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Charge transport and structural morphology
of HCl-doped polyaniline
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The d.c. and a.c. (100 Hz—1 MHz) conductivities of HCl-doped polyaniline have been
measured in the temperature range 77—300 K. At 77 K, the a.c. conductivity data, r(x), can be
described by the relation r(x)"Axs, where the parameter s lies close to unity and decreases
with increase in the doping level. The ratio of measured a.c. to d.c. conductivity shows
dispersion at 77 K, which decreases with increase in the doping level. This decrease is found
to be sharp around pH&3.0. In the temperature range 77—150 K, the observed d.c.
conductivity data can be described by Mott’s three dimensional variable range hopping
(VRH) model. Scanning electron microscopy studies reveal a sharp change in structural
morphology of HCl-doped polyaniline at a pH&3.0. A strikingly remarkable structural
morphology has been observed in the form of a channel at this pH value. This change is
accompanied by a rapid increase in d.c. conductivity, dielectric constant, along with sharp
changes in structural morphology, which indicates the existence of a doping-induced
structural conductivity correlation in this system.  1998 Chapman & Hall
1. Introduction
Polyaniline (PAN) has become one of the most
technologically important polymeric materials [1]
due to its unique processibility together with relatively
inexpensive monomer and high yield of polymeriza-
tion. PAN is fast replacing the conventional materials
because of its fascinating electrical properties, such
as variation of its electrical conductivity both by
the process of protonation and oxidation. It is well
established that HCl-doped PAN exhibits metal—
insulator transition and the nature of the charge
transport has remained the subject of many studies
during recent years [2—10]. The nearly linear
dependence of Pauli susceptibility on protonation
level, and of the Seebeck coefficients on reciprocal
temperature [5, 6] provides evidence that the
emeraldine salt form of PAN segregates into three-
dimensional metallic islands surrounded by an
amorphous region [2, 3, 5, 6, 11, 12]. Band-structure
calculations [13] for protonated PAN reveal a highly
asymmetric valence and conduction bands with only
a half-occupied polaron band deep in the gap as
opposed to the usual two bands in a normal conducting
polymer. Very few models for charge transport
[3, 6, 14] are available in the literature on lightly doped
samples of PAN as the prime interest of the researchers
in this field was to enance conductivity by doping.

The present paper is a report of the measurements
of a.c. conductivity (100 Hz—1 MHz) and d.c.
0022—2461 ( 1998 Chapman & Hall
conductivity on lightly doped samples of HCl-doped
polyaniline. An attempt has been made to correlate
the structural morphology to conductivity and
dielectric data. The d.c. conductivity data have been
analysed in the light of existing theoretical models.

2. Experimental procedure
The emeraldine salt (ES) form of PAN was prepared
by chemical polymerization of aniline and HCl at
270K to which ammonium persulphate (NH

4
)
2
S
2
O

8
was added. After dedoping ES with ammonia solution
for 24 h, a violet—brown precipitate called emeraldine
base (EB) was obtained. This EB was extracted with
tetrahydrofuran in order to remove oligomers. EB was
then treated with different concentrations of HCl to
achieve a constant pH value. The resulting samples
with various pH values have been denoted Al—A8
(Table I). Pellets of uniform thickness were pressed
under a pressure of 15]103 p.s.i. (103 p.s.i."6.89
Nmm~2). Scanning electron micrographs of these
samples were taken using a scanning electron
microscope, Jeol JSM 840. Electron diffraction
patterns (EDP) were taken using a transmission
electron microscope, Jeol JEM 2000 EX. The samples
for TEM investigation were prepared by placing very
finely ground powder on grids. Gold electrodes were
vacuum deposited on both sides of these samples
making an Au—PAN—Au configuration. Before each
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TABLE I Variation of conductivity with pH

No. Sample pH r
$.#.

()~1 cm~1)

1 A1 '7 (EB) 2.7]10~11

2 A2 4.25 2.5]10~8

3 A3 4.15 8.0]10~8

4 A4 4.00 2.0]10~6

5 A5 3.50 1.0]10~4

6 A6 3.00 5.0]10~4

7 A7 2.35 9.8]10~3

8 A8 0 (ES) 0.8]101

measurement, samples were again dried in vacuum to
eliminate the effect of absorbed water. The d.c.
conductivity of samples A3, A4, A5 and A6 was
measured using a Keithley 617 electrometer and
Keithley 2000 DMM in the temperature range
77—300 K. The a.c. conductivity of different samples
of PAN was measured by using a HP 4192A LF
impedance analyser in the frequency range
100 Hz—1 MHz and in the temperature range
77—300 K. The dielectric constant, (e@), at a frequency
of 1 kHz was also measured for these samples.

3. Results and discussion
The doping of PAN with HCl has been found to cause
drastic changes in its electrical and structural
2068
properties. Fig. 1 shows the measured d.c. conduc-
tivity r

$.#.
and dielectric constant, e@, as a function

of pH. It is evident from this figure that the d.c.

