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Abstract 

The present work is an investigation of AC impedance behaviour of Poly (para-toluidine). The polymer was synthesized by 

oxidative chemical polymerization of para toluidine in aqueous HCl using potassium dichromate as an oxidant at 0–3°C. The 

synthesized polymer was characterized by UV-VIS-NIR, FT-IR, XRD, SEM, and their thermal studies were carried out using 

TGA and DTA. The AC conductivity and dielectric behavior were investigated at a temperature varying from 298 to 373 K in 

the frequency varying from 20 Hz to 10
6
 Hz. The AC conductivity increases as temperature is increased. In the entire range, 

the universal power law   σ��ω = Aω� holds well. The polymer displays a decrease in frequency exponent ‘S’ value in the 

entire temperature range of study and hence follow Correlated Barrier.  As frequency decreases dielectric constant and 

dielectric loss increases   exhibiting strong interfacial polarization at low frequency and the dissipation factor also decreases 

with frequency. At higher frequencies it exhibits almost zero dielectric loss which suggests that this polymer is lossless 

material at frequencies beyond 10
5
Hz .Complex electric modulus exhibits two relaxation peaks, indicating two-phase 

structure as indicated by a bimodal distribution of relaxation process.  
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Introduction 

Polymers are generally insulators but few exhibit electrical 
conductivity when they possess ordered conjugation with 
extended π electrons and large carrier concentrations1. 
Conductive polymers with polyaromatic skeleton including 
polypyrrole, polythiophene, polyaniline, polytoluidine etc., have 
been researched extensively in the past few decades2. The 
conducting nature of these polymers can be controlled by the 
addition of dopant which can be carried out through an electro 
chemical synthesis, chemical synthesis, or photochemical route 
during which charge transfers from dopant to polymer or vice 
versa1. On addition of dopant these conjugated polymers exhibit 
conductivity comparable to metals because of which they are 
sometimes referred to as Synthetic Metals. They combine the 
conducting properties of metals with the advantage of polymers 
viz., lighter weight, higher workability, anticorrosive property 
and reduced cost. The most exciting applications of conductive 
polymers are in small screen sets, cellular telephones, 
automotive dashboard displays, Light Emitting Devices (LEDs), 
solar cells, lightweight batteries, polymer actuators, corrosion 
protection agents, sensors and molecular electronic devices1,2. 
Studies on undoped and weakly doped PANI and its derivatives 
POT, OPEA were explained in terms of polarons and bipolarons 
and their role towards conductivity and dielectric relaxation 
were studied by Nicholas et al3. 
 
Impedance spectroscopy is a very useful procedure in solid state 
electronic system, since it can determine the conduction 
components by distinguishing the transport properties of 

complex systems3. The dependence of AC conductivity on 
frequency and temperature usually follows a comparable 
activity in all disordered solids. Initially the alternating electric 
field applied to the material will induce transition of charges on 
deep or shallow defect centers. After this, they could migrate to 
long range or short range distance in the material. AC 
conductivity will be influenced by temperature variation 
specifically at long range distance where charges have time to 
be influenced by it4,5. 
 
Dielectric spectroscopy is a customary tool for examining the 
electrical response of substances involving conductivity and 
dielectric polarization. While studies of dielectric function in the 
microwave and far infrared frequencies explore the inter band 
excitations near the Fermi level, dielectric loss measurements 
using impedance spectroscopy  investigates  localized charge 
movements  in nanometer  range6–8. Most of the past studies 
have focused on examining the dielectric property of PANI and 
its derivatives at or below room temperature7–13. Young etal13 
have studied dielectric property of PANI in the radiofrequency 
range and fixed the AC conductivity versus temperature and 
frequency data with various theoretical models to arrive at the 
most probable conduction mechanism displayed by the system. 
Mathai et al12 reported the dielectric activity of PANI film 
synthesized by AC plasma polymerization procedure up to 
100°C and analyzed the increase in permittivity and loss tangent 
with increase in temperature based on a phenomenological lR–C 
circuit model. Lee et al have in detail studied the AC-
conductivity of N-methylpyrrolidinone (NMP) plasticized PANI 
films in the temperatures varying from 50° to 250°C using 
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dielectric study. Proof for two relaxation peaks was also studied 
by Bengoechea et al11 for NMP-plasticized films. 
 
