
The electrical conductivities of the bulk and nanostruc-
tured PANIs at room temperature were found to be 2.12

x 107 and 1.80 x 107> S/cm, respectively. The electrical
conductivity of the nanostructured PANI was about 850
times higher than that of the bulk PANI. The obtained
band gaps of the bulk and nanostructured PANIs were
determined from diffuse reflectance measurements and
were found to be 3.27 and 2.41 eV, respectively. The re-
fractive index of the PANI samples changed from 1.3 to
1.61. The obtained results indicate that the electrical and
optical properties of the PANI were inherently dependent
on the nanostructure. © 2009 Wiley Periodicals, Inc. ] Appl
Polym Sci 114: 794-799, 2009
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INTRODUCTION

Semiconductor polyanilines (PANIs) have attracted
considerable attention in electronic devices because
of their electrical and optical properties. Polymeric
molecules usually have dimensions ranging from 5
to 10 nm and are expected to exhibit size-dependent
properties." The behavior of organic polymers in
nanoscopic systems has been found to be signifi-
cantly different from their behavior in bulk samples,
not only because of their reduced dimension but
also because of their changed morphology.> Spectral
characteristics are evidence for their peculiar behav-
iors at nanodimensional levels.® The strong depend-
ence of UV spectra on nanoparticle size has been
frequently observed."* The electronic® and optical
properties™® of these polymers in nanodimensions
have been found to be different from those of bulk
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polymers. A fundamental understanding of how size
and morphological changes influence the physico-
chemical properties of PANI nanoparticles is of great
technological interest.” PANIs seem to be suitable
candidates for nanoelectronic applications because of
their optical and electrical properties, such as refrac-
tive index, optical band gap, and dielectric constant.
The main goals of this study included the analysis
of the electrical, optical, and microstructural proper-
ties of PANI and a fundamental understanding of
how size changes influenced the electrical and opti-
cal properties of PANI. The effects of nanosize on
the electronic and optical properties were analyzed
by measurements of optical and electrical
conductivity.

EXPERIMENTAL

The preparation of bulk and nanostructured PANIs
was described elsewhere.” To study the electrical
conductivity, bulk PANI and nano-PANI samples
were pressed at 10 t/cm?® to form a circular disc.
Electrical conductivity was measured as a function
of temperature with an alternating polarity method
to eliminate electrical polarization and triboelectric
and piezoelectric effects with a Keithley 6517A
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electrometer (USA). The alternating-current (ac) con-
ductivity and impedance measurements were per-
formed on a Hioki 3532 LCR instrument. The diffuse
reflectance measurements of the PANIs were meas-
ured with a Shimadzu UV-3600-VIS-NIR spectropho-
tometer with a integrating sphere attachment.
Barrium sulfonate was used as reference to provide
a nominal 100% reflectance measurement. Field
emission scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images of
all of the samples were obtained with a LEO 440
digital scanning electron microscope (resolutions: 3.5
nm in SEI mode and 5.5 nm in BEI mode) and a
Phillips Morgani 268 microscope at a magnification
of 14,000, a resolution of 688 x 516 x 16, and an
exposure time of 100 ms, respectively.

RESULTS AND DISCUSSION

Microstructural properties of the bulk and
nanostructured PANIs

Figure 1 shows the SEM Ehotographs of the bulk
and nanostructured PANIs.” The field emission SEM
image of bulk PANI showed macroscopic and aggre-

Figure 1 SEM micrographs of the (a) bulk and (b) nano-
structured PANISs.
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Figure 2 TEM micrographs of the (a) bulk and (b) nano-
structured PANIs.

gated granular particles.” Figure 1 shows the forma-
tion of well-defined rice-grain-type nanofibers
between 300 and 500 nm and their lengths in 10s of
micrometers. The SEM images of nanostructured
PANI showed the formation of one-dimensional
nano/microstructures. The TEM images of the bulk
PANI and nano-PANI are shown in Figure 2. The
TEM micrograph indicated the formation of nanofib-
ers, as shown in Figure 2(b). Figure 3 shows the
XRD patterns of the bulk PANI and nano-PANI
samples. The diffraction pattern of the bulk sample
was significantly different from that of nano-PANI,
and nano-PANI showed sharp and well-resolved
peaks.”

