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The dielectric spectroscopy of conducting polyaniline polymers (PANI) in the form
of emeraldine base and emeraldine salt was carried out in the temperature range
30 to 80°C and in the frequency range 1 Hz to 1 MHz. The imaginary part of the
impedance (Z") versus frequency exhibits a relaxation peak , the positions of the
peaks are shifted toward lower frequencies for concentrations below 0.1 M, whereas
the peaks are shifted to higher frequencies for concentrations above 0.1 M. The
PANI samples were protonated (doped) externally with various concentrations of
aqueous sulfuric acid in the range of 0.05 to 0.2 molar. The thermal behavior of
undoped and doped PANI samples has been analyzed, using thermal gravimetric
analysis and differential scanning calorimetry techniques, and reveal that tran-
sition in the thermal behavior has been observed for concentrations above 0.1
molar. The a.c. conductivity measurements reveal that insulator to metal tran-
sition in the conductivity of these samples was observed for acid concentration
greater than 0.1 molar. The a.c. conductivity for the protonated samples bellow
0.1 molar follows an Arrhenius behavior do/9T < 0 with two activation energies,
while da /0T > 0 for acid concentration greater than 0.1 M.
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INTRODUCTION

Polyaniline (PANI) exists in a variety of forms that differ in chemical
and physical properties [1-4]. The physical properties depend mainly
on the process of preparation used. The most common nonconducting
blue emeraldine base is an insulator, while the protonated emeraldine
salt, shown in Figure 1, generally has a green color and has conduc-
tivity on the semiconductor level, many orders of magnitude higher
than that of common polymers.

The changes in the physicochemical properties of PANI occurring as
a response to an external stimuli are used in various applications [5-6],
for example, in organic electrodes, sensors, and actuators [7-9].
Other uses are based on the combination of electrical properties typical
of semiconductors with materials parameters characteristic of poly-
mers, like the development of plastic microelectronics [10], electrochro-
mic devices [11], tailor-made composite systems [12-13], and smart
fabrics [14]. The potential applications of PANI depend heavily on
method of preparation, type, and concentration of the acid used.

It has been reported [15] that the macromolecular and supramol-
ecular structures of PANI are controlled by the reaction conditions.
So, it is of obvious interest for the design of applications to learn
how these structural features are related to the electrical properties
of a conducting polymer. The DC conduction of polyaniline has been
well studied by several authors [16—20] and several mechanisms have

# O OO O

Polyaniline (emeraldine) salt

OO0

Polyaniline (emeraldine) base

FIGURE 1 PANI structure.
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been proposed to explain electric conduction in polymers. Kivelson [21]
was the first to use the inter-soliton hopping model. Other models like
electron hopping and dipolar relaxation have been used to explain the
dielectric data of PANI salts. But it seems that no definite theory
exists to explain the origin of electric conduction or the reported near
metal insulator transition occurs in conducting PANI.

It is the purpose of this article to further investigate the effect of
concentration and method of preparation on the dielectric properties
of PANI, and to study the origin of electric conduction by measuring
the low frequency conductivity and dielectric relaxation in order to
provide additional information on the mechanism of charge transfer
where d.c. conductivity alone does not provide.

EXPERIMENTAL
Samples Preparation

Pure Polyaniline powder was purchased from Aldrich and was stored
under nitrogen atmosphere. Five equal weights of 0.20 g of the pure
polyaniline (Emeraldine base EB) were externally protonated in 5 dif-
ferent sulfuric acids of molarities 0.05, 0.07, 0.10, 0.15, and 0.20 molar.
Each sample was kept in the acidic solution for 30 min to obtain the
Emeraldine salt; all salts were then washed with distilled water sev-
eral times. Prior to washing, each salt was centrifuged for several
minutes. The samples were dried in an oven at a temperature of
80°C under nitrogen atmosphere. The doped polyaniline powder was
pressed under 10 tons/cm® for 10 min forming circular discs of
13 mm in diameter and with thickness ranging from 0.5 mm to 0.7 mm.

X-Ray Diffraction

Powder X-ray diffraction (XRD) was performed using a PW 1729 Philips
diffractometer interfaced with a computer control unit model PW1710
using copper source (K, radiation, 1 = 1.54 A). The angular range of 20
was between 3° and 80° because no peaks were observed below 3° for
all samples. The scanning speed of the diffractometer was 0.02°-0.04°
(20/s) depending on the quality of signal-to-noise ratio. The positions of
the peaks were determined by curve-fitting procedure of the experi-
mental XRD data using Table Curve-2D software (Lowess Algorithm).

