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ABSTRACT: Poly(o-toluidine) (PoT) and poly(o-toluidine
co aniline) were prepared by using ammonium persulfate
initiator, in the presence of 1M HCl. It was dried under
different conditions: room temperature drying (48 h), oven
drying (at 50°C for 12 h), or vacuum drying (under vacuum,
at room temperature for 16 h). The dielectric properties, such
as dielectric loss, conductivity, dielectric constant, dielectric
heating coefficient, loss tangent, etc., were studied at micro-

wave frequencies. A cavity perturbation technique was used
for the study. The dielectric properties were found to be
related to the frequency and drying conditions. Also, the
copolymer showed better properties compared to PoT alone.
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INTRODUCTION

The recent widespread use of conducting polymers,
especially polyaniline, for various technological appli-
cations such as energy storage devices, sensors, and
above all as a strong electromagnetic inductive
(EMI)1,2 material has recently attracted significant at-
tention with a growing interdisciplinary trend. Elec-
trically conductive polymers are new and very effec-
tive materials for antistatic purposes. Polyaniline es-
pecially has been found to be a very effective material
for antistatic applications.3 Electrically conducting
polymers differ from inorganic crystalline semicon-
ductors in two ways: they are molecular in character
and also they lack long-range order.

Of the large variety of conducting polymers, poly-
aniline (Pani) has received much attention because of
its unique reversible proton doping, high electrical
conductivity, and ease of bulk preparation. However,
to make polyaniline technologically viable, process-
ability and thermal stability of the polymer have to be
improved. Copolymerization may be a simple and
convenient method to accomplish this task. The dc
conductivity of poly(aniline co o-anisidine),4, poly(ani-
line-co-toluidine),5,6 and poly(aniline-co-N-butylani-
line),7,8 copolymers investigated earlier yielded fruit-
ful results.

Currently, an understanding of transport mecha-
nisms in conducting polymers and the potential use of
polymers as EMI shielding and absorbing materials
have encouraged the measurement of dielectric behav-
ior at high frequencies. Nagai and Rendell9have sum-
marized the theoretical and experimental aspects of ac
conductivity and dielectric relaxation of polymers.
Some studies on dielectric behavior of conducting poly-
mers at microwave frequencies have been reported.10–14

In this paper we report on the synthesis and dielec-
tric properties in a microwave field, of poly(o-tolu-
idine) (PoT) alone and its copolymer with aniline.

EXPERIMENTAL

Aniline and o-toluidine (reagent grade) were distilled
prior to use. HCl and ammonium persulfate were
used as received.

Preparation

Preparation of polyaniline

Chemical oxidative polymerization of aniline was car-
ried out using ammonium persulfate as initiator in the
presence of 1M HCl at 0–5°C. The reaction was carried
out for 4 h. Polyaniline was also prepared at room
temperature. The polymer formed was dried in an
oven at 50°C for 12 h and pelletized. The dielectric
conductivities of both samples were measured using a
cavity perturbation technique.
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Preparation of poly(o-toluidine)

Chemical oxidative polymerization of o-toluidine was
carried out using ammonium persulfate as initiator in
the presence of 1M HCl. The polymerization was car-
ried out for about 4 h at room temperature. It was then
filtered washed and dried under different conditions:
room temperature (48 h), in an oven (at 50°C for 12 h),
or in a vacuum (at room temperature, under vacuum
for 16 h). The dielectric properties and conductivities
of these samples were measured using the cavity per-
turbation technique.

Preparation of poly(o-toluidine-co-aniline)

The copolymer was prepared by the chemical oxida-
tive polymerization of equal proportions of aniline
and o-toluidine using ammonium persulfate as initia-
tor in the presence of 1M HCl. The polymerization
was carried out for about 4 h at room temperature. It
was then filtered, washed, and dried under different
conditions as described for o-toluidine. The dielectric
properties and conductivities of these samples were
measured using the same technique.