Figure 1 The (d) d.c. conductivity (log r
$.#.

) and (j) dielectric
constant (1 kHz) plotted as a function of pH, at 300K.
Figure 2 Scanning electron micrographs taken on undoped and HCl-doped polyaniline: (a) EB, (b) pH"3.5, (c) pH"3.0, (d) ES.



conductivity increases rapidly in the pH range
3.50—4.25, which seems to have correlation with its
structural morphology, and will be discussed
subsequently.

Fig. 2 shows scanning electron micrographs of these
samples. It is evident from Fig. 2 that for the EB form
of PAN, only lumps of the material can be seen
(Fig. 2a). At pH&3.5, channel formation can be seen
at its preliminary stage (Fig. 2b). It is quite interesting
to note that with its very inception, the conductivity is
found to increase rapidly. This leads to an irregular
channel formation [15]. This structure at pH
value&3.0 (Fig. 2c) can be classified as an
inhomogeneous media consisting of a conductor and
an insulator. It can also be considered as a structure
with a continuous conducting channel or linkage or
chain in an insulating matrix. It is found to be very
similar to that of the blood vessel network [16] in the
human body. Once these disordered continuous
linkages are formed in the insulating matrix, the
conductivity has a tendency to saturate. That is why,
the d.c. conductivity is found to be composition-
dependent. Further advancement in the channel
formation is observed with increase in the doping
level.

An increase in dielectric constant is observed with
an increase in the doping level (Fig. 1). This increase is
found to be very sharp when the d.c. conductivity
increases rapidly and channel formation is observed
(Fig. 2c). The e@ at pH&3.0 has a lower value than
expected, because it attains a static value much below
room temperature. These results of the a.c. conduc-
tivity measurements will be published elsewhere.
These changes are likely to cause an inherent increase
in crystallinity. The salt form of PAN (ES) (Fig. 2d) is
found to assume a definite size and shape, showing
therein some signs of crystallinity. The increase in
crystallinity is also evident from the electron
diffraction patterns (EDP) of EB and ES forms of
PAN (Fig. 3). It is evident from Fig. 3a that this
material (EB) is predominantly amorphous in nature,
whereas ES shows a semi-crystalline structure
(Fig. 3b). A direct correlation of the dielectric constant
and crystallinity seems to exist here. This can be
explained by the amorphous mass of EB having a low
value (&6) of e@. The dielectric constant begins to
increase with increase in the doping level as soon as
the microcrystallites start to become embedded in
the amorphous matrix at higher doping level. This
is found to be consistent with the metallic island
concept for highly conducting PAN [12]. Fig. 3b also
gives evidence of microcrystallites embedded in an
amorphous matrix, while Fig. 3a does not reveal such
a structure.

There are few reports available on the crucial pH
range when the transformation of the PAN lattice
takes place [17, 18]. Spectroscopic studies [18] on
polyaniline have shown that sharp changes in the
spectra are observed in the pH range 3—4. In the
present investigation, the d.c. conductivity and
dielectric constant increase sharply in the pH range
3.50—4.25. The increase in conductivity is also
associated with a decrease in activation energy, E

A
.

Figure 3 Electron diffraction patterns taken on (a) EB, and (b) ES
forms of PAN.

The activation energy for various samples has been
calculated from the slopes of log r

$.#.
versus 1000/¹

plot (Fig. 4a) and are given in Table II. Fig. 5 shows
the activation energy plotted as a function of doping
level. This figure also shows a sharp decrease in
activation energy, E

A
, in a particular pH range. This

also suggests a composition-dependent conductivity
in this system.

The r
.
/r

$.#.
ratio of different samples of PAN has

been plotted as a function of pH in Fig. 6. It shows
evidence of dispersion at 77 K which decreases with
increase in the doping level. The samples having
a higher doping level give higher conductivity, due to
semi-quinone radical cations formed by hydrogen-
bonding between the neighbouring polymers [19].
Here, the new states are formed between the valence
and conduction band by HCl doping which are
responsible for conduction, thereby decreasing the
activation energy; a decrease in frequency dispersion is
also observed at lower temperatures.

Fig. 4a shows the variation of d.c. conductivity of
samples A3, A4, A5 and A6 as a function of reciprocal
temperature in the temperature tange 77—300 K. The
non-linearity of the curves cannot be accounted for
within the framework of a band-conduction model
[20—22]. It seems worthwhile to mention that Mott’s
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TABLE II Evaluation of various parameters for Samples A3, A4, A5 and A6

Parameters A3 A4 A5 A6

1. ¹
0
(log r

$.#.
versus ¹~1@2) 1.44]105 K 4.66]104 K 1.9]104 K 1.65]104 K

2. ¹
0
(log r

$.#.
versus ¹~1@4) 3.42]109 K 3.64]108 K 6.43]107 K 3.67]107 K

3. n (slope) — 11.2 6.7 6.1
4. Log ¹ validity — 146 K 143 K 138 K
5. ¹~1@4 validity 180 K 154 K 148 K 145 K
6. S (slope) — 0.73 0.58 0.49
7. r

$.#.
()~1 cm~1) 77 K 1.26]10~13 (120 K) 1.12]10~11 6.8]10~8 2.5]10~7

8. E
A

(300 K) eV 0.282 0.230 0.185 0.160
9. E

A
(77 K) eV 0.19 (120 K) 0.084 0.054 0.040
Figure 4 The d.c. conductivity (log r
$.#.

