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IMPEDANCE SPECTROSCOPY STUDIES ON DOPED POLYANILINES
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Impedance spectroscopy studies on polyaniline doped by various amounts of HCl are
reported. The measurements were performed at room temperature, over a wide range of
frequencies [1000 Hz to 45 MHz]. The experimental daa shows that the resistance
dominates the AC behavior of polyaniline confirming that the charge transport occurs
through an one-dimensional hopping process.
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1. Introduction

Polyaniline, in its fully doped form, is among the conducting polymers with the highest
conductivity. DC dectrica conductivity of up to 6,000 S/m has been reported in heavily doped
polyaniline[1-4]. Its poor mechanical properties, reduced sol ubility, and difficult processi ng balance
the excellent dectric and therma sability of conducting polyanilines. Blending pol yaniline with
different polymers surpasses these drawbacks [5-8]. Neverthel ess, the concentration, size, and shape
of conducting particles controls the percolation threshold while the conductivity of polyaniline
determines the highest conductivity of these composites. Hence, a detailed study of the doping
process in conducting polymers is extremely important.

The charge transport mechanism in pristine and doped polyanilines has been investigated by
dectron spin resonance spectroscopy and DC conductivity in a previous contribution [1]. It was
concluded that the charge transport mechanism occurs through dectronic hopping (polarons) and the
presence of metallic islands has been proved. The contribution of bipolarons to charge transport was
ruled out. The temperature dependence of DC conductivity and dectron spin resonance line width
indicated that the dectronic transport in doped polyanilines occurs through an one dimensional
variable range hopping. However, the contribution of other transport phenomena has not been
completely ruled out. The present study aims to a better understanding of the effect of dopants on the
electrical features of polyanilines.

" Corresponding author: mchi para@iuct.indiana.edu: chipara@lycos.com
On leave from Nationd Ingtitute of Materials Physics, Magurel e, Bucharest, Romania



818 D. Hui, R. Alexandrescu, M. Chipara, I. Morjan, Gh. Aldica, M. D. Chipara, K. T. Lau

2. Experimental methods

AC dectrical measurements are used to investigate polyaniline samples doped during
pol ymerization with various amounts of HCI. Details regarding the doping process and the methods
used for estimation the doping leve (CI/N ratio) are given dsewhere [1,8] The conductivity
measurements were performed on pressed pelles of polyaniline. To improve the eectrical contact
the faces of the pell et were painted with silver paste.

3. Experimental results

In Figs. 1A-2C are represented the Nyquist diagrams for pristine (Fig. 1A) and doped
polyanilines. The frequency dependence of the phase shift, defined as the ratio between the
imaginary and the rea part of the impedance, is shown in Figs. 3A-4C. It is observed that the
general trend is represented by the shift of the frequency at which the phase shift is maxim towards
lower frequencies as the doping levd is increased. For al samples, the phase shift is rather small
indicating that the most important contributions are due to the sampl e resi stance, both in pristine and
doped polyanilines.
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Fig. 1. Nyquist plot for the pristine polyaniline (A), polyaniline with CI/N=1% (B), and
polyaniline with CI/N =2.0% (C). The line represents the best fit of experimental data by
using equation (2). The size of experimental points reflects the experimental errors.
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Fig. 2. Nyquist plot for the polyaniline with CI/N=3% (A), polyaniline with CI/N=10% (B),
and polyaniline with CI/N =15.0% (C). The line represents the best fit obtained of
experimental data by using equation (2). Thesize of experimental points reflects the
experimenta errors.
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The frequency dependence of the rea part of the sample impedance, which is governed by
the resistance of pristine and doped pol yanilines is shown in Figs. 5A-6C. It is observed that the real
part of the impedance is starting to decrease even from low frequendies and reaches an asymptotic
vaue in the high frequency range and that the HCl doping is decreasing the impedance of the
sample.
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Fig. 3. Bode plot for the pristine polyaniline (A), polyaniline with CI/N=1% (B), and
polyaniline with CI/N =2.0% (C). Thesize of experimental points reflects the experimental
erors.

8
0 )
o)
164
8
000000000}
.

Qo o
ooooooOOCO

PHASE SHIFT
e o

;
(O]

o
OOOOOOOOOO

1,000,000 2,000,000 o 20,000,000 40,000,000
FREQUENCY [ Hz] FREQUENCY [ Hz]

Fig. 4. Bode plot for the polyaniline with CI/N=3% (A), polyaniline with CI/N=10% (B), and
polyaniline with CI/N =15.0% (C). The size of experimental points reflects the experimental
errors.

