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This article addresses the synthesis and characterization of polyaniline (PANI) both in pure and doped forms
with various levels of CuCl2 and ZnCl2 in HCl medium
where ammonium persulphate was used as an oxidant.
Synthesized polymeric materials were characterized
spectroscopically (UV-visible spectroscopy, Fourier
transform infrared spectroscopy, and Atomic absorption spectroscopy), thermally (Differential scanning calorimetry), and morphologically (Scanning electron microscopy). Free adsorption energy was calculated via
Langmuir adsorption isotherm based on the quantities
of Cu2þ and Zn2þ cations in both pre- and post- polymerization process where it was found that Cu2þ and
Zn2þ are adsorbed physically on PANI surface. The
dielectric measurements as a function of frequency
and temperature showed that conductivity decreased
with increasing doping levels of metal cations at
high temperatures. POLYM. COMPOS., 31:1862–1868, 2010.
ª 2010 Society of Plastics Engineers

INTRODUCTION
Conducting polymers have widely been investigated in
the last two decades due to their unique electrical properties and potential applications in various electronic devices, such as sensors, light emitting diodes, and rechargeable batteries [1–17]. Among the conducting polymers,
polyaniline (PANI) is one of the most popular for its easy
synthesis, high electrical conductivity, and good environmental stability [1, 3, 6–10, 12–37]. PANI is available in
four different forms, such as leucoemeraldine base (colorless), emeraldine base (blue), pernigraniline base (violet),
and emeraldine salt (green) depending on the pH of the
solution and oxidation potential out of which only emeraldine salt (or protonated emeraldine) is electrically conducting. It can easily be synthesized through electrochemical or chemical oxidation of aniline with the help
of oxidants like ammonium peroxidisulphate in acidic
medium [1, 5, 6, 9, 10, 18, 23–26, 28, 31, 33, 35–37].

There has been a considerable effort in recent years
towards improving structural and physical properties of
conducting polymers synthesized with various methods
and doping processes [2, 4, 6–8, 14–19, 29, 30, 33, 34].
In this study, the synthesis of PANI in pure form as well
as doped with CuCl2 and ZnCl2 at various levels were
carried out by using a simple and low-cost chemical
method where ammonium persulphate (NH4)2S2O8 was
used as an oxidant for aniline. We ﬁrst reported results of
Fourier transform infrared spectroscopy (FTIR) and
UV-visible (UV-vis) spectroscopy. Different to the literature, we then reported quantities of Cuþ2 and Zn2þ
remained in ﬁltrate before and after the chemical polymerization determined by using atomic absorption spectroscopy (AAS). The adsorption of metal cations adsorbed
to PANI surface was examined by Langmuir adsorption
isotherm. Finally, Scanning electron microscopy (SEM),
Differential scanning calorimetry (DSC), and dielectric
measurements were performed.
EXPERIMENTAL
Synthesis of Polyaniline
PANI was synthesized with chemical oxidation polymerization where ammonium persulphate (Merck, Germany) was used as an oxidant. Aniline (5 mL) was dissolved in 1.5 M, 70 mL HCl (Merck, Germany), 10 g of
(NH4)2S2O8 dissolved in 20 mL deionized water was subsequently added into the above solution. The whole solution was stirred at a constant speed for 5 hrs at a constant
temperature of 258C. After the polymerization, the whole
solution was ﬁltered, washed, and dried leading to green
emeraldine salt form of PANI granules.
Doping Process
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CuCl2 and ZnCl2 (Merck, Germany) salts of various
doping levels of 2, 6, and 10% each prepared in 5 mL
deionized water is added into the polymerization solution

prepared as described in the earlier paragraph just before
the stirring stage. The whole solution was again stirred at a
constant speed and a constant temperature of 258C for 5
hrs. After the polymerization, the whole solution was again
ﬁltered, washed, and dried leading to doped PANI samples.