Direct-current (dc) conductivity properties of the
bulk and nanostructured PANIs

The current (I)-voltage (V) characteristics of the bulk
PANI and nano-PANI are shown in Figure 4. The
I-V curves indicated ohmic behavior; that is, I
changed linearly with V. Figure 5 shows the temper-
ature dependence of the dc conductivity of the bulk
and nanostructured PANIs. The plot of the
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Figure 3 X-ray patterns of the bulk and nanostructured
PANIs.

conductivity (o) indicated linear regions that obeyed
the following well-known relation:

c = g, exp(—E/kT) (1)

where o, is the pre-exponential factor, E is the acti-
vation energy, k is the Boltzmann constant, and T is
the temperature. The activation energies of the con-
ductivity regions of the bulk PANI were found to be
0.29 and 0.46 eV, whereas the activation energy for
the linear region of the nanostructured PANI was
found to be 0.55 eV. The electrical conductivity
curve of the bulk PANI indicated two linear regions
and a transition region, whereas the nanostructured
PANI showed a linear region and two nonlinear
regions. The linear regions indicated that the electri-
cal conductivity in the PANI samples took place via
a thermally activated process. The electrical conduc-
tivities of the bulk and nanostructured PANIs
showed semiconductor behavior; that is, the conduc-
tivity increased with increasing temperature. The
electrical conductivities of the bulk and nanostruc-
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Figure 4 [-V characteristics of the bulk and nanostruc-
tured PANIs.
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Figure 5 Temperature dependence on electrical conduc-
tivity of the bulk and nanostructured PANIs.

tured PANIs at room temperature (at 25°C) were
found to be 2.12 x 107° and 1.80 x 1072 S/cm,
respectively. The electrical conductivity of the bulk
PANI was lower than that of the nanostructured
PANIL The high conductivity was attributed to the
nanostructure in the PANIL The electrical conductiv-
ity of the PANI increased with nanostructure. The
conductivity of the studied nanostructured PANI
was in agreement with the conductivity of PANI/
Fe;0, nanowire pellets (1071072 S/cm).® We deter-
mined that we could control the microstructure to
adjust the conductivity of the PANI semiconductor.
The room-temperature electrical conductivity of this
as-formed sample was found to be 5.68 S/cm;” after
about 3 months, the electrical conductivity (1.80 x
1072 S/cm) decreased significantly. This suggested
that the polymer underwent molecular changes over
time. The electrical conductivity resulted from the
conjugation with charge carrier traveling through
the backbone of the polymer with sufficient V.° We
determined that the conjugation in the polymer was
enough to make an organic semiconductor if it was
present in the main chain of the polymer.'’

AC conductivity properties of the bulk and
nanostructured PANIs

Figure 6(a,b) shows the plots of the ac conductivity
of the bulk PANI and nano-PANI at different tem-
peratures. The electrical conductivities of the bulk
PANI and nano-PANI indicated two regions, which
were frequency dependent and frequency independ-
ent. The first region corresponded to the dc conduc-
tivity, whereas the second region corresponded to
the alternating conductivity. The ac electrical con-
ductivity (o, of the samples was analyzed with the
help of the following equation:'''2
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Gac(®) = 04c + Af° ()

where f is the angular frequency, o, is the direct
conductivity, A is a constant, and s is a constant that
determines the type of conductivity mechanism. The
ac electrical conductivities of the bulk PANI and
nano-PANI increased with increasing temperature,
and this increase in ac conductivity indicated that
there may have been charge carriers, which were
transported by hopping through the defect sites
along the polymer chain."® The s values for the bulk
PANI were calculated from the slope of the second
conductivity region, and the s-T plot is shown in
Figure 7. However, in the second region of nano-
PANI, the conductivity increased up to 100 kHz
with frequency and then decreased with increasing
frequency. The obtained s values (0.0045-0.011) were
lower than that of bulk PANI, and the s values did
not exhibit any trend with temperature. The
decrease in conductivity of the nano-PANI exhibited
a metallic conductivity behavior because of the delo-
calized carriers present in metallic islands. The
obtained s values for the bulk PANI decreased with
increasing temperature (Fig. 7). This suggested that
the correlated barrier hopping (CBH) model was
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Figure 6 ac conductivity plots of the (a) bulk PANI and
(b) nano-PANI.
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Figure 7 Plot of s versus T for the bulk PANI.

dominant in the sample. In the CBH model, the
charge carrier hops between the sites over the poten-
tial barrier separating them.'*" The temperature
dependence of s in the model is expressed as

