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ABSTRACT: The heat transfer through polyaniline
(PANI) mixed with metals (manganese and iron) is studied
by measuring its effective thermal conductivity (�e) and
effective thermal diffusivity (�e) from room temperature to
170°C at normal pressure. Simultaneous measurements of
the �e and �e values of samples A (100% Fe), B (50% Fe and
50% Mn), and C (100% Mn) of the PANI mixtures with
different percentages of Fe and Mn are carried out using the
transient plane source technique. It is observed that the �e
and �e of the above samples are almost independent of the
temperature in a range of temperatures. However, maxi-
mum values for the �e and �e are found for sample A at

�140°C, sample B at �130°C, and sample C at �120°C. An
empirical relationship deduced from a polynomial fit of the
experimental data is established for the temperature depen-
dence of the �e and �e values of these samples. Reasonably
good agreement is obtained between the theoretically pre-
dicted results and the experimental data. This behavior is
explained on the basis of bond formation between the metals
(Fe and Mn) and nitrogen of the PANI matrix. © 2003 Wiley
Periodicals, Inc. J Appl Polym Sci 90: 430–435, 2003
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INTRODUCTION

Conducting polymers have recently attracted a great
deal of attention because of their many applications in
light-weight batteries, solar cells, electrochromic
switching, variable transmission windows, sensors,
and nonlinear optical materials.1 High conductivities
are attainable when conducting polymers are doped
with metals. Within the group of conducting polymer
materials, there has been much interest in polyaniline
(PANI), the most versatile of the conjugated polymers,
because of its excellent stability under ambient condi-
tions. In addition, a wide range of optical, electrical,
and electrochemical properties make PANI an attrac-
tive material for a number of applications such as in
displays, biosensors, and batteries. The PANI system
possesses many unusual and attractive chemical as-
pects, including dopability by both oxidation and der-
ivatization with a wide variety of substituents. These
features and others play an increasingly important
role in studies aimed at understanding the transport,
magnetic, and optical properties of PANI.2,3

The basic chain structure in PANI exists in three
insulating states: leucoemeraldine base (LB), emeral-
dine base (EB), and pernigraniline base. The energy
gaps in LB and EB originate from the electronic struc-

ture of the backbone C6H4 units. The gaps in LB and
EB rule out a bond alternation defect description of the
charge states of PANI materials. Significant conse-
quences of the ring-rotational degrees of freedom exist
for the electronic structure and defect states of
PANI.4,5 The chemical formula of PANI is
[(OBONHOBONHO)Y(OBONAQANO)1�Y]X, in
which B and Q denote the C6H4 rings in the benzenoid
and quinoid forms, respectively. When EB is equili-
brated in a large excess of aqueous acid solution,
protonation occurs at the imine repeat unit to produce
the emeraldine salt of PANI (PA-ES), which is be-
lieved to have the following composition:

[(C6H4ONHOC6H4ONH)YO(C6H4O

�
N
�

A�

HOC6H4A

�
N
�

A�

H)1�Y]X

where A� is the anion and it consists of equal numbers
of reduced [C6H4ONHOC6H4ONH] and [C6H4O
NAC6H4ANO] repeat units. This results in increased
thermal and electrical conductivity. However, conduc-
tivity is affected by the protonation, level of oxidation,
moisture contact, and polymerization conduction.

To improve the mechanical properties of PANI,
metals are doped into it. PANI can achieve its highly
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conductive state either through the protonation of the
imine nitrogens (ANO) in its emeraldine state or
through the oxidation of the amine nitrogens
(ONHO) in its fully reduced leucoemeraldine state.
Because X-ray photoelectron spectroscopy quantita-
tively determines the proportions of quinoid imine,
benzenoid amine, and positively charged nitrogen in
PANI, many researchers6–8 have reported protonation
by this method. The positively charged nitrogen por-
tion is related to the doping level; in other words, the
protonation level of the blends plays an important role
in the thermal, as well as electrical, conduction of
these materials.9 Thus, the present study is aimed at
studying the variation in these thermal properties of
PANI mixed with metals (manganese and iron) over a
temperature range of 30–170°C at normal pressure
using the transient plane source (TPS) technique.