In the present work, poly (para-toluidine) (PPT) was 
synthesized by chemical oxidation method and characterized by 
different spectroscopic techniques. An attempt has been made to 
investigate the AC conductivity and dielectric behavior of PPT. 
Interesting results are observed from frequency and 
temperature-dependent AC conductivity and dielectric response 
of the polymer. 
 

Material and Methods 

Materials: The monomer Para-toluidine, p-toluene sulfonic 
acid, potassium dichromate, hydrochloric acid, were purchased 
as analytical grade and used as received without any further 
treatment.  

 
Synthesis of poly (para-toluidine): Reagent grade p-toluidine 
was used to synthesize poly (para-toluidine). An aqueous 0.1M 
p-toluene sulfonic acid was prepared using double distilled 
water. Addition of 0.1M p-toluidine dissolved in 0.1M HCl, was 
made in a bath cooled by ice and salt mixture. Addition of 
Freshly prepared solution of 0.1M Potassium dichromate was 
done (to avoid warming) with constant stirring. The temperature 
was maintained below 5°C by ice and salt bath and to ensure 
that the reaction was completed it was stirred continuously for 2 
h. The resultant polymer was repeatedly washed, filtered and 
dried14. 
 
Characterization: The FT-IR measurement of the polymer 
sample was carried out by compressing with KBr and recorded 
using Thermo Nicolet, Avatar 370 Spectrophotometer. UV VIS-
NIR spectrum of PPT was taken by dissolving the sample in 
DMSO solvent and was obtained using Varian, Cary-5000 
spectrophotometer in the range of 200–2500 nm. Thermo 
gravimetric analysis (TGA) measurements were carried out 
using a Schimadzu TGA-50 Japan system under a nitrogen 
atmosphere with a heating rate of 20oC/ min with nitrogen as the 
purge gas. X-ray diffraction (XRD) scan was done with Bruker 
AXS D8 Advance Diffractometer at room temperature using Cu 

K� (	 = 1.5406 ˚ A) with the 2
 angle ranged from 0° to 70°. 
 
The dielectric studies were carried out in the temperatures 
varying from 298 to 373K by the complex impedance method. 
The study was carried out on the powder sample, which was 
previously made into circular pellets of 8mm diameter at a 
pelletizing pressure of 5 ton cm−2, using a Hewlett Packard 
model HP 4284A Precision LCR Meter in the frequency range 
20Hz to 106 Hz by inserting the sample pellet in between two 
silver electrodes. Complex impedance and modulus spectral 
formalisms were used for the analysis of these data. The 

electrical conductivity (�ac) of the polymer was estimated using 
the relationship  

��
 = �
��.�  (1) 

Where � is the thickness of the sample, � is the area of cross 

section, and �� is the bulk resistance of the sample. 

 

 Results and Discussion 

Fourier Transform infrared spectroscopy: The representative 
FT-IR spectrum of PPT is shown in figure-1. The broad peak at 
3425-1800 cm-1 corresponds to stretching of aromatic C–H and 
–NH– groups, the bands at 1604cm-1 is attributed to a mixture of 
the C=C and C=N stretching vibrations in the quinoid ring, 
whereas the peak at 1481 cm−1 is assigned to the C=C stretching 
vibrations in the benzenoid  ring. The peak at 1638 cm-1 shows 
the substitution for poly (p-toluidine) monomer unit at 1, 4 
positions. The peak at 1276 cm−1 is assigned to the C–N 
stretching vibrations of the second aromatic amine, which 
shows the formation of a C–N–C structure in the polymer14,15. 

 

UV VIS-NIR Spectroscopy: The UV Vis-NIR spectrum of 
polymer was recorded in DMSO is shown in figure-2. The 
absorption band in the polymer appeared at 276nm, is assigned 
to the π-π* transition of the benzenoid ring which is related to 
the extent of conjugation between the phenyl rings along the 
polymeric chain. The absorption bands at 440nm corresponds to 
n-π*transitions and insulating pernigraniline phase of the 
polymer14. 
 