The frequency dependence of the real impedance Rinr is shownin Fig. 7. It is observed Rine
decreases as the doping levd is increased. However, a small maximum of Rne has been observed at
1% CI/N. The characteristic frequency at which the phase shift is maximum, fc, decreases as the
doping leve (see Fig. 7) is increased suggesting that this effect is eventually determined by the
capacitance component of the equivalent eectric circuit. The projection on the real axis of the center
of the circle in the representation imaginary impedance versus real impedance, defined by R, has a
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smooth decrease as the doping leve is increased (see Fig. 7). The paramaers Rye and R, for some
simple equivalent dectrical circuits are shownin Fig. 8A-8C.
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Fig. 5. The frequency dependence of the impedance for the pristine polyaniline (A),
polyaniline with CI/N=19% (B), and pdyaniline with CI/N = 2.0% (C). Thesize of
experimental points refl ects the experimental errors.
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Fig. 6. The frequency dependence of the impedance for the polyaniline with CI/N=3% (A),
polyanilinewith CI/N =10 % (B), and polyaniline with CI/N =15.0% (C). Thesize of
experimental points reflects the experimenta errors.

4. Discussions

The Nyquist diagrams for simple dectrica circuits consisting of resistors and capacitors are
shown in Figs. 8A-8C. The presence of a single semicircle and the shift of its centre along the real
axis indicate that the circuit shown in Fig. 8B describes better the actual features of pristine and
doped polyanilines. Dyre [9] proved that such an dectrical circuit is a simpler representation of an
amorphous semiconductor in which charge transport occurs through hopping. The hopping
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contribution are included in the red part of the impedance while the capacitor collects unrdated
purely imaginary contributions from the atomic polarizability given by the high frequency didectric
constant. The fast decrease in the radius of these circles reflects the decrease in the resistance of
polyanilines due to HCI doping. As shown in [10-14] the observation of a single circle reflects the
fact that our system is equivalent with a collection of eements such as the one shown in Fig. 8B,
coupled in series. The distribution of R, R;, C and C; vauesis eventually narrowed. This behaviour
is consistent with an one dimensional hopping process as the transfer of the eectron from one chain
to an adjacent chain is negligible A careful inspection of Figs. 1A to 2C revedls that actually the
circles are distorted. This deformation was explained by assuming that a constant phase e ement isin
series with the capacitor [12-14].
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Fig. 7. The dependence of Rnr, Ry, and fc on the doping level.
R R
g INF ?, INF
< -N
: :
= R, ; R +R,
REAL 7' (OHM) — REAL Z' (OHM)
- — —
| - R
1
[|c l(i
i
&
SR, R,+R,
— REAL Z' (OHM)
R
R, -
l(‘i

Fig. 8. Simple equivaent circuitsin impedance spectroscopy.

Such an e ement is characterized by complex impedance, Z [12-14]:

z=_* )

(io)'Q
Wherej = V-1 and Qo™ is a capacitance (measured in Farads). For n = 1 the d ement is an
ided capacitor. Such a contribution may reflect the contribution of diffusion processes [12-14].
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Under these circumstances, using the following expression has been used to fit the experimental
data:

a(lmzZ-1mZ,)? + (RealZ - RealZ,)* = R, (%)

Where ImZ, and RealZy(=R,) are the coordinates of the center, and Ry the radius of the
circle. The bald line in Figs. 1A-2C represents the best fit obtained by assigning the experimental
data to the circuit represented in Fig. 8B. In Fig. 8 are represented the dependence of the resistance
(RinF) and va ue of the projection of the circle origin onto therea axis (Ro). It is observed from Fig.
7 that both Rjne and Ry are decreasing as polyaniline is doped. However, Rine presents an
unexpected jump for 1% CI/N. Such behaviour cannot be assigned to R; as in this case it should
have a negative vaue. We tentativdy assign this behaviour to the appearance of conducting islands
at nanometer scale. The reduced size of these islands makes surface effects extremdy important and
probably may result in a more complex equivalent circuit.
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Fig. 9. The frequency dependence of the impedance for the pristine polyaniline (A),

polyaniline with CI/N=1% (B), and polyaniline with CI/N =2.0% (C). The bold line

represents the best fit obtained by using the expression (4) and the narrow line the best fit

corresponding to the equation (3). The size of experimental points refl ects the experimental
errors.