) plotted as a function of
(a) 1000/¹ and (b) ¹~1@2.

variable range hopping (VRH) model has been
extensively applied to various amorphous inroganic
semiconductors [20] over the last two decades, and
has recently also been applied with varying degree
of success to conducting organic systems [21—23].
Recently Reghu et al. [10] have shown the
applicability of Mott’s VRH model in polyaniline film.
As a representative result, we have plotted the
conductivity data of sample A5 as a function of ¹~1@4,
¹~1@2 and log ¹ in Fig. 7. The results of log r

$.#.
versus log ¹ indicate that a power law behaviour [24],
2070
Figure 5 Activation energy, E
A
, plotted as a function of pH.

Figure 6 The measured a.c. conductivity to d.c. conductivity ratio
(r

.
(1 MHz)/r

$.#.
) plotted as a function of pH at (j) 77 and (d)

300 K.

r
$.#.

"A¹n, provides a fit to the data with the value
n"6.7 up to 143 K. The log r

$.#.
versus log ¹

variation for these samples (Table II) show a change in
the value of n and slight change in temperature after



Figure 7 The d.c. conductivity (log r
$.#.

) plotted as a function of (d)
¹~1@2, (j) ¹~1@4 and (m) log ¹, for sample A5.

which a deviation from a straight line is observed,
indicating departure from Kivelson’s model. However,
the log r

$.#.
versus ¹~1@2 plot (Fig. 4b) gives a

reasonable fit to the data for the whole temperature
range studied. It is evident from Fig. 7 that Mott’s
three-dimensional VRH model gives an excellent fit to
the experimental results from 77—148 K [20].

The variable range hopping conduction will give
[20]

r
$.#.

"r
0
exp(!¹

0
/¹ )1@4 (1)

where ¹
0

and r
0

are constants. The slope ¹
0

can be
calculated from the plots of log r

$.#.
versus ¹~1@4 and

can be given as

¹
0
"ka3/k

B
N(E

&
) (2)

where k&18.1 [22] is a dimensionless constant, a is
the inverse rate of the fall of the wave function, k

B
is

Boltzmann’s constant and N(E
&
) is the density of

states at the Fermi level. The average hopping
distance, R, has been estimated using the following
expression

R"M9/[8pak
B
¹N(E

&
)]N1@4 (3)

The average hopping energy, ¼, can also be estimated
by knowing N (E

&
) and R from the following relation

¼"3/[4pR3N (E
&
)] (4)

The value of ¹
0

estimated from Fig. 7 is 6.43]107 K.
The calculated values of N (E

&
), R and ¼ from

the above equations are &2.45]1018 cm~3 eV~1,
10.6 nm and 0.082 eV, respectively, at 148 K after
taking the value of a~1"1.1 nm [14].

Fig. 8 shows the variation of measured a.c.
conductivity, r

.
, as a function of reciprocal tempera-

ture for five fixed frequencies. The d.c. conductivity
data are also included in this figure. It is evident from
Figure 8 The measured a.c. conductivity, r
.
, along with (——) d.c.

conductivity for sample A5 plotted as a function of reciprocal
temperature. (]) 100 Hz, (j) 1 kHz, (m) 10 kHz, (d) 100 kHz, (.)
1 MHz.

Figure 9 The variation of a.c. conductivity, r
!.#.

, as function of
frequency. (d) Sample A6, ( * ) Sample A5, (m) Sample A4.

this figure that the temperature at which the measured
a.c. conductivity equals d.c. conductivity increases
with the increase in frequency. The activation energy
calculated at 77 K is 0.03 eV which provides evidence
[25] of electronic hopping conduction at low
temperatures. The variation of r

!.#.
as a function of

frequency is given in Fig. 9 for samples A4, A5 and A6.
At 77 K, the a.c. conductivity could be described by
the relation

r
!.#.

"Axs (5)

where the exponent s lies close to unity which
decreases with increase in doping level. (Table II). It
may be noted that a large dispersion observed at low
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doping level reduces to a minimum at higher doping
level. This may be due to the onset of the trans-
formation of the lattice structure of polyaniline from
localization to delocalization [14, 18].

4. Conclusion
The observed d.c. conductivity data could be well
explained by Mott’s three-dimensional variable range
hopping model at low temperatures. Sharp changes in
d.c. conductivity, dielectric constant and changes in
structural morphology in a particular pH range,
clearly indicate the transformation of the PAN lattice.
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