Thermal Measurements

The thermogravimetric analysis (TGA) and differential scanning calor-
imetry (DSC) were recorded using Shimadzu TGA-50 and DSC-50,
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respectively, under nitrogen atmosphere in the temperature range of
30°C to 150°C and with a heating rate of 10°C/minute.

A.C. Measurements

Samples of Polyaniline doped with different concentrations of HySO,,
about 0.15g of very fine powder was compressed at 10ton.cm 2 for
10 min forming circular discs 13 mm in diameter and varied thickness
between 0.5 to 0.7 mm. A silver coating was applied to each surface of
the disc. It was then sandwiched between two brass circular discs to
ensure good ohmic contacts with brass electrodes. The a.c. measure-
ments were performed in the frequency range between 1Hz and
10°Hz and in the temperature range 25 up to 80°C using a 1260 Impe-
dance Gain Phase Analyzer (Solarton Analytical). The system was con-
trolled using the Z-60 and Z-View Packages, which maximize the
performance and data handling of the system. The generator ampli-
tude was kept at 0.5rms volts and zero d.c. bias. The complex a.c.
impedance and the phase angle were measured, whereas the real
and imaginary components of dielectric constant, impedance, and elec-
tric modulus were calculated [22].

RESULTS AND DISCUSSION

Figure 2 displays the XRD profiles of the three protonated PANI sam-
ples together with the pure PANI sample. The XRD pattern of sample
(Sy) protonated with 0.1 M HySO, acid consists of one broad peak with
an average area 5490 units. It has three additional peaks on the mid-
dle of the broad peak positioned at 20 = 21.6, 24.4, and 25.6 degrees
[23—-25]. This reveals that the polymer matrix is amorphous in nature.
The average position of the extra peaks was calculated using Bragg’s
law (2d sin () =n/) with i, =1. 54 A and found to be: 4. 109A
3.644 A and 3.475 A, respectively.

The XRD pattern for sample Sy, protonated with 0.15 M H,SO, acid
consists of four extra peaks on the main broad one, using Bragg’s law,
the position of each peak was calculated and found to be: d = 4. 25A
3. 964A 3. 797A and 3.530 A. The XRD pattern for sample S3 proto-
nated with 0.2M H,SO, acid consists of two broad peaks. The first
broad peak centered at 20 = 12 degrees, whereas the second peak has
two extra sharp peaks centered at 20 = 23.2° and 25.15°, The calculated
positions of these peaks are found to be d =7. 366A 3. 830A and
3.537 A. Close inspection of these positions shows that they are slightly
shifted toward higher chain—chain separation. The observation that
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FIGURE 2 The X-ray diffraction intensity versus diffraction angle (20) for
pure and doped samples of PANI.

the chain separation has slightly increased with the increase of degree
of doping demonstrates that a gradual change in the internal structure
of the polymer has happened, which suggests that the PANI chain
became bent at the anion site (see Figure 1). This leads to an off plane
rotation that tends to increase the separation between the ¢ bonds,
resulting in lowering the possibility of electron hopping from one site
to another. Such a mechanism gives rise to insulator metal transition
[23-25].

Figure 3 displays the normalized (TGA) profiles for pure PANI sam-
ple together with the three protonated samples S;, So, and Ss. It is
clear that the weight loss in the temperature range from room tem-
perature up to 80°C is less than 0.06%. This weight loss cannot explain
the large variations in the values of the bulk resistance with tempera-
ture or those obtained from the a.c. measurements. Figure 3 indicates
the occurrence of the transition in the TGA at doping concentration
0.15M and above.
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FIGURE 3 Normalized weight loss versus temperature (°C) for pure and
doped PANT.

Figure 4 displays the DSC data for the same samples (S;, Sy, and
S3). It is clear that pure PANI suffers no phase change within the tem-
perature range of interest, and the sharp decrease in the absorbed
power is due to water adsorbed to the surface of the polyaniline. Sam-
ples Sq, So, and S3 are endothermic with a slight shift in the position of
the absorption minimum toward higher temperatures. The sharp
absorption minimum seen in sample S is associated with the struct-
ural change seen in the XRD data.

