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The synthesis and relaxation mechanism of polyaniline electrolyte in form of thin film by oxidative polymerization in the
presence of inorganic acid have been reported. The films have been characterized by scanning electron microscopy (SEM),
Fourier transform infrared (FTIR) spectroscopy, 2-point probe and UV-Vis absorption spectroscopy. The mechanism of
electrical conductivity for the disordered system has been explained in terms of Mott’s variable-range hopping for the
intrinsic conduction of the protonated long chain. The dielectric parameters including real part, imaginary part and loss
tangent have been measured between the wavelength range 400 – 1100 nm. These have been employed in the determination
of dielectric relaxation time τ which exhibits Arrhenius-like behaviour. Finally, the temperature dependent relaxation time
which is a function of activation energy of dipole orientation otherwise known as Gibbs free energy ∆G#, has been utilized in
estimation of some thermodynamic parameters such as enthalpy ∆H# and entropy ∆S#. The SEM shows an aggregation of
randomly oriented fibrous network of polyaniline on the surface of substrate. Fourier transform infrared confirms the
acoustic vibrational modes of the long chain polymer.
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1 Introduction
Electrically conducting polymers described as a
new class of synthetic metals reached a high interest
in the last years, confirmed by the 2000 Nobel Prize
in chemistry for the discovery and development of
conductive polymers1. After the theoretical prediction
of room temperature ferromagnetism in wide band
gap based semiconductors, conjugated polymers
(CPs) including polythiophene2,3 polypyrrole (PPy)4,5,
poly(DNTD)6-8, polyaniline (PANi)9,10 and their
derivatives have attracted huge attention. Polyaniline
conventionally procured by mineralization of acid
into –N= sites is one of the most studied materials
because of its intriguing properties such as high
conductivity upon doping with acids, well-behaved
electrochemistry, and easy preparation under
——————
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reproducible conditions by electropolymerization and
chemical oxidation of aniline, electrochemical and
good environmental stability11-19, facile polymerization
in aqueous media20-23 or non-aqueous media24, versatile
redox behavior, low cost, high conductivity, and high
pseudocapacitance25,26.
Since they belong to long-chained (conjugated)
organic materials, the molecular dynamics of this
protonated polymer in non-polar solvents is yet to be
understood. To unravel the mystery surrounding the
rotational motion of a dipolar unit of a polar polymer
in dilute solution, dielectric relaxation technique has
been employed. Dielectric techniques have proved
particularly effective in the study of polymer
dynamics at interfaces and in confining geometries of
polymers in ultrathin films or within nanometric
pores of oxide glasses, polymer in the galleries of
clays, etc.27 because of their enhanced sensitivity with
decreasing size scale in an unparalleled range of
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frequency and temperature28,29. This conventional
technique has a particular advantage of monitoring the
cooperative motion of molecular ensemble which
distinguishes it from Raman spectroscopy that yields
information on the motions of individual molecules30.
In other words, it is a valuable tool for investigation
of liquids whose structure and dynamics are
dominated by intermolecular hydrogen bonds31. Data
on relaxation behaviour procured from dielectric
measurements have become the basis for the study of
thermodynamic parameters33-37 such as change in


activation energy G , enthalpy of activation H  ,

entropy of activation S . The Whiffen and
32
Thompson model as employed by Hosamani et al.33
and Sannaningannavar et al.38 has become one of the
most effective ways of determining the probable
relaxation time τ, real part ε′ and imaginary
component ε″ of a complex dielectric permittivity
 *   '  j ' ' . Even though the model has been
modified to accommodate and deal with the likely
existence of more than one single frequency,
culminating into appropriate values of thermodynamic
parameters, dipole moments etc as predicted by
Higasi39 and Higasi et al.40, this does not invalidate
the fact that the aforesaid model provided useful and
precise thermodynamic information.
For example, Hosamani et al.33 studied the
activation energy (∆G*), enthalpy (∆H*), and entropy
(∆S*) of some indoles and certain of their binary
mixtures. Also, the dielectric relaxation of water
between 0 C and 35 C was investigated by Buchner
et al.41 Here, the description of the complex dielectric
spectra and data require a superposition of two Debye
processes which was matched with literature results to
cover frequency range 0.2 ≤ υ /Ghz ≤ 410. Again, the
aforesaid model was extended to polyethylene glycol
(PEG) where its chemical behaviour in non-polar
solvent was measured and established38.
Since the optical and electrical properties of
polyaniline is known to vary with its different
oxidation states and forms, several deposition
techniques have been employed to fabricate
this polymer with optimized properties. According
to literature, some of the methods include
electrochemical42,
seeding43,
sonochemical
polymerization, plasma, chemical solution etc.
Chemical solution involving oxidative polymerization
of aniline is advantageous due to layer-by-layer
growth and comprises excellent material utilization
efficiency, good control over deposition process along
with film thickness and specifically convenient for