Experimental set up and theory

The experimental set up15 consists of a HP8510 vector
network analyzer, sweep oscillator, S-parameter test
set, and rectangular cavity resonator. The measure-
ments were done at 25°C in the S band (2–4 GHz).
When a dielectric material is introduced in a cavity
resonator at the position of maximum electric field, the
contribution of magnetic field for the perturbation is at
a minimum. The field perturbation is given by Kupfer
et al.16
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Where d� is the complex frequency shift. Vc and Vs
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Qs and Qo are the quality factors of cavity with and
without the sample. Quality factor Q is given by Q
� f/�f, where f is the resonant frequency and �f is the

corresponding 3-dB bandwidth. For small samples we
assume that E � E0 and, for dominant TE10p mode in
a rectangular wave guide,

E0 � E0maxsin(�x/a) sin(�pz/d), p � 1,2,3. . . . . . (3)

From eqs. (1) to (3) the real and imaginary parts of the
relative complex permittivity are given by
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The real part of the complex permittivity, ��r is gener-
ally known as the dielectric constant and the imagi-
nary part ��r of the complex permittivity is related to
the dielectric loss of the material.

The loss tangent is given by

tan� � � � ���r/���r (6)

Here, � � ���r is the effective conductivity of the
medium. When the conductivity � due to free charge
is negligibly small (good dielectric), the effective con-
ductivity is due to electric polarization and is reduced
to

�e � ���r � 2 	 � 	 f 	 �0 	 ��r (7)

The efficiency of heating is usually compared17 by
means of a comparison coefficient, J, which is defined
as

J � 1/�r tan �. (8)

The absorption of electromagnetic waves when it
passes through the medium is given by the absorption
coefficient18 (
f), which is defined as

Absorption coefficient (
f) � ��r f/n c (9)

where n � 	 �* and c is the velocity of light.
Penetration depth, also called as skin depth, is ba-

sically the effective distance of penetration of an elec-
tromagnetic wave into the material,19

Skin depth (�f) � 1/
f (10)
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RESULTS AND DISCUSSION

Effect of polymerization condition on dielectric
properties

Figure 1 shows the dielectric loss and conductivity of
polyaniline prepared at 0–5°C and room temperature
(28°C) at 2.97 GHz. It is clear from the figure that the
dielectric loss and conductivity are higher for polya-
niline prepared at room temperature. In a microwave
field dielectric loss occurs due to the dipolar polariza-
tion. The dipolar polarization in an ac field leads to
dielectric relaxation due to orientation polarization.
Dielectric relaxation20 is the lag in dipole orientation
behind an alternating electric field and under the in-
fluence of which the polar molecules of a system rotate
toward an equilibrium distribution in molecular ori-
entation with a corresponding dielectric polarization.
When the polymerization temperature of aniline is
increased, head-to-head sequence of polyaniline is fa-
vored compared to head-to-tail sequence. This will
induce a steric hindrance with a slight rotation of the
two neighboring cycles as a consequence of this con-
straint. The effect of this rotation is a weaker overlap
of � orbitals and therefore weaker delocalization of
electrons along the chain. This leads to a high intra-
chain phenomenon and will increase the dielectric
loss.21 Therefore polyaniline prepared at room tem-
perature (28°C) gives higher dielectric loss.

Since the conductivity in a microwave field is di-
rectly related to the dielectric loss factor, the conduc-
tivity is also higher for polyaniline prepared at room
temperature.

Dielectric properties of PoT and PoT-Pani
copolymer

Characterization of copolymer

Figures 2, 3, and 4 show the IR spectra of polyaniline,
PoT, and poly(o-toluidine co aniline). The IR spectra of
polyaniline and PoT are similar. The characteristic
peaks of polyaniline and PoT at 1,305 cm�1, due to
C–H deformation, and 1,495 and 1,560 cm�1, due to

the ring stretching modes of the quinoid and benze-
noid rings, are similar in the copolymer as well. The
characteristic peak at 1,150 cm�1 for the conducting
Pani22 and PoT (1,149 cm�1) salt is also present in the
copolymer (1,151 cm�1).