Thermal studies and Kinetic Parameters: TGA results show 

that the polymer degrades in three stages at 77⁰C, 290⁰C, and 

490⁰C as in figure-3. The initial stage of weight loss is due to 
the loss of water molecules/moisture, volatilization of the 
solvent and absorbed HCl present in the polymer matrix. The 
next stage weight loss is associated with the loss of the 
oligomers and dopants from the polymer matrix (dedoping). The 
final weight loss is due to the entire degradation and 
decomposition of the polymer backbone16,17. DTA studies show 
that the decomposition of PPT has taken place exothermally as 
is evident from the figure-4.  
 

 
Figure-1 

FT-IR spectra of PPT 
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Figure-2 

UV-VIS-NIR spectra of PPT 

 

The first exothermic peak at 42.5⁰C in the DTA curve is 
associated to the loss of absorbed HCl and moisture. The 

endothermic peak at 128 and 518⁰C can be due to the loss of 
dopants, morphological changes and disruption of inter- and 
intra-molecular hydrogen bonding. The second broad exotherm 

signifies the final degradation step that occurs around 518⁰C. 
 

 
Figure-3 

TGA of PPT 

 

Thermal degradation kinetic parameter was calculated from 
TGA curves using Coats-Redfern18 and Broido’s19,20 methods. 
For calculations and to study the nature of the decomposition, 
the complete thermo gram was separated into distinct sections 
according to their degradation processes. Coats-Redfern (CR) 
relation is 

��� ����� ("�#)
%& ' = (��� � ��

)*+', − � *+
../0/�%'  (2) 

Where � is the fraction of sample decomposed at temperature 1, 1 is the derivative peak temperature, � is the frequency factor, 2 

is the heating rate, 34 is the activation energy, and � is the gas 
constant. 

 

 
Figure-4 

DTA of PPT 

 
The Mathematical expression of Broido’s (BR) method is given 
as: 

�og7−log((1 − α); = − � <=
../0/>?' @�"

?' + KC   (3) 

Where (1−�) is the fraction of number of initial molecules not 

yet decomposed and 1 is the peak temperature of derivative 

curve of TGA. The plots of log (− log (1 − �)/12) versus 1/1 

(CR) and log (− log (1 − �)) versus 1/1 (BR) for PPT are 
depicted in Figures 5 and 6, respectively. The plots follow 

straight line whose slopes give the activation energy (34) of 
degradation process. The activation energies calculated by CR 
and BR methods are found to be 8.08 and 12.752 kJ/mol, 
respectively. 
  

 
Figure-5 

Plot of log (− log (1 − ����)/11112
) versus 1/1111 
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Figure-6 

Plot of log (− log (1−����)) versus 1/T 
 

XRD and SEM Analysis: It is observed that peaks obtained in 
the diffractogram patterns are discrete, sharp and intense as 
shown in figure-7. The sharp and intense peaks appearing at 
21.518°, 24.04°, 30.451°, 19.53°, and 14.405° reveals the 
crystallinity of the polymer. The SEM photograph as shown in 
figure-8 reveals both crystalline and amorphous nature. The 
sharp edged particles and lamellar sides in crystalline regions 
were found to be intervened in the amorphous regions which 
consist of no definite shaped particles. This result was 
augmented from the X-ray diffractograms21,22. 
 

 
Figure-7 

XRD pattern of PPT 

 
AC Conductivity: It is a well established fact that frequency 
dependent complex conductivity results from interfacial 
polarization at grain boundaries, contacts, and other 
homogeneities in disordered materials such as polymers. The 
AC conductivity of insulator/conductor polymers has been 
compared to a resistance capacitance network, where the 
conducting dispersants are represented as resistors and the 

dielectric constant of the insulating matrix is represented by 
capacitors 23.The complex impedance plots for PPT measured at 
a temperatures range from 298 to 373K in the frequency region 
of 20 Hz to 106 Hz are shown in figure-9. The point of 
intersection of the impedance plot on the real axis gives the bulk 
resistance of the polymer. As temperature is increased this is 
shifted towards the origin as evident from figure-9, in other 
words, the intersection is found to shift towards higher 
frequency. Hence, it is evident that with the increase in 
temperature bulk resistance of the polymer decreases, resulting 
in the enhancement of electrical conductivity at higher 
temperatures. 