EXPERIMENTAL

PANI is usually prepared by redox polymerization of
aniline using ammonium perdisulfate [(NH4)2S2O8] as
an oxidant. Distilled aniline (0.02M) is dissolved in 300
mL of precooled HCl (1.0M) solution maintained at
0.5°C. A calculated amount of ammonium perdisul-
fate (0.05M) dissolved in 200 mL of HCl (1M) pre-
cooled to 0.5°C is added to the above solution. The
dark green precipitate resulting from this reaction is
washed with HCl (1.0M) untll the green color disap-
pears. This precipitate is further extracted with tetra-
hydrofuran and N-methyl pyrolidinone solution by
Soxhlet extraction and dried to yield the emeraldine

salt. The EB can be obtained by heating the emeraldine
salt with ammonia solution. A solution of metal halide
is simultaneously prepared in distilled water. The so-
lution is then slowly added to the precooled polymer
solution with constant stirring. This composite is then
dried in an oven at high temperature to attain the
conducting polymer in powder form. The powder
thus obtained can be used for device fabrication.

As a typical preparation, sample A (100% Fe) was
synthesized by treating the aqueous solution of ani-
line, hydrochloric acid, and Fe taken according to the
stoichiometry. The resulting solution was stirred thor-
oughly and added to the solution of alkali. The pre-
cipitated composite was washed repeatedly with dis-
tilled water till the filtrate was free of alkali (pH 7.5)
and then dried in air. Similarly, sample B (50% Fe and
50% Mn) and sample C (0% Fe and 100% Mn) were
synthesized using the same procedure but varying the
quantities of Fe and Mn according to the stoichiome-
try. Figure 1 shows the Fourier transform IR spectros-
copy (FTIR) spectra of samples A, B, and C. Formation
of metal oxides and bonding between nitrogen and Fe
or Mn is observed through the peaks in the spectrum
of these samples in the range of 650–425 cm�1. Pellets
(2-mm thickness, 12-mm diameter) were prepared
from the powdered materials with a pressure of 4.33
� 108 Pa. The sample holder (Fig. 2) containing these
samples is placed in a furnace that has a sensitivity of
1 K. After achieving isothermal conditions in the sam-
ple, a constant current pulse is passed through the
heating element. The measurements reported in this
article were performed with a TPS element of the type

Figure 1 The FTIR spectra of samples A–C.
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shown in Figure 3. It is made of 10 �m thick nickel foil
with an insulating layer made of 50 �m thick kapton
on each side of the metal pattern. The evaluation of
these measurements was performed as outlined by
Gustafsson.10 No influence was recorded from the
electrical connections, which are shown in Figure 4.
These connecting leads had the same thickness as the
metal pattern of the TPS element. Each TPS element
had a resistance at room temperature of about 3.26 �
and a temperature coefficient of resistance (TCR) of
around 4.6 � 10�3 K�1. Because of the change in the
average temperature of the sensor, the potential dif-
ference across it changes. The transient potential dif-
ference across the terminals is recorded by a digital
multimeter, and the current through the TPS sensor is
supplied by a digital power supply. The current in the
circuit is adjusted according to the nature of the sam-
ple material. Multiple readings at appropriate inter-
vals are taken to ensure the accuracy of the results.
The TPS program used here is capable of recording the
temperature of the sample through the TPS sensor
itself. In addition, a sensitive thermometer is kept just
above the sample pieces inside the furnace to monitor
the temperature of the sample.

TPS theory

The TPS method consists of an electrically conducting
pattern (Fig. 3) in the form of a bifilar spiral, which
also serves as a sensor of the temperature increase in
the sample. The sensor is sandwiched between the
thin insulating layers of kapton. Assuming the con-
ductive pattern to be in the y–z plane of a coordinate
system inside the sample, the rise in the temperature
at a point y, z at time t due to an output power per unit
area Q is given by10

�T�y,z,�� �
1

4�3/2a� �
0

� d�

�2 �
A

dy�dz�Q

�y�,z�,t 	
�2a2

� �exp� 	 �y 	 y��2 	 �z 	 z��2

4�2a2 � (1)

where �(t � t�) 	 �2a2, 
 	 a2/�, and � 	 [t/
]1⁄2; a is
the radius of the hot disk, which gives a measurement
of the overall size of resistive pattern; 
 is known as
the characteristic time; � is a constant variable; � is the
thermal conductivity (W/m K); and � is the thermal
diffusivity (m2/s) of the sample material. The temper-
ature increase �T (y, z, �) attributable to a flow of
current through the sensor gives rise to a change in the
electrical resistance �R(t), which is given as