Measurements
Infrared spectra were carried out using a Shimadzu
FTIR 8201 spectrophotometer in the range from 4000–400
cm21 in KBr pellets. UV-vis spectra were measured in the
wavelength region of 200–1000 nm using an Agilent UVvis spectrometer. The DSC analyses were performed using
a Mettler Toledo DSC 1 in the temperature range of 200–
700 K with a heating rate of 5 Kmin21. Philips XL30SFEG
SEM-EDX scanning electron microscope, operating at an
accelerating voltage of 20 kV was used to observe the morphology of the samples. Quantities of Cu2þ and Zn2þ in 5
mL 2%, 6, 8, and 10% CuCl2 and ZnCl2 solution before the
polymerization process were measured with atomic absorption spectrometer (Perkin Elmer AA-Analyst 800). The
deionized water solutions used to wash the PANI samples
after the polymerization were collected and Cu2þ and Zn2þ
quantities in these solutions were also measured in the
same way. These solutions were diluted hundred times during the measurements.
For the dielectric measurements, the surfaces of the
samples were covered with silver paste to form electrodes. The dielectric measurements were performed between
10 kHz and 1 MHz frequency range at different temperatures (300–400 K) by using an LCR meter (Agilent
0
4284A). The real (dielectric constant, e ) and imaginary
00
(or loss index, e ) parts of the complex dielectric constant were calculated by using following equations:
e0 ¼

Cp d
e0 A

e00 ¼ e0 tan d

ð1Þ
ð2Þ

where Cp is the capacitance of the sample; e0 (dielectric
permittivity in vacuum) is equal to 8.85 3 10-14 F/cm;
A is the effective surface area of the electrode; and d is
the thickness of the sample. Ac-conductivities (rac) of the
samples were calculated with the help of Eq. (3).
rac ¼

xCp d tan d
A

ð3Þ

where x is the angular frequency (2pf).

FIG. 1. FTIR absorbance spectra of CuCl2 and ZnCl2 doped PANI.

It is seen that NH stretching at weak absorbance is
within the range of 3650–3100 cm21 and CH stretching
is within the range of 3100–2800 cm21 [2, 3, 4, 9, 14–18,
25, 33, 34]. Aromatic ring stress, NH deformation and
C¼
¼N stretching gives absorption in the region from 1600
up to 1450 cm21 [15, 21, 22, 30]. The peaks at 1559 and
1478 cm21 are related to quinine and benzene ring stress
deformation, respectively [7, 9, 17, 21, 25].
The band characteristics of the emeraldine salt form
(or conducting protonated form) are observed at 820,
1144, 1244, and 1304 cm21. These bands are assigned to
the vibration mode of the NHþ¼
¼ structure, which is
formed during the protonation of imine sites [9, 16, 18,
20, 21, 25, 35].
Spectrum peaks of 2, 6, and 10% Cu2þ and Zn2þ
doped and pure PANI are within the similar reported
ranges. However, slight shifts are observed in the wavelengths of the peaks upon the addition of Cu2þ and Zn2þ
as tabulated in Table 1.
As it can be seen, quinoid and benzenoid peaks forming
the main peaks of the spectrum have shifted upon the addition of 10% Cu2þ when compared to pure PANI from 1559
cm21 to 1557 cm21 and from 1478 cm21 to 1474 cm21,
respectively. The quinoid peak has also shifted to 1564
cm21 from 1559 cm21 following 10% Zn2þ addition compared to pure PANI. These shifts in the FTIR spectrum
upon the addition of Cu2þ and Zn2þ is thought to be due to
interactions between PANI and metal cations.