831

large area deposition on virtually any type of
substrate.
Although great deal of work based on dielectric
relaxation for the determination of some physical
thermodynamic observables of conjugated polymers
employing Whiffen and Thompson model had been
reported, none had been linked to polyaniline to the
best of our knowledge. In the light of this, the present
study discusses the kinetics and determination of
activation parameters of polyaniline formation using
dielectric relaxation technique. Results obtained are
used to explain the resonance of the electronic
polarization of the long-chain polymer.
2 Methods and Experimental Details
Analytical grades of aniline (C6H7N), 35%
hydrochloric acid (HCl), and ammonium persulfate
(APS, (NH4)2S2O8) from Sigma-Aldrich were used as
received without further purification. The chemical
route for realization of polyaniline involves an
oxidative polymerization of anilinium ion in inorganic
acid by APS. The chemical bath deposition (CBD)
and stoichiometric conditions were described
elsewhere45. Briefly, the bath consisted of solutions of
2 mL aniline, 1 M 30 mL HCl, and 0.25M 20 mL
APS dissolved in 1 M HCl. Quartz substrates were
immersed vertically in the mixture at ambient
temperature. After 2 h, polyaniline films were
removed and rinsed with distilled water. Preparation
of thicker films may be carried out by re-inserting the
initially deposited films into a fresh bath. The
morphology and molecular bonding of polyaniline
were characterized with a scanning electron
microscopy, SEM (LEO (Zeiss) 1540) and Fourier
transform infrared spectrometer, FTIR (Thermo
Nicolet NEXUS 870) respectively. To determine the
temperature dependence of relaxation time
 G #  , an expression (see Eq. (1)) for

 k BT 

 (T )   o exp

dielectric loss, tan δ, comprising both real and
imaginary part of dielectric constant was used.
Therefore, the dielectric constants were determined
via the transmission and reflection spectra obtained
from CARY 5E UV-Visible spectrophotometer.
Electrical resistivity was measured as a function of
temperature by forming metal-sample-metal structure
of dimension 1 cm x 1 cm with silver (Ag) paste
contact by 2-point probe method [45] using a source
meter. The resistivity was studied in the temperature
range 300 – 330 K.
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Where ε′ and ε″ are the real imaginary part of
dielectric constant, respectively, ω the angular
frequency and μ is the dipole moment of polar solid
film. The relaxation time is connected to activation
energy ∆G# according to transition state theory of
Eyring equation:
 h 

 G # 

… (2)

 exp

  
 RT 
 k BT 

and G #  2.303RT Log  k B T  conforms with the
 h 
obtention of activation energy. The system under
consideration is however at constant temperature and
pressure, chemical reaction is spontaneous in the
direction of decreasing Gibbs energy as given by
Eq. (3):
∆G# = ∆H# – T∆S#

where all the symbols retain their usual meaning44.
Figure 1 shows the variation of conductivity with
temperature. The activation energy of an intrinsic
conduction was found to be 1.36  10-20 J and this is
shown by the linearity that exist between ln (σT1/2)
and T-1/4 within the aforesaid temperature range. Both
the conductivity and activation energy are in
agreement with the reports of Singh et al.46. Hence,
this mechanism of conduction strongly supports the
proposition of Wang et al.47 that HCl-doped
emeraldine salt consists of coupled parallel chains that
form ‘‘metallic’’ bundles. This effect seemed to
culminate from the π-π stacking or chain containing
bond sequence, an important factor that facilitates the
electron transport within the matrix.
The isothermal variation of real component εr of
the dielectric constant with wavelength is presented in
Fig. 2. Viewed from a microscopic perspective, it is
known that the molecular polarizability is frequency

… (3)

where kB is the Boltzmann constant, R is gas constant,
h is Planck’s constant, ∆H# and ∆S# are change in
enthalpy and entropy, respectively.
Equation (2) can be rewritten to accommodate
relaxation time which takes the form:
H #  1 
S #
 k T 
Log  B   