Dielectric conductivity

Figure 5(a) and (b) shows the variation of the dielectric
loss of PoT alone and the PoT-Pani copolymer at dif-
ferent drying conditions, respectively. The dielectric
loss is found to be high at lower frequency. The di-
electric loss is a direct function of the relaxation pro-
cess and the origin of this relaxation is due to the local
motion of polar groups. The dielectric loss is very high
at very low frequencies due to the free charge motion
within the material.23,24 For very low frequencies there
is time for charges to build up at the interfaces before
the field changes direction and this contributes to the
high dielectric loss at lower frequencies. The dielectric
loss factor leads to the so-called “conductivity relax-
ation.” The microwave conductivity is a direct func-
tion of dielectric loss. Figure 6(a) and (b) shows that
the conductivity of PoT alone and copolymer at dif-
ferent drying conditions changes with frequency, de-
pends upon the dielectric loss factor, and therefore
shows the same behavior as the dielectric loss factor.
Protonation in Pani25 and PoT leads to the formation

Figure 1 Effect of preparation condition on dielectric loss
and conductivity at 2.97 GHz.

Figure 2 IR spectra of polyaniline alone.

Figure 3 IR spectra of poly(o-toluidine) alone.
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of radical cations by an internal redox reaction, which
causes reorganization of the electronic structure to
give semiquinone radical cations. The degree of pro-
tonation and the electronic conductivity thus become a
function of dopant concentration.

It is evident from the experiment that there is a loss
of dopant molecules under vacuum and during high-
temperature drying, which will reduce the dielectric
loss, which, in turn, reduces the conductivity. The
figures also show that the microwave conductivity of
the room temperature dried sample is greater com-
pared to the oven dried sample, which, in turn, is
superior to the vacuum dried sample.

Dielectric constant (��r)

Figure 7(a) and (b) shows that the dielectric constant is
higher at very low and at very high frequencies. The
alternating accumulation of charges, at the interphases
between different phases of materials, due to the ori-
entation polarization of the dipoles under the influ-
ence of an alternating field, causes a high dielectric
constant.

Loss tangent (tan�)

Figure 8(a) and (b) shows the variation of loss tangent
with frequency of PoT alone and PoT:Pani copolymer.
For a good dielectric material loss tangent (tan�),
which is defined as ��r/��r, is directly related to the
dielectric loss factor and hence will show the same
behavior as that of the dielectric loss factor.

Figure 5 Variation of dielectric loss of (a) PoT alone and (b) copolymer, with frequency at different drying conditions (�,
room temperature dried; f, vacuum dried; Œ, oven dried).

Figure 4 IR spectra of poly(o-toluidine co aniline).
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Figure 6 Variation of conductivity of (a) PoT alone and (b) copolymer, with frequency at different drying conditions (�,
room temperature dried; f, vacuum dried; Œ, oven dried).

Figure 7 Variation of dielectric constant of (a) PoT alone and (b) copolymer, with frequency at different drying conditions
(�, room temperature dried; f, vacuum dried; Œ, oven dried).

Figure 8 Variation of dielectric heating coefficient of (a) PoT alone and (b) copolymer, with frequency at different drying
conditions (�, room temperature dried; f, vacuum dried; Œ, oven dried).

Figure 9 Variation of loss tangent of (a) PoT alone and (b) copolymer, with frequency at different drying conditions (�,
room temperature dried; f, vacuum dried; Œ, oven dried).
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Dielectric heating coefficient (J)

For many applications in electrical and electronic en-
gineering polymers should have a low tan�. However,
one application that takes advantage of a high value of
tan� is high frequency dielectric heating. The effi-
ciency of heating is usually compared by means of a
comparison coefficient, J, which is defined as J � 1/�r
tan�. Figure 9(a) and (b) shows the variation of dielec-
tric heating coefficient with frequency. It is observed
that the heating coefficient decreases with an increase
in frequency. It is a direct function of the loss tangent
tan�. The higher the J value, the poorer will be the
polymer for dielectric heating purposes.