 

 
Figure-8 

SEM micrograph of PPT 

 

 
Figure-9 

Complex impedance plots of PPT at different temperatures 
 

The temperature-dependant conductivity value for PPT as in 
figure-10 reveals that the conductivity increases with 
temperature which is the distinctive feature of “thermal-
activated behavior” owing to the amplified efficiency of charge 
transfer between polymer chains 25. The temperature-dependent 
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conductivity data obtained for PPT over the temperature range 
298 to 373 K are shown in figure-10, in the form of plots of 

log�1 versus 1000/1 where � denotes the conductivity and 1 
the absolute temperature. A remarkable phenomenon from 
figure-10 is that, as the temperature is increased electrical 

conductivity (�) increases as in the case of polymers obeying 
the Arrhenius Relationship 
 

�1 = �0DEF �− *+
�%'  (4) 

Where �0 denotes the pre exponential factor, 34 denotes the 

energy of activation for conduction, and G is the Boltzmann 
constant. From the slope of the linear plot drawn by the least 
square method the activation energy was calculated to be 0.2355 
eV. The low activation energy for this polymer is attributed to 
the enhancement of the electronic jump between the localized 
states as found for other materials26. 

 

 
Figure-10 

Temperature-dependent AC conductivity data of PPT 

 
To investigate the nature of frequency-dependent AC 

conductivity, the plot of log (�) versus log (H) with in a 
frequency range 20Hz to 106 Hz over the temperature range 298 
to 373K is drawn and the results are shown in figure-11. Many 
semiconductors, insulators, and inorganic and polymeric organic 
materials exhibit frequency-dependant electrical conductivity �ac (H). Information about the electronic structure of such 
disordered materials can be found by charge transport 
measurements. Localization of electronic states or groups of 
states inside the material is due to disorder in atomic 
configuration and/or composition. Such behaviors caused by 
localized charge carriers are studied by AC impedance 
techniques14.The fractional power dependence of the AC 
conductivity upon frequency has been observed in a wide 
variety of disordered materials, such as amorphous 
semiconductors, polymers and ionically conducting glasses 27-28. 
The frequency dependence of the alternative current (AC) 

conductivity follows a power law behavior. �’ (H) or the total 
AC conductivity can be represented by the following equation: 

�0 = ��
(H) = �I
 + �HJ (5) 

 

Where H is the angular frequency, �dc is the independent 

frequency conductivity or DC conductivity, � is the constant 

dependent on temperature 1, and K is an exponent dependent on 
both frequency and temperature with values in the range 0 to 1. 
AC conductivity in conducting polymers has been widely 
described by the power law Eq. (5) which originates from 
many-body interactions between the hopping charges27,28. In 
disordered systems such as conducting polymers, where 
hopping transport occurs, increase in frequency of the applied 
electric field increases the AC conductivity, due to short 
distance movements of charge carriers i.e., confined inside 
minuscule clusters and this type of behavior was studied by 
Jonscher, who called it the “Universal Dynamic Response” 
(UDR) 29 because wide variety of materials displayed such 
behavior.  
 
A linear increase in conductivity with frequency is noticed and 
the value of the frequency exponent (S), estimated from the 

slope of the log (�1) versus log (H), decreases with increase in 
temperature and is fully consistent with the power law as it is 
evident from the figure-11. The DC conductivity value 
presented in table-1 calculated by extrapolating the AC 
conductivity data to zero frequency region also shows an 
increase with increase in temperature. 
 
According to the Correlated Barrier Hopping (CBH) model, the 
frequency exponent S values extend from 0.6 to1and decreases 
as temperature increases31. Our experimental results are in good 
agreement with this model suggesting that the electrical AC 
conduction mechanism of PPT at investigated temperature (298 
to 373 K) can be explained by charge-carrier hops between sites 
over the potential barrier WM separating them. The frequency 
exponent S for such model is given by the following equation-
632.  