2.303R  T  2.303R
 h 

… (4)

Therefore, the linear graph of Log  k B T  against
-1

Fig. 1 — ln(σT1/2) versus T-1/4 curve for polyaniline film.

 h 

inverse of temperature (T ) produces a slope


(H # ) from which the change in enthalpy ∆H# can
2.303R

be determined and the intercept yields change in
entropy which can as well follow from Eq. (2).
3 Results and Discussion
To comprehend the electron transport behaviour
within the conducting polymer, the electronic
transport mechanism can be clarified by investigating
the temperature dependent conductivity as given by
Eq. (5):

 = o exp  (T0 / T )

1/ 4



… (5)

Fig. 2 — Ambient temperature variation of dielectric permittivity
(real) with wavelength. Inset shows the plot of dielectric
permittivity εr = n2 – k2 versus square of wavelength, λ2.
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dependent. The high frequency response can follow
the undulations of electromagnetic radiation in the
visible region and hence this response gives rise to
refraction of light. This contribution is the high
frequency or optical dielectric constant ε . Since the
phenomenon is entirely electronic transition caused
by high frequencies, we are not much interested in
changes in the electrical response due to dipolar
reorientation, that is, static dielectric constant. Hence,
the real component of the dielectic constant shows a
dependence on the square of wavelength according to
Spitzer and Fan48. The plot of εr = n2 – k2 vs. λ2 (see
inset of Fig. 2) with intercept on εr axis (i.e., λ2 = 0)
for the linear part at shorter wavelengths gives the
high frequency dielectric constant 1.68.
Inset of Fig. 3 shows the loss tangent plot obtained
via Eq. (1) as a function of square of wavelength. The
curve shows a sharp increase between 400 - 450 nm
and later decreased as it approached 500 nm.
Obviously, it was evident that spontaneous rise in
dielectric loss from visible to the near infrared (NIR)
which almost remained stable in the high frequency
zone was due to induction of polarization at high
frequencies. Similar observation was recorded by Zhu
et al.49 for pure polyaniline and nanostructure-derived
polyaniline metacomposites. To deduce the enthalpy,
the variation of ln(τkBT/h) against T-1 was plotted as
shown in Fig. 3. The low wavelength dielectric
constants procured at ambient temperature
alongside temperature dependent relaxation time and
thermodynamic parameters ∆G#, ∆H# and ∆S# for
the protonated polymer are presented in Table 1.
Relaxation time constitutes an important parameter in
dielectric studies as it is connected with transition
probabilities between consecutive minimum energy
configurations of the dipoles50.
Figure 4 shows the temperature dependence of the
relaxation time. The almost linearity of the plot
establishes the fact that it follows a Debye process
and not the relaxation mechanism of dipoles
originating from complex forms of molecular or ionic

motion as described by the semi-empirical WilliamsLandel-Ferry (WLF) equation51. Hence, there is a
possibility of existence of more than one relaxation
process in the molecule. At elevated temperature, the
measured relaxation times are in good agreement with
those of Sannaningannavar et al.38 for PEG obtained
using modified Whiffen and Thompson model52.
However, there is a decreasing trend associated with

Fig. 3 — Plot for determination of enthalpy ∆H# of polyaniline.
Inset shows ambient temperature variation of loss tangent (tan δ)
with wavelength.

Fig. 4 — Temperature dependence of entropy ∆S# and relaxation
time.

Table 1 — Estimated values of dielectric permittivity (real), thermodynamic parameters and relaxation time at different temperatures

Polyaniline

Polymer

 ' @400 nm



∆G# (J/mole)

∆H# (J/mole)

∆S# (J/mole/K)

τ (ps)

T (K)

2.52

1.68

-8230.48(3372)
-8230.48(2362)
-8230.48(2771)
-8230.48(3167)
-8230.48(2207)
-8230.48(2600)
-8230.48(2981)