On the other hand, studying a.c. electrical properties of materials
may provide valuable information about the conduction mechanisms
occurring in polymers and macromolecular metal complexes, which
may involve electronic, ionic interfacial, and space charge polarization.
The magnitude of the effects may be understood from the behavior of
the real and imaginary components of dielectric constants, a.c. impe-
dance, and electric modulus. At any particular frequency, the complex
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FIGURE 4 Absorbed heat (mW) versus temperature for pure and doped
PANIL

impedance Z* and the complex dielectric constant ¢* are expressed in
terms of their real and imaginary components, respectively:

Z*=7'—iZ" and ¢ =€ —id
where, Z', ¢ are the real components and Z”, ¢’ are the imaginary com-

ponents of the a.c. impedance and dielectric constant, respectively. The
relationships between the dielectric constants and a.c. impedance are:

¢ = 17" |2rfCyZ>

" =7/ /2rfCyZ?

where Cj is the capacitance of the electrodes.
On the other hand, an electrical modulus M* is used in the litera-
ture [26], which is related to the dielectric constant by the relation:

M* — (6*)71 — M/ _ iM”
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where M’ is the real component

6’

- (6/2 + 6//2)

and M” is the imaginary component

6//

Figure 5 (a and ¢) show the variation of Z’ versus frequency as a func-
tion of temperature for a PANI sample protonated in 0.05 and 0.2
molar HySO, acid, respectively. These figures show 3 main features,
in the first region from 1Hz to 103 Hz; Z’ varies very slowly with fre-
quency, indicating that the resistive type behavior is more dominant.
In the second region (10° to 106 Hz) a high frequency fall-off of Z’ as f !,
which is due to capacitive effects within the system from cables, physi-
cal geometry of the contacts, and the input capacitance of the measure-
ments equipment. The third feature is the decrease in Z' with
increasing temperature for 0.05 M sample (Figure 5a), similar to that
observed in many polymers [27]. However, for 0.2M sample Z’
increases with increasing temperature indicating that an insulator
metal (I-M) transition took place with increasing the doping of the
samples. The I-M transition has been observed for different polymers
such as polyacetylene, polypyrrole, and polyaniline [28-31]. It was
reported that in the metallic and insulator regimes the plot of
In Ag/AT versus T exhibits a positive and negative temperature coeffi-
cients for insulator to metal transition, respectively, where the trans-
port in insulating regime occurs through wide range hopping among
localized states. On the other hand, the plot of the imaginary compo-
nent of complex impedance, as shown in Figures 5 (b and d), shows
in both samples well-defined relaxation peaks. However, the intensity
of such peaks for 0.05M sample decreases and moves to higher fre-
quency with increasing temperature, whereas for 0.2 M sample the
intensity of the relaxation peaks increases with increasing tempera-
ture and moves to a lower temperature, supporting the concept of
Insulator to metal transition. However, the Cole-Cole plot of (Z’ versus
7") as shown in Figure 6 (a and b) consists of a depressed, slightly dis-
torted, semicircle at temperature 30°C, which becomes a nearly perfect
semicircle with increasing temperature for 0.02M sample, with
slightly distorted semicircles observed even at high temperature.
The semicircle corresponds to a parallel combination of a nondisper-
sive d.c. conductance and a slightly dispersive capacitance. The radius
of Cole-Cole plot, which represents the bulk resistance of the sample
under test, shows a decrease with increasing temperature for the
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FIGURE 5 Real (7Z') and imaginary (Z") component of complex impedance
versus frequency for doped PANI at different temperature. (a) and (b) for
M = 0.05, (¢) and (d) for M = 0.2.

0.05M sample although an increase in the bulk resistance was observed
with increasing temperature for 0.2 M sample. The conductivity of the
samples can be determined from the Cole-Cole plot, where the diameter
of the semicircle represents the bulk resistance, where,

d
RA
where d is the sample thickness, A is the cross-sectional area, and Ris the

bulk resistance. On the other hand, the relaxation time (t = 1/2 nf;,ax)
was determined from Cole-Cole plot. The results of conductivity and

o =
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relaxation time plotted versus 1/T are shown in Figure 7 (a and b). The
difference in the relaxation time with temperature may be due to the elec-
tric charges displaced inside the polymer structure (storage localization).
The calculated activation energy for 0.05 sample is in the order of
39.9 x 10°kJ /kmole (0.414 eV/molecule) and decreases to 13.2 x 10?
kdJ /kmole (0.14 eV/molecule). For higher doping concentration a positive
slope was observed indicating that the ordered mesoscopic regions in
highly doped samples are more metallic with respect to that of low doping.
It seems that upon doping in 0.2M the mid-gap polaronic state level
broadens and merges with conduction/valence bands and this induces
the transition from insulator to metal.