RESULTS AND DISCUSSION
UV-visible spectroscopy
Fourier Transform Infrared Spectroscopy
In all FTIR spectra shown in Fig. 1, characteristic
peaks of PANI can be clearly seen.
DOI 10.1002/pc

Figure 2 shows UV-visible absorption spectra at various doping levels of Cu2þ and Zn2þ as well as pure
PANI samples.
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TABLE 1. IR band assignments of PANI doped at various levels of CuCl2 and ZnCl2.
Frequency (cm21)
PANI

PANI/Cu2þ (2%)

PANI/Cu2þ (6%)

PANI/Cu2þ (10%)

PANI/Zn2þ (2%)

PANI/Zn2þ (6%)

PANI/Zn2þ (10%)

Assignment

820
1144
1244
1304
1478
1559
2940
3424

800
1127
1242
1300
1478
1561
2924
3428

806
1132
1242
1302
1476
1557
2914
3424

801
1127
1242
1300
1474
1557
2913
3443

812
1138
1242
1302
1476
1561
2911
3432

816
1140
1242
1302
1476
1559
2914
3422

814
1136
1242
1302
1478
1564
2911
3428

C
H stretching
C¼
¼C quinoide ring
C
N stretching
C
N stretching
C¼
¼C benzoide ring
C¼
¼C quinoide ring
C
H stretching
N
H stretching

PANI’s characteristic absorption bands are observed at
approximately 300, 450, 650, and 780 nm. The band
observed in approximately 300 nm in all samples is
related to the p-p* transitions of aniline or aniline radicals
[6, 9, 20, 22, 32, 33]. The absorption band observed in
approximately 450 nm in all spectrum curves belongs to
p-p* transitions of quinine-iminium ions or polaron- p*
transitions [22, 34]. Due to the p-p* transitions of quinine-imin groups, absorption bands are formed in 600–
660 nm [3, 6, 9, 22, 32]. The absorption bands around
450 and 780 nm belong to conducting emeraldine salt
form of the PANI [5, 19, 33, 35, 37].

Atomic Absorption Spectroscopy
The chemical polymerization reaction using ammonium persulphate as an oxidant is shown in Fig. 3.
According to the reaction mechanism, it is thought that
the metal cations are adsorbed onto the molecule surface
because of the electrostatic interaction with Cl- ions. It is

therefore thought that Cu2þ and Zn2þ cations added during the chemical polymerization do not enter into a chemical reaction with PANI molecules.
The quantity of metal cations adsorbed onto the PANI
molecule surface was determined to obtain appropriate
adsorption isotherm, through which adsorption free energy
was calculated. Various adsorption isotherms were tried
and Langmuir adsorption isotherm was found to be the
most appropriate adsorption isotherm [37–44]. Langmuir
adsorption isotherm is given by the following expression;
ln

h
¼ lnC þ ln K
1h

ð4Þ

where C is the concentration of metal cations (mol.dm-3)
and K is the adsorption equilibrium constant. Y is the surface fraction of the metal cations that are adsorbed on the
molecule surface as determined by Eq. (5):
h¼

C0  C
C

ð5Þ

where C0 is the quantity of 5 mL 2, 6, 8, and 10% Cu2þ
and Zn2þ cations in ppm before the chemical polymerization. C is the quantity of Cu2þ and Zn2þ cations in ppm
remained at the ﬁltrate after the chemical polymerization.
h
The change of ln 1h
with respect to lnC for Cu2þ and
2þ
Zn is given in Fig. 4. Adsorption equilibrium constant
K was determined using the slope of isotherm curve.

FIG. 2. UV-vis spectra of CuCl2 and ZnCl2 doped PANI.
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FIG. 3. The reaction mechanism of CuCl2 and ZnCl2 doped PANI.
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related to interparticle connection. It is then reasonable to
conclude that pure PANI has a conductive nature.
As seen in Figs. 5b and c, the structure of CuCl2 and
ZnCl2 doped PANI is more homogenous, the particle size
dispersion is narrower and the image is brighter (i.e. no
noise). The brightness is due to the higher electron efﬁciency
coming from the surfaces of the samples which could be
attributed to higher conductivity of doped PANI samples.
Differential Scanning Calorimetry
Sharp endotherm peak seen at about 410 K in DSC
thermograms given in Fig. 6 for PANI samples is a characteristic peak associated with moisture, which appears
after the separation of HCl from the structure.
The other sharp endotherm peak seen at approximately
610 K for pure PANI shows a thermal degradation (Td)

FIG. 4. Langmuir adsorption isotherm plots of PANI doped various
levels of metal cations.