-18944.76

-35.7143
-35.1288
-34.5622
-34.0136
-33.4821
-32.9670
-32.4675

4.34
4.04
3.77
3.53
3.31
3.11
2.92

300
305
310
315
320
325
330
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the values of τ as temperature increases. The
explanation is thus since polyaniline was formed in a
non-isomeric medium in the presence of dilute
inorganic acid, this notable trend clearly does depend
on the location of dipole in the polymer matrix, nature
and may be molecular structure of the non-isomeric
counterpart. Earlier reports show that in some
polymers for example polyethylene oxide (PEO) and
PEG with almost common O–C–C–O bond sequence
acts as an effective electron donor and hence the
direction of the dipole shall be along the backbone of
the polymer53. Chemically, the dissimilarity in bond
sequences which in our case consists of -C=N- may
contribute to the electrical transport mechanism.
However, we propose that the reasonable relaxation
times calculated, could also be a function of the
number of hydrogen bonds in amine (-NH2-)
functional group of polyaniline which must be excited
to bring about orientation of dipoles in the presence of
electric field.
Figure 5 clearly depicts the variation of ∆G# with
temperature. From thermodynamics viewpoint, the
negative nature of these values suggests that the
reaction process is spontaneous and favours
polyaniline formation. The values which are ~ 2.3
times greater than the enthalpy change are quite
comparable with results of Bhaumik et al.54 and ElNaggar et al.55. All the estimated values of entropy
∆S# and that of enthalpy ∆H# were negative showing
the degree of disorderliness of the proceeding reaction
as delineated in Fig. 4 and exothermic nature of the
polyaniline formation, respectively. From the plot, it
was observed that there is an irregular order of the
constituent molecules according to kinetic theory. In
view of this, Whiffen and Thompson32 and Hennelly

Fig. 5 — Variation of Gibbs free energy ∆G# with temperature.

et al.56 have emphasized on the importance of the
negative sign of ∆S# as a means of making deductions
from packing of molecules when compared with
corresponding values of other systems. However,
these authors further suggest that in the absence of
sufficient information regarding the temperature
dependence of these values, it may not present special
significance other than indicating molecular
configurations involved in dipole orientation possess
activated state of greater local molecular order33. In
any case, this is expected since entropy, a state
function, depends on internal energy of the system
which in sum is a function of temperature.
Figure 6 shows the SEM image (20k) which has a
compact surface morphology in which randomly sized
fibrous and elongated nanostructures are evenly
distributed over the surface. The growth mechanism is
believed to have taken off with rodlike structures
which intertwine during polymerization. Before the
growth process completes, the whole arrangement
become meshy and fibrous. Therefore, the presence of
free anilinium ions favours the microstructure in an
additive manner via diffusion57. The formation
of polyaniline was further confirmed by FTIR
spectroscopy. The FTIR whose spectrum is shown
in Fig. 7, have clearly visible absorption peaks.
Generally, polyaniline possesses several distinct
bands approximately at 3420, 1560, 1450, 1300, 1120
and 850 cm-1 which are identified specifically for the
organic contents of polyaniline58-60. Functional group,
triple and double bonds as well as fingerprint regions
are characterized by 4000 – 2700, 1900 – 1500 and
1500 – 500 cm-1 ranges of wavenumber, respectively.
Hence, the absorption of peaks at 3419 cm-1 and

Fig. 6 — Scanning electron microscopy of polyaniline film at
ambient temperature.
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10
Fig. 7 — Fourier transform-infrared spectroscopy of polyaniline
film.

2923 cm-1 were due to stretching modes of the N─H
and ─NH2+ bands of the aromatic ring in polyaniline.
The peaks at 1594 cm-1 and 1461 cm-1 are attributed to
the C═N stretching of quinonoid rings and also C═C
stretching of benzenoid rings, respectively. The peaks
at ~ 1290 cm-1 and 1147 cm-1 are characteristics of
C─N═C bond stretching mode for benzenoid ring61
while the peaks at ~ 1134 cm-1 and 820 cm-1 are
specifically for out-of-plane bending vibration of
C─H in benzene rings arising from the protonation
process which affirms the successful formation of
polyaniline during polymerization58,62.
4 Conclusions
The kinetics, relaxation mechanism and activation
parameters of polyaniline electrolyte in form of thin
films have been studied via dielectric relaxation
technique. Microscopically, the mechanism of
conductivity shows an obvious temperature dependence
which is linear and also an evidence of quantum
tunnelling of charge carriers by reason of variable
range hopping in localized states. Estimated
thermodynamic parameters and activation energy show
that the formation process is entirely diffusion
controlled. The morphology has a compact surface with
randomly sized fibrous and elongated nanostructures
which are evenly distributed over the surface. The
vibrational modes from FTIR spectroscopy which are
acoustic confirmed the existence and formation of
polyaniline structure.
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