6kT

s= W T (o)

)

where k is the Boltzmann constant, W), is the bind-
ing energy of the carriers in localized states of the
polymer, and 1, is the characteristic relaxation time.
The W,; value for the bulk PANI was calculated
from the slope of the 1 — s versus T curve plotted
with eq. (3) and was found to be 0.18 eV. Figure
8(a,b) shows the complex plane impedance plots for
bulk PANI and nano-PANI at different tempera-
tures. These plots indicated a single semicircle,
which suggested that an equivalent circuit for the
samples was represented by a resistance and a ca-
pacitor in parallel. Figure 8(b) shows the Cole-Cole
plots for the nano-PANI, and the plots did not indi-
cate the whole of the semicircle. For the bulk PANI,
the diameter of the Cole-Cole curves decreased with
increasing temperature. This suggested a tempera-
ture-dependent relaxation mechanism. We deter-
mined that in the investigated frequency range, the
ac mechanism of the nano-PANI was different from
that of the bulk PANI because of the higher electri-
cal conductivity and nanostructure.

Optical properties of the bulk and
nanostructured PANIs

The reflectance spectra of the bulk and nanostruc-
tured PANIs are shown in Figure 9(a). The reflec-
tance spectrum of the bulk PANI showed a strong
absorption band in the energy range 2-4.5 eV. The
position of this band changed with nanostructure.
The changes in the structure of the PANI gave new
optical properties to the PANI. The optical band gap
of the samples was obtained from the reflectance
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Figure 8 Plots of real ReZ and maginary ImZ parts of the
impedance for the (a) bulk PANI and (b) nano-PANL

spectra. For this, the absorbance was determined by
application of the Munk-Kubelka function F:'®

(1-R.)* &k
FRw) == o @
where R is the diffusive reflectance from infinitely
layers, k is the absorption coefficient, and m is the
scattering factor independent of the wavelength for
particle sizes larger than the wavelength of light. We
assumed that the well-known model of direct transi-
tions were valid to determine optical band gap of
the bulk PANI and nano-PANI. Thus, we plotted the
curves of (hvk/m)* versus E = hv, h is the Planck
constant, v is the frequency. These are shown in Fig-
ure 9(b). The obtained band gaps of the bulk and
nanostructured PANIs were determined from Figure
9(b) and were found to be 3.27 and 2.41 eV, respec-
tively. The nanostructure of the PANI induced a
decrease in the optical band gap of the bulk PANI.
The optical band gap of the E, bulk PANI was
higher than that of PANI prepared by other methods
(E, = 3.04 eV and E, = 26 eV'®) but was lower
than that of another PANI (E, = 3.65 eV),' whereas
the optical band gap of the nano-PANI was lower
than the previously mentioned PANIs. However, the
optical band gaps of the both samples were higher
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Figure 9 Curves of the reflectance and (hvk/ m)? versus E
of the bulk and nanostructured PANIs.

than that of another PANI (E, = 1.68 eV).”” This dif-
ference in the optical band gap was attributed to
doping and nanostructure.

The refractive index dispersion properties of the
bulk and nanostructured PANIs was analyzed by
the following relation:*'

[0y~ 1P + KO)?
K= L) 11 1 k7 o

where R is the reflectance, A is the wavelength, n is
the refractive index and k is the extinction coeffi-
cient. The refractive index of the samples was calcu-
lated by means of eq. (5). The spectral dependence
of the refractive index is shown in Figure 10. The re-
fractive index curve of the bulk PANI indicated a
normal dispersion behavior between 350 and 500
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Figure 10 Refractive index spectrums of the bulk and
nanostructured PANIs.
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nm, whereas the nanostructured PANI indicated
normal dispersion behavior in the range 450-620 nm.
The refractive index dispersion of the PANI changed
with nanostructure. This suggested that the re-
fractive index of the PANI could be modified by
nanostructure.

CONCLUSIONS

The electrical transport, optical, and microstructural
properties of bulk PANI and nano-PANI were investi-
gated. The electrical conductivity of the nano-PANI
was higher than that of bulk PANL The samples exhib-
ited semiconductor behavior. The optical band gap of
the bulk PANI decreased with nanostructure. The ac
conductivity mechanisms of the samples took place via
a CBH hopping conductivity mechanism. The nano-
structure of the PANI modified the refractive index.

F. Yakuphanoglu thanks the Scientific and Technological
Research Council of Turkey.
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