�R�t� � �R0�T��� (2)

where R0 is the resistance of the TPS element before
the transient recording has been initiated, � is the
TCR, and �T(�) is the properly calculated mean value
of the time-dependent temperature increase of the TPS
element. During the transient event, �T(�) can be con-
sidered to be a function of time only, whereas it will
generally depend on such parameters as the output
power in the TPS element, the design parameters11 of
the resistive pattern, and the thermal conductivity and
thermal diffusivity of the surroundings. The value of
�T(�) is calculated by averaging the increase in tem-
perature of the TPS element over the sampling time

Figure 4 A schematic diagram of the electrical circuit for
simultaneous measurements of the effective thermal con-
ductivity and effective thermal diffusivity.

Figure 2 A schematic of the sample holder.

Figure 3 A schematic diagram of a transient plane source
(TPS) sensor.
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because the concentric ring sources in the TPS element
have different radii and are at different temperatures
during the transient recording.

It is possible to write down an exact solution10 for
the hot disk if it is assumed that the disk contains a
number m of concentric rings as sources. From the ring
source solution12 we immediately get

�T(�)	
P0

�3/2a�
Ds(�) (3)

where

Ds��� � 
m�m � 1���2

�
0

� d�

�2 ��
l	1

m

1� �
k	1

m

kexp
	 �l2 � k2�

4�2m2 L0� lk
2�2m2�	� (4)

where P0 is the total output power, L0 is the modified
Bessel function, and l and k are the dimensions of the
resistive pattern. To record the potential difference
variations, which normally are of the order of a few
millivolts during the transient recording, a simple
bridge arrangement as shown in Figure 4 has been
used. If we assume that the resistance increase will
cause a potential difference variation �U(t) measured
by the voltmeter in the bridge, the analysis of the
bridge indicates that

�E�t� �
Rs

Rs � R0
I0�R�t� �

Rs

�Rs � R0�

I0�R0P0

�3/2a�
Ds���

(5)

where

�E�t� � �U�t�
1 	 C�U�t���1 (6)

and

C �
1

RsI0�1 �
R0

�Rs � R0� � Rp
� (7)

The various resistances are found in Figure 4, where
Rp is the lead resistance; Rs is a standard resistance
with a current rating that is much higher than I0,
which is the initial heating current through the arm of
the bridge containing the TPS element; and  is the
ratio of the resistances in two ratio arms of the bridge
circuit, which is taken to be 100 in the present case.

RESULTS AND DISCUSSION

Many investigators have observed the effect of do-
pants on the physical properties of conducting poly-
mers in electrical, optical, and differential thermal
analyses. In this article the variation of the effective
thermal conductivity (�e) and effective thermal diffu-
sivity (�e) of the PANI sample mix with Fe and Mn has
been studied from room temperature to 170°C using
the TPS method. The variation of these two thermal
properties with temperature is shown in Figures 5 and
6. Figure 5 shows the variation of the effective thermal
conductivity with temperature of all the conducting
polymers mixed with Fe and Mn in different percent-
ages. Figure 6 shows the variation of the effective
thermal diffusivity with temperature. Note that the �e

and �e of each sample increase to a maximum and then

Figure 5 The temperature variation of the theoretical and
experimental values of the effective thermal conductivity of
samples A–C.