K = @1 − LMN %
7OP �M%(QRST);C (6) 

 
Where WM is the height of maximum barrier (or binding 
energy) and Ƭ is the relaxation time. WM is calculated from the 
linear line slope which is between 1 − S and T. A value of WM = 
0.24 eV is obtained for PPT. 
 
Determination of Dielectric Properties: The dielectric 
behavior of conducting polymers is one of the main focus points 
of research because of their novel technological applications. It 
is well established that the polymers, as dielectric materials, are 
excellent host matrices and also provide environmental and 
chemical stability. 
 
The real part (ε’) of the dielectric function (ε*) has been 
calculated from the measured values of capacitance using the 
following formula: 
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∈′= VW
ε0�   (7) 

Where C is the measured capacitance of the sample, d is the 
thickness of the sample, A is the area of the pellet, and εo is the 
permittivity of free space. The imaginary part (ε”) of the 
complex34 impedance has been measured as 

ε
"= ε′�4XY   (8) 

 

Where tan Y is the dissipation factor. Log (ε’) figure-12 and log 

(ε”) figure-13 vs log w depicts the variation of dielectric 
constant (ε’) and dielectric loss (ε ”) as a function of frequency 
for PPT in the temperature range of 293 to 373K.The dielectric 
constant of the PPT decreases moderately with frequency and 
increases with temperature37. As the frequency increases, the 
charge carriers migrating through the dielectric get trapped 
against a defect site and induce an opposite charge in its 
vicinity, as a result of which they slow down and the value of 
dielectric constant decreases moderately35. It is interesting to 
observe that the dependence of loss factor with the frequency of 
PPT decreases sharply with increase in frequency. The larger 
value of the loss factor or dielectric loss at low frequency could 
be due to the mobile charges within the polymer matrix. At high 
frequency, periodic field reversal is so fast that there is no 
excess ion diffusion in the direction of electric field36. 
Polarization due to charge accumulation decreases, leading to 
the decrease in the value of loss factor. Generally it is believed 
in dielectric analysis that the high frequency dielectric constant 
is mainly associated with dipolar relaxation, whereas at lower 
frequency and higher temperature, the contributions of 
interfacial polarization and DC conductivity become more 
significant in both ε’ and ε”. The difference in the dielectric 
relaxation time with change in concentration is due to the 
electric charges being displaced inside the polymer38. 
 

Table-1 

Frequency exponent (S), conductivity of PPT 

Temperature 

(K) 

Frequency com 

ponent(S) 

DC Conductivity 

(X10 -8Scm-1 ) 

298 1.044 2.238 

303 1.012 2.113 

313 0.929 2.51 

323 0.92 2.56 

333 0.87 2.62 

343 0.85 2.65 

353 0.81 2.71 

363 0.794 2.818 

373 0.767 2.89 

 

Figure-11 

Frequency-dependent DC AC conductivity  

(log ���� versus log HHHH) 

 

 
Figure-12 

Logarithmic plots of dielectric constant as a function of 

frequency 
 
For materials when charge carrier hopping is dominating in a 
conduction mechanism a typical phenomenon of strong low 
frequency (LF) dispersion for ε′ and ε″ is observed39. In the LF 
region, at higher temperatures the ε″ spectra exhibit no loss 
peaks and due to the increased contribution of DC conductivity 
it increases almost linearly with decreasing frequency. At low 
frequency the higher value of the loss factor or dielectric loss is 
due to the contribution of the mobile charges inside the polymer 
matrix40. At lesser temperatures and at a frequency around 103 
Hz, a change in slope is observed in ε″ spectra as shown in 
Figure 13. Though there are no permanent dipoles in conducting 
polymers, when an external electric field is applied there is 
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strong charge (polaron) trapping and their localized (short 
range) motion serves as an “effective” electric dipole34,39,40. In 
presence of such an alternating electric field, dielectric 
relaxation results due to charge hopping among available 
localized site41. Due to the lack of strong pinning at low 
frequencies such charge hopping could extend all through the 
sample leading to a continuous current. At a given frequency, 
increase in temperature mobilizes the polymer chains, reduces 
pinning and leads to larger number of charges participating in 
the relaxation process. No relaxation mechanism can be noticed 
which may be attributed to shorter time constants associated 
with increased chain movement. However, it must be stated that 
efficient charge transport does not occur with increased chain 
movement since there is associated reduction in polymer 
conjugation at higher temperatures which increases the barrier 
potentials hindering charge transport. At higher temperatures, 
due to increased contribution of DC conductivity the change in 
slope due to dielectric relaxation is not observed. Generally it is 
believed in dielectric analysis, dielectric constant at high 
frequency is  mainly associated with dipolar relaxation, whereas 
at  higher temperature and  lower frequency, the contributions of 
interfacial polarization and DC conductivity become more 
significant in both ε’and ε” 
 