Putting the calculated K value into Eq. (6) allows us to
calculate adsorption free energy, DG0ads ;
K¼

DG0ads
1
expð
Þ
55:5
RT

ð6Þ

The constant number, 55.5 is the concentration of
water in the solution (mol dm-3). The calculated DG0ads
values for Cu2þ and Zn2þ are 24.960 and 27.067
kJ/mol, respectively. The negative value of DG0ads shows
that the reaction is realized spontaneously [38, 41–44].
The adsorption type is generally regarded as physisorption
if the change of free energy (DG0ads ) is between 220 and
0 kJ/mol. The adsorption behavior is attributed to the
electrostatic interaction between the metal cations and
polymer surface. When the value of DG0ads is between
280 and 2400 kJ/mol, the adsorption would be considered as chemisorption [41, 42, 44]. It is clear from these
results that the adsorption mechanism of metal cations is
typical physisorption.
Scanning Electron Microscopy
Figure 5 shows scanning electron micrographs of pure
and CuCl2 and ZnCl2 doped PANI samples. Pure PANI
includes local heterogeneous regions according to particle
size [Fig. 5(a)]. However, absence of pores in the structure shows that there is a very strong interaction among
the particles. The conductivity is provided by the mobility
of charge carriers in such structures and it is closely
DOI 10.1002/pc

FIG. 5. Scanning electron micrographs of (a) Pure PANI, (b) PANICuCl2 (2%), and (c) PANI-ZnCl2 (2%).
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FIG. 6. DSC thermograms of CuCl2 and ZnCl2 doped PANI.

associated with the cross bonds [3, 10, 31, 32]. As seen
from the Fig. 6, the Td value for Cu2þ and Zn2þ doped
PANI samples shifts to about 560 K. The onset of thermal
degradation with the doping process at a lower temperature shows that the metal cations adsorbed onto the molecule surface are more easily affected. The pure PANI
which is in a more stable structure starts to degrade at
higher temperatures as expected. Furthermore, it is not
surprising that the most intense peak for degradation temperature, Td belongs to the pure PANI. That is because;
the pure PANI absorbs more thermal energy during the
degradation when compared to the samples containing
Cu2þ and Zn2þ cations.

Figure 8 shows how real part is affected by different
doping levels for a number of temperatures at 1 MHz
constant frequency.
The increase which is seen in real part for 300 K in
both CuCl2 and ZnCl2 doped samples shows that the doping process increases the total dipole momentum of the
structure. The decrease occurred in the free volume upon
doping does not seem to reach the level that can affect the
movement of dipoles associated with N and Cl at approximately room temperature. However, towards the higher
temperatures, the increase in real part starts to ease off.
It is expected that dipoles would be more active with
increasing temperatures due to increased thermal activity,
therefore resulting in an increased real part. However,
dipolar mobility under an external ﬁeld would be lower
as electrostatic interaction at these temperatures is weaker.
Hence, the rate of increase in total dipole moment would
tend to slow down with increasing temperatures.
The dielectric constant and conductivity levels of the
polymers are important considerations in a possible technological application. Figure 9 shows the behavior of ac
conductivity of pure PANI as a function of temperature at
two frequencies.
Conductivity of pure PANI shows a sharp increase of
approximately 10 times after 360 K. Thermal mobility
at higher temperatures increases signiﬁcantly, therefore
charge carriers are able to move more easily within the
structure giving rise to higher conductivity values. Figure
10 shows the effect of doping process on ac conductivity
for different temperatures at 1 MHz constant frequency.
As seen from Fig. 10, the conductivity behavior of
samples doped with both CuCl2 and ZnCl2 is almost the