Figure 6 The temperature variation of the theoretical and
experimental values of the effective thermal diffusivity of
samples A–C.
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decrease with a further increase of temperature be-
yond a characteristic temperature, which varies for
different samples. It has been seen that the effective
thermal conductivity of the composite of PANI mixed
with Fe (100%) increases with temperature initially
and attains a maximum at around 140°C for sample A.
The maximum value of the effective thermal conduc-
tivity for sample A is 0.58 W/m K. When the temper-
ature is increased beyond 140°C, the value of the
effective thermal conductivity starts decreasing. With
the decrease of the concentration of iron (50% Fe) and
the increase of the concentration of manganese (50%
Mn), the peak values of the effective thermal conduc-
tivity and effective thermal diffusivity are shifted to
130°C. Thus, the increase in the crosslinking density of
sample B results in the decrease of the effective ther-
mal conductivity and effective thermal diffusivity. In
addition, with the increase of the concentration of Mn
(100%), the peak values of the effective thermal con-
ductivity and effective thermal diffusivity are shifted
to 120°C, which is also an indication of less strong
bond formation between nitrogen and Mn. It is inter-
esting to note that the bonding between the nitrogen
and Mn of the Mn-rich PANI mix is less strong and
loose as compared to the bonding of the nitrogen and
Fe of the Fe-rich PANI mix because of the more stable
electronic configuration of Mn as compared to Fe. In
all the samples, the effective thermal conductivity and
effective thermal diffusivity increase with increasing
temperatures and show a similar tendency, regardless
of the PANI content. In addition, the effective thermal
conductivity and effective thermal diffusivity in all
samples slowly decrease beyond the characteristic
temperature (ranging between 120 and 140°C).

Conducting polymers can be polycrystalline or
amorphous in nature and may belong to inorganic,
organic, or combinations of inorganic and organic
classes of materials. These samples are prepared at
low temperature by the sol–gel technique, which
upon heating at high temperature gives rise to single
phase crystalline or multiphasic crystalline ceramics.
In the temperature region before and after the peak in
the thermal conductivity versus temperature curve,
structure scattering, which is independent of temper-
ature, plays an important role in the thermal resis-
tance. The observed variation in the thermal conduc-
tivity is explained on the basis of various phonon
scattering mechanisms,13–15 namely, structural scatter-
ing, stray scattering, and chain defect scattering. First,
PANI is not charge conjugation symmetric because
neither the Fermi level nor the band gap are formed in
the center of the � band, thus making the valence and
conduction bands asymmetric. Second, both carbon
rings and nitrogen atoms are within the conjugation
path, forming a generalized A–B polymer. Third, EB
forms an insulating metallic state if protons are added
to theONA sites while the number of electrons in the

chain is held constant. The experimental values of the
effective thermal conductivity and effective thermal
diffusivity at room temperature for samples A, B, and
C are given in Table I. It is observed that at room
temperature the values of the effective thermal con-
ductivity and effective thermal diffusivity decrease
with the increase of Mn content in the PANI matrix
(i.e., �A � �B � �C and �A � �B � �C). For a further
increase of the temperature over the characteristic
temperature T0 (where �e and �e show their maxima),
the effective thermal conductivity and thermal diffu-
sivity decrease very slowly. In addition, the thermal
conductivity of Fe at room temperature is greater than
the thermal conductivity of Mn. The electronic config-
urations of Fe (z 	 26) and Mn (z 	 25) are [Ar]3d64s2

and [Ar]3d54s2, respectively. In the PANI matrix the
nitrogen has one pair and, when metal is doped in the
matrix, bond formation between the metal (Fe and
Mn) and nitrogen takes place. This bond formation is
responsible for the thermal stability of the mix. A
further addition of Mn in the PANI matrix decreases
this stability and thereby the effective thermal conduc-
tivity and effective thermal diffusivity.

Defects are always present at high temperatures.
Imperfections occur in crystals as a result of disloca-
tion of ions, ion vacancies in the lattice, a nonstoichio-
metric proportion of the ions present, or simply for-
eign ions or “impurities” in the lattice. A perfect me-
tallic conductor should have zero resistance, because
resistance arises from the scattering of electrons by
lattice imperfections. Because of the thermal motions
of the atoms as the temperature is raised, this scatter-
ing of electrons increases in concentration. Defect for-
mation frequently leads to the development of semi-
conducting properties that rapidly increase with in-
creases in temperature. The atoms in metals are joined
by a special metallic bond. Metals have the tendency
to lose electrons to form M� ions. The magnetic prop-
erties are given by the number of unpaired electrons in
the nonbonding orbitals: Mn is paramagnetic and Fe is
ferromagnetic. Because Fe has the maximum number
of unpaired electrons in nonbonding orbitals, it has
the most magnetic properties when doping in the
PANI matrix creates a metallic bond. The bond
strength between nitrogen and iron is improved, and
it is also correlated with the thermal properties.