Absorption coefficient and skin depth

A plot of the absorption coefficient of poly(o-toluidine)
with frequency is given in Figure 10. The absorption
coefficient is directly related to the dielectric loss fac-
tor and therefore it shows the same behavior as that of
dielectric loss, i.e., the absorption coefficient increases
with an increase in frequency.

The skin depth decreases with increases in fre-
quency as shown in Figure 11. The skin depth is

inversely related to the absorption coefficient and
hence it decreases with an increase in frequency.

The variation of absorption coefficient and skin
depth of copolymer with frequency is also the same as
that of poly(o-toluidine).

Figure 12 shows the variation of dielectric proper-
ties, such as dielectric loss, conductivity, dielectric
heating coefficient, and loss tangent of PoT alone, and
the copolymer. Dielectric loss and conductivity are
found to be higher for the copolymer. The introduc-
tion of a substituent group (–CH3 group in o-toluidine)
increases the torsional angle between the two adjacent
phenylene rings and facilitates better solvation at the
–NH group on the polymer backbone. This would
lead to reduced conjugation of the polymer and hence
to reduced conductivity.26 Also the steric effect of
–CH3 increases the interchain distance and, as inter-
chain hopping becomes difficult, the conductivity
level is lowered.18 When the copolymer is prepared, a
part of the poly(o-toluidine) is replaced with highly
conducting polyaniline, which, in turn, increases the
conductivity of the copolymer.

It is also clear from the figure that the heating coef-
ficient is at a minimum for the copolymer.

Table I shows the absorption coefficient and skin
depth of PoT and that of copolymer. It is clear from the
table that the absorption coefficient is high for copol-
ymer and low for poly(o-toluidine). The absorption
coefficient is directly related to the dielectric loss fac-
tor. Since the copolymer shows higher dielectric loss
compared to poly(o-toluidine), the absorption coeffi-
cient of the copolymer is high. The table also shows
that the skin depth was less for polyaniline alone and

Figure 10 Variation of absorption coefficient of PoT with
frequency.

Figure 11 Variation of skin depth of PoT with frequency.

Figure 12 Comparison of dielectric properties of room
temperature dried PoT alone and copolymer at 2.85 GHz
frequency (f, PoT alone; �, copolymer).

TABLE I
Absorption Coefficient and Skin Depth at 2.97 GHz

POT alone Copolymer

Absorption coefficient(m�1) 8.1 14.72
Skin depth(m) 0.12 0.07
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copolymer. Therefore the copolymer is more opaque to
electromagnetic radiation compared to poly(o-toluidine).

Table II shows the dielectric properties of the base
form of copolymer. The dielectric loss, conductivity,
and absorption coefficients are less and the dielectric
heating coefficient is high for the base form of the
copolymer.

CONCLUSION

The dielectric properties of poly(o-toluidine) and
poly(o-toluidine co aniline) are found to be related to
the frequency. The microwave conductivity of poly(o-
toluidine) and poly(o-toluidine co aniline) are found to
be related to the dopant concentration, and the con-
ductivity is decreased when the amount of dopant
molecules is decreased. Also the conductivity of the
poly(o-toluidine co aniline) copolymer is found to be
higher than the conductivity of poly(o-toluidine)
alone. The dielectric heating coefficient is found to be
at a minimum for the copolymer and the copolymer
can be used for dielectric heating applications. The
absorption coefficient of poly(o-toluidine) is found to
be less compared to the copolymer. The penetration
depth of the copolymer is found to be less and the
copolymer can be used in EMI shielding applications.
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TABLE II
Dielectric Properties of Base Form of the Copolymer

Frequency
(GHz)

Dielectric
loss

Conductivity
(S/m)

Dielectric
heating

coefficient

Absorption
coefficient

(m�1)

2.17 0.386 0.05 2.37 0.42
2.46 0.373 0.049 5.88 0.17
2.86 0.74 2.9 12.43 0.08
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