Dielectric Measurements
The dielectric response is generally explained by real
(e0 ) and imaginary (e00 ) parts of complex dielectric constant. e0 and e00 components are associated with the storage
and loss of energy in the external ﬁeld. The change of
dielectric characteristics of PANI sample in pure form at
different temperatures and frequencies is given in Fig. 7.
As seen in Fig. 7, both e0 and e00 tend to decrease with
the frequency increase for all temperatures. It can be seen
that real part increases at relatively lower frequencies
and starts to decrease as the frequency goes higher. This
is one of the characteristic properties of conducting
polymers [11]. The real part, e0 reaches to rather large
values at lower frequencies depending on the temperature
increase. This is usually the result of intersurface interactions within the material as well as electrode effects [8,
15, 24, 29]. The increase that takes place in free volume
at higher temperatures facilitates easier move of dipole
components, hence leading to a higher dielectric constant.
1866 POLYMER COMPOSITES—-2010

FIG. 7. Frequency dependent variations of real and imaginary parts of
complex dielectric constant at different temperatures for pure PANI.
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earlier, the effect of doping process on the conductivity at
relatively higher temperatures is not surprising. The mobility of charge carriers under an external ﬁeld at around 300
K increases with the doping level. It is normally expected
that charge carriers moving more easily at higher temperatures lead to an increased conductivity. However, it is seen
that the thermal activity as a result of the temperature
increase do not cause an important effect. The mobility of
charge carriers is rather restricted due to doping process
combined with electrostatic and thermal effects. Hence, the
conductivity has decreased with increasing doping levels at
higher temperatures as mentioned above.
CONCLUSIONS

same. There is an increasing trend with doping level at
300 K. However, while there is no signiﬁcant effect of
the doping level is observed at 350 K, a noticeable
decrease is seen in ac conductivity at 400 K.
It is known that the conductivity is characterized by the
activity of charge carriers. The adsorption results obtained
in this study reveals a weak electrostatic interaction
between PANI and metal cations. When considering the

Various levels of CuCl2 and ZnCl2 by weight were
doped into emeraldine salt form of PANI, which was synthesized via a chemical method. The samples were investigated by using different techniques, such as FTIR, DSCUV-vis, and SEM. Cu2þ and Zn2þ cation quantities in the
solutions were determined by atomic absorption. The
dielectric properties at different temperatures and frequencies were also studied.
Adsorption free energy calculated by Langmuir adsorption isotherm curve showed that binding between PANI
and metal cations is not chemical but a weak electrostatic
interaction.
It was determined from DSC thermograms that thermal
degradation temperature (Td) around 610 K belonging to
pure PANI shifted to around 560 K for Cu2þ and Zn2þ
doped PANI samples.
Dielectric measurement results of pure PANI showed
that real part increased with increasing temperatures at

FIG. 9. Temperature dependent variations of ac conductivity at certain
frequencies for pure PANI.

FIG. 10. Variation of ac conductivity depending on the doping level at
different temperatures.

FIG. 8. Variation of real part depending on the doping level at different
temperatures for 1 MHz constant frequency.
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relatively low frequencies as a result of intersurface interactions and electrode effects. The effect of doping process
on the real part was an increase up to the room temperature. However, due to the thermal activity at higher temperatures and with increasing doping level, the average
dipole moment of the structure decreased. Therefore, the
increase observed in the real part begins to slow down
signiﬁcantly at higher temperatures.
A similar behavior exists in the ac conductivity of the
samples. Conductivity of pure PANI has shown a sharp
increase after approximately 360 K whereas the conductivity of doped samples increased at around room temperature depending on the doping level. However, the
increase slows down at higher temperatures and decreases
signiﬁcantly at around 400 K.
The conductive and dielectric properties of doped
PANI samples have shown interesting properties as a
function of temperature depending on the doping process
could pave the way to better structured PANI composites
for different technological applications.
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41. N. Tekin, Ö. Demirbaş, and M. Alkan, Microporous Mesoporous Mater., 85, 340 (2005).
42. A.S. Özcan, B. Erdem, and A. Özcan, Colloid Surf. A., 266,
73 (2005).
43. D. Kavitha and C. Namasivayam, Bioresour. Technol., 98, 14 (2007).
44. K.F. Khaled and M.M. Al-Qahtani, Mater. Chem. Phys.,
113, 150 (2009).

DOI 10.1002/pc