The Bode plots, shown in Figs. 3A-4C shows a maximum in the frequency dependence of
the phase shift, expected for simple eectrical drcuits as such shown in Figs. 8A and 8B [13]. At low
frequencies, the phase shift is negligible, as expected for asimple ectric circuit that has a capacitor
in paralld with aresistor. By increasing the frequency, the phase shift is increased up to a maximum
value, observed at a characteristic frequency, fc. Higher frequencies (f>fc) will result in a decrease
of the phase shift. As it is observed from Fig. 7, the characteristic frequency is decreased as the
doping leve isincreased. It is supposed that for the pristine polyaniline fc istoo high to be observed
by our experimental set up. However, the value of fc for the samples doped a 1% CI/N is
unexpectedly low, supporting the complex behaviour of this sample. Fig. 7 shows that for dl
samples Ry decreases monotonously as the doping level isincreased. Therdativey low value of the
phase shift indicates that the dectric behaviour is dominated by the resistive component. The
presence of an inductive component has been reported [15] in polyaniline by dectrochemical
impedance spectrometry. We were not able to identify an important contribution due to the presence
of an inductive d ement.

Under these circumstances, it is justified to try to fit the frequency dependence of the
resistance by a power law as predicted by the Mott localization and scaling theories [ 16]:

og=0,+Bf* 3)
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Where B and s are constants. The theory predicts s=2.00 for f<f* and s=0.3 for f>f*, where
f* is the cross over frequency. A more complex expression for the frequency dependence of the
conductivity was obtai ned within the extended pair approxi mation [16];

o(f)=0(0) +ka(0)(f / f,)° @

Where o(f) is the sample conductivity for an AC current excitation of a frequency f, fpisa
critical frequency that describes the conductivity crossing, o(0) is the DC conductivity of the sample,
K is a parameter and the exponent s is corrdated to the charge transport mechanism. This mode
predicts that if 1>5>0.8, the charge transport occurs through hopping.

The frequency dependence of the AC dectrical resistance is shown in Figs. 9A-10C. The
predictions based on eguation (3) are represented in Figs. 9A-10C by narrow lines. By anayzing the
results, it is observed that the best predictions are obtai ned by using the rd ationship (4) (see the bold
linesin Figs. 9A-10C). As observed from Table 1 the exponent values corresponding to the best fit
of experimenta data (using equation 4) confirm that the charge transport occurs through hopping.
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Fig. 10. The frequency dependence of the impedance for the polyaniline with CI/N=3% (A),

polyaniline with CI/N=10% (B), and polyaniline with CI/N =15.0% (C). The bold line

represents the best fit obtained by using the expression (4) and the narrow line the best fit

corresponding to the equation (3). The size of experimental points reflects the experimental
errors.

Table 1. The val ues of the exponent, s, obtained by fitting the frequency dependence of the
conductivity with the equation (4), for polyanilines doped with different amounts of

chlorine.
Doping level Exponent
Cl /N (%) S
0 0.96
1 0.94
2 1.04
3 0.81
10 0.91
15 0.99
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5. Conclusions

The dectrical conductivity of conducting polymers is enhanced by several orders of
magnitude by manipulating the pH and the applied potentia on the polymer. The dectrica
conductivity on conducting polymers is increased by both protonic and electronic doping. The
doping introduces states within the forbidden gap. As the doping leved is increased, these states
collapse into a band and finally at high doping leves the band gap disappears and the polymer
exhibits metallic conducting festures. As the pristine (not doped) conducting polymers have rather
modest e ectrical conductivities, the doping step is extremey important in the synthesis of a polymer
with a high dectrical conductivity. This contribution is focused on the protonic doping of
polyaniline with chlorine The AC behavior of pristine and doped polyaniline was investigated.
Experimental results indicate that the dectrica equivalent circuit is represented by a resistor in
pardld with a capacitor. Such an equivalent eectric circuits describes the variabl e range hopping of
dectrons. A small contribution due to another resistor, Rg, in series with this dement has been
observed. The value of R, decreases as the doping leve is increased, suggesting that R, represents
the resistance between adjacent conducting islands (characterized by a resistance in series with a
capacitor). As expected this additiona resistance is decreasing as the doping levd is increased as
more conducting islands are produced and eventually some of these conducting islands collapsed
into bigger conducting idands. The increasein the size of conducting idands due to chlorine doping
was confirmed by the analysis of the shape of € ectron spin resonance spectra[1].

The observed distortion of Nyquist diagrams indicates the contribution of a phase constant
dement. It is speculated that this additional term may reflect the granular structure of our conducting
composite. The experimental data show that within the experimental errors the equivalent eectric
circuit contains no inductive e ement. In the whol e frequency range investigated by us, the resistive
character was found to be dominant. The frequency dependence of the conductivity proved that the
charge transport mechanism is an one dimensional hopping, in agreement with the temperature
dependence of the DC conductivity and with dectron spin resonance data [1].
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