  
Figure-13 

Logarithmic plots of dielectric loss as a function of 

frequency 

 
PPT exhibits two peaks in isothermal as shown in figure-14 
plot, indicating clearly two different relaxation processes. Due 
to the two-phase structure in the polymer   two relaxation peaks 
may appear in isothermal plot. The peak observed at lower 
frequency can be attributed to the phase of oxidized repeat units 
(quinoid) and peak observed at higher frequency is due to the 
phase of reduced repeat units (benzenoid) of PPT 23. It is seen 
from the frequency dependent M” plot that the frequency 
corresponding to M”max shifts to higher frequencies with 

increase in temperature42. It is observed that the isothermal 
peaks (figure-14) shift towards higher frequency when 
temperature is increased. The height of the peak corresponding 
to the relaxation of the reduced units (higher frequency) is 
significantly lower than the peak corresponding to the oxidized 
unit43. 
 

 
Figure-14 

Isothermal dependence of ε” on the frequency for PPT 

 

 

 
Figure-15 

M’ real part of electric modulus plotted against M” 

imaginary part of electric modulus for PPT 
 
The imaginary part of electric modulus as given in figure-15 is 
plotted against the real part of the modulus for PPT and two arcs 
are exhibited in the figures which correspond to two relaxation 
processes. The arcs initiate from the origin and spread to 
different values of M” depending upon the temperature. The 
dissipation factor, tan∂ recorded as a function of frequency for 
PPT is shown in figure-16. The loss tangent decreases with 
increasing frequency44. As noted earlier, high loss at low 
frequency in loss tangent may be attributed to DC conduction 
losses as in the case of dielectric constant and dielectric loss. 
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Figure-16 

Frequency dependence of dissipation factor of PPT 

 
At higher frequencies beyond 105 Hz, PPT exhibits almost zero 
dielectric loss which suggests that this polymer is lossless 
material at higher frequencies. Since the temperature at which 
the loss tangent peak occurs, increases with increasing 
frequency, it is evident that these peaks are due to thermally 
activated relaxation processes in the film. The two peaks at a 
given frequency correspond to two relaxation processes45. 

 

Conclusion 

Poly (Para Toluidine) has been successfully synthesized by 
chemical oxidative polymerization method at 0–3°C and 
characterized by different spectroscopic techniques. The 
characterization by UV-VIS-NIR, FT-IR,   suggests the 
formation of quinoid and benzenoid rings which confirmed the 
formation of polymer. The XRD and SEM studies reveal that 
the morphology of PPT is partially crystalline and amorphous in 
nature. It was observed from thermal analysis that PPT exhibits 
three-step decomposition patterns. The frequency dependent 
electrical parameters, such as impedance, AC conductivity, 
dielectric constant, dielectric loss, and electric modulus for PPT, 
have been studied within the range of 20 Hz to 106 Hz over the 
temperature ranging from 298 to 373K. With increase in 
temperature AC conductivity increases moderately and obeys 
the power law of frequency. The temperature variation of 
frequency exponent suggests that the behavior of AC 
conductivity can be described by CBH mechanism. The 
dielectric constant and dielectric loss decrease with an increase 
in frequency. The electric modulus and dissipation factor 
recorded as a function of frequency display two relaxation 
processes. At higher frequencies PPT exhibits low dielectric 
loss, which suggests that PPT is lossless material at frequencies 
beyond 105 Hz. 
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