The relaxation time, as well as conductivity for PANI samples ver-
sus temperature, shows an insulator to metal transition at concentra-
tions greater than 0.1 M. Such a transition may be due to the internal
change in the structure of the polymer and to the off plane rotation in
the chain at the anion site, as seen in the XRD data.

However, both conduction mechanism and electronic plus ionic are
operative in this system as seen from the tail in the Z' versus Z" plots.
Nevertheless, from the values of activation energies, it is reasonable to
conclude that the conduction mechanism in protonated PANI system
is electronic in nature rather than ionic. However, the ionic conduction
can not be excluded from electronic conduction, which is nearly domi-
nant in doped PANI system.

The dependence of relative permittivity (¢') and the dielectric loss ¢’
on frequency for doped samples is shown in Figure 8 (a and b). ¢ is
minimum in the frequency range higher than 10* Hz for a sample con-
taining 0.05 M. However, at low frequency a sharp increase in ¢’ was
observed in the samples containing 0.1 and 0.2 M indicating that the
ionic conduction is more dominant in these samples. The log plot for
dielectric loss yield a straight line in the frequency less than 10° Hz.
The dependence of relative permittivity on temperature for doped sam-
ples 0.05 M and 0.2M are shown in Figure 9. Two main features were
observed. First no relaxation peak appears in the plot of the loss factor
¢". Tt is believed that the ionic conduction in the low frequency region
may mask any relaxation. Therefore, to analyze the conductivity relax-
ation process, the complex permittivity is converted to the complex
electric modulus M* according to the following relations:

"
, €

- 2 + /"2
"2
n €
- 2 + "2
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FIGURE 7 (a) log a.c. conductivity (Q-cm™!) and (b) log relaxation time for
doped PANI samples.
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FIGURE 10 Real (M’) and imaginary (M”) components of complex modulus
versus frequency for doped PANI samples.

In these relations, ¢’ appears in the denominator to the second power
and its tendency to overwhelm the loss factor is minimized. In addition
the electric modulus is especially useful for analyzing electrical relax-
ation processes whose measurements are compromised by high capaci-
tance effects, such as those due to inter-granular impedance and
electrode polarization. This advantage rests in the fact that any capaci-
tance in series with an arbitrary impedance adds a constant to M’ but
does not affect M”. Therefore, if an undesirable capacitance occurs in
series with element of an equivalent circuit, rather than in series with
the circuit itself, M” can also sometimes suppress its effects if the
capacitance is large compared with other capacitances in the circuit.
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From the dependence of M’ and M” on frequency as shown in Figure 10,
the dispersion of M’ and M” indicate the presence of relaxation time dis-
tribution of conduction. However, the relaxation peaks in 0.2 M sample
is more defined than that in 0.05 M. In Figure 10 (a and c¢), M’
approaches zero at low frequencies indicating that the electrode polar-
ization gives a negligible low contribution to M’ and can be ignored. The
maximum peak in M” decreases in intensity and moves to higher fre-
quency with increasing temperature for the 0.05M sample. This coin-
cides well with the results of Lee et al. [32], who found that in doped
polymers, the peak shifts toward higher frequencies with increasing
d.c. conductivity.

The plot of log loss factor versus temperature for 0.05M and 0.2 M
samples is shown in Figure 11 (b and d) a straight line with a slope
nearly 1 was observed in the frequency range 1Hz to about 10° Hz,
for both samples as a function of temperature, that is

Log "o £71.

CONCLUSIONS

The electrical, thermal, and structural properties of conducting PANI
depend on the method of preparations and on the degree of doping as
well as on the type of acid used. Samples doped in relatively high
concentrations show metal to insulator transition, a mechanism
that needs more research and study. The study shows that electron
hopping is the dominant type of conduction.
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