TABLE I
Values of Effective Thermal Conductivity and

Diffusivity at Room Temperature for Samples A–C

Sample Code

Effective Thermal
Conductivity

(W/m K)

Effective Thermal
Diffusivity
(mm2/s)

A (Fe 	 100%) 0.39 0.25
B (Fe, Mn 	 50%) 0.28 0.19
C (Mn 	 100%) 0.24 0.15
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By means of a least squares fit to the experimental
data of �e and �e as a function of temperature, as
plotted in Figures 5 and 6 for samples A–C, empirical
relationships have been established for the theoretical
prediction of �e and �e. These are given as

�e � A � B�T 	 T0�
2 � C�T 	 T0�

3 (8)

�e � a � b�T 	 T0�
2 � c�T 	 T0�

3 (9)

where A, B, C, a, b, and c are constants calculated by
experimental conditions and T is the temperature of
the composite in absolute temperature units. The ob-
served variations in �e and �e with temperature can be
explained by considering the effect of temperature on
structural units in a phenomenological manner. In the
temperature range below T0 the temperature depen-
dence of �e and �e is controlled by the variation of the
phonon mean free path due to structure scattering,
stray scattering, and chain defect scattering. The first
terms A and a in both empirical equations represent
the contribution to the thermal resistance of structure
scattering. For temperatures below T0, the structure
scattering becomes predominant, in addition to chain
defect scattering, scattering due to defects introduced
by blends, and the relatively smaller length of the
chain segments. With rising temperature the poly-
meric chain straightens out more and more. Therefore,
the mean free path increases and thus the contribu-
tions to the corresponding thermal resistance de-
creases linearly with the rise of temperature, resulting
in the increase of �e and �e in this temperature range.
The chain defects are effectively identical to stacking
faults and hence are expected to show similar temper-
ature dependence for thermal resistance. The constant
B in eq. (8) represents the thermal resistance by chain
defect scattering. The constant C can also be attributed
to the contribution to thermal resistance by other pos-
sible stray scattering mechanisms. Constants A, B, C, a,
b, and c are conducting polymer dependent parame-
ters. This means that they should change systemati-
cally with the Mn and Fe contents in the PANI matrix,
and the obtained value of these constants supports

this dependence as shown in Tables II and III. Figures
5 and 6 also show the variation of �e and �e with
temperature as predicted by empirical relations (8)
and (9) for samples A–C. It is clear from Figures 5 and
6 that the agreement is very good between the pre-
dicted values of �e and �e using the empirical relation
and the results of the experiment.

CONCLUSIONS

Study of the variations of the effective thermal con-
ductivity and effective thermal diffusivity of PANI
doped with Fe and Mn with temperature is suggestive
of the fact that the characteristic temperature and sta-
bility is increased with the increase of the concentra-
tion of higher conducting metals into PANI. This is
attributable to the increase in crosslinking density of
PANI mixed with Fe as compared to PANI mixed with
Mn.
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TABLE II
Value of Constants A, B, and C in Eq. (8) for Effective

Thermal Conductivity for Samples A–C

Sample Code

Peak
Temp.
Value
(°C)

Constant for Effective Thermal
Conductivity of Samples A–C

A
(W/m K)

Ba
(W/m K3)

C
(W/m k4)

A (Fe 	 100%) 140 0.58 �2.9 � 10�5 �1.2 � 10�7

B (Fe, Mn 	 50%) 130 0.44 �2.8 � 10�5 �9.1 � 10�8

C (Mn 	 100%) 120 0.35 �2.2 � 10�5 �4.7 � 10�8

TABLE III
Value of Constants a, b, and c in Eq. (9) for Effective

Thermal Diffusivity for Samples A–C

Sample Code

Peak
Temp.
Value
(°C)

Constant for Effective Thermal
Diffusivity of Samples A–C

a
(mm2/s)

b
(mm2/s K2)

c
(mm2/s k3)

A (Fe 	 100%) 140 0.36 �1.9 � 10�5 �1.0 � 10�7

B (Fe, Mn 	 50%) 130 0.29 �2.1 � 10�5 �1.2 � 10�7

C (Mn 	 100%) 120 0.24 �1.2 � 10�5 �1.9 � 10�8
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