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Polyaniline-containing transition metal salts were synthesized by oxidizing the complex of aniline with corresponding
metal salts in solution. The effect of transition metal salts on the electrical conductivity of polyaniline (Pani) was discussed
in details. The as-prepared products were characterized by FT-IR spectroscopy. The transition metal has been success-
fully incorporated into the polymer, which affects transport properties of the composites; the fact is supported by the
ample of experimental results and characterization evidences.
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Introduction

In recent years, there has been a growing interest in
conducting  polymer—metal systems.!  Polyaniline
(Pani) is a highly promising material for electronics
applications due to its combination of electrical
conductivity and environmental stability.> * The incor-
poration of inorganic semiconducting nanoparticles in
Pani matrices results in materials with modified prop-
erties which are again of interest for their electronic
properties.”  Transition metal salts influence the poly-
mer conformations which play an important role in the
electrical conductivity of the polymer. Understanding
of mechanism of Pani and metal ions or a metal atoms
is an important problem in view of potential applica-
tions of the polymer/metal pair in various fields such as
organic electronics, where Pani/metal hetero-junctions
are employed for electrical transport and rectification,
as protective coatings against the corrosion of metal
surfaces, as a redox active catalyst for inducing chem-
ical reactions in coordination chemistry, as membranes
for separation and recovery of noble metals.®

The conductive polymers with facile interconversion
of redox states could have different conductive attrib-
utes varying from metallic, semiconductive to insulat-
ing, which strongly depends on the doping. Different
doping methods such as Solvato-controlled doping,’
self-acid doping,'® and corolla discharge'' have been

introduced to change the redox states in the conductive
polymers. The doped conductive polymers have unique
properties including polymer conformation, doping
level, conductivity, and color, which make them good
potential candidates for applications such as displays,
energy storage devices, actuators, and sensors.'> %
Conductivity switching phenomenon has been studied
after doping with HCl and H,SO, acidic solutions at
different concentration levels. It becomes more obvious
with an increase in acid concentration.”® The effect of
addition of iron oxide nanoparticle on the physico-
chemical properties of the polypyrrole (PPy) was inves-
tigated.”> Also, PPy/silicon carbide nanocomposites
with tunable electrical conductivity were studied by
researchers.®

Physical aspects of the Pani complex formation,
namely how an inorganic salt influences the polymer
conformations which plays an important role in the
electrical conductivity of the polymer film are still
beyond the understanding.?”-*
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This study revealed a successful synthesis of incor-
poration of transition metal into Pani by simplest
method and reported conductivities and dielectric prop-
erty of Pani transition metal salt composites.

Experimental procedure
Reagents and materials

All chemicals used were of AR grade; aniline was
distilled twice prior to use. Nickel sulfate (dihydrated),
copper sulfate (dihydrated), cadmium sulfate (8H,O),
cobalt chloride (dihydrated), (NHy4)»S,0g-2H,0O ammo-
niumperoxidisulfate, hydrochloric acid, and ethanol
were analytical reagents and were used as received.

Sample preparation

Pani emeraldine base and its hydrochloric salt
(Pani-HCI) were prepared according to the procedure
reported in literature.”” Pani-containing transition
metal salts were synthesized as follows: quantitative
amount of transition metal salt was added into the
100 mL 0.5 M aniline solution. The solution was stirred
continuously for 2h. (NHy4),S,05-2H,0 solution
(0.5M) was added dropwise with bubbling of H,S
gas. The reaction was carried out with constant stirring
for 24h in nitrogen atmosphere. The products were
washed thoroughly plenty of times with 95% ethanol
and acetone. The resulting product was dried in oven at
60°C for 24 h. The products were named as CuS—Pani,
CdS—Pani, NiS-Pani, NiSO,—Pani, CoCl,—Pani, and
CoS—Pani.

Characterization of samples

The Fourier transform infrared (FT-IR) spectroscopy
(Perkin-Elmer 100 FT-IR spectrophotometer) was used
to record a spectrum using KBr pellets for all the sam-
ples. The NMR spectra were carried out using Bruker
Avance 11 400 spectrometer. The electrical conductivity
of the samples was measured at a temperature ranging
from 30°C to 100°C with dry-pressed pallets using
DFP-02 four-probe set-up. The capacitance and
D-factor of thin pallet of a polymer sample were
measured as a function of temperature using Direct
Reading, LCR bridge, 8 C (Pacific), at frequency 1 kHz.

Result and discussion
Optimization of synthetic conditions

The molar ratio of aniline to transition metal ion was
fixed. The yield and conductivity of the product

increased rapidly with an increase in the quantity of
oxidant; whereas when the molar ratio of aniline to
oxidant was fixed, the polymer yield increases gradually
with an increase in the quantity of transition metal ion;
but the conductivity was maximum when the ratio of
aniline:transition metal ion:oxidant=1:1:1.
Temperature was found to have the least impact on
the polymer yield but most impact on the conductivity
of resulting Pani transition metal salt composites.
Especially, conductivity of the Pani decreases acutely
when the reaction temperature exceeded 30°C. The
reaction time seemed to have little influence on the
yield after 2h; however, the conductivity increased
with the reaction time. In the concentration range of
0.5-1.5M HCI, the change of temperature from 2°C to
30°C practically did not change the conductivity of
polymer. Experimental conductivity at room tempera-
ture of CuS—Pani, CdS—Pani, NiS—Pani, NiSO4—Pani,
CoCl,—Pani, and CoS-Pani has been reported in
Table 1. It has been observed that conductivity of tran-
sition metal salt composites was greater than
Ge (1072Scm™") and Si (107*Scem™") semiconductors.
Also, CoCl,—Pani composite exhibited low conductivity
at room temperature than other transition metal
composites.

FT-IR of the resulting samples at different conditions

Figure 1 shows the FT-IR spectra of Pani-containing
transition metal salt were prepared under the optimal
synthetic conditions. The presence of sharp peaks near
1510 and 1605cm ™" is attributed to C = C stretching of
the benzenoid and quinoid rings, respectively. The peak
at 1298 cm™' corresponds to C—N stretching of second-
ary amine in polymer main chain and can be clearly
seen in all samples. The existence of absorption band
at 1120cm ™" has been interpreted as originating from
plane bending vibration of C—H, which was formed in
the structure of B-Nt-M, Q-N"-M, and N=Q=N
during protonation of transition metal salt to Pani.
The broad absorption band ranges from 3600 to

Table |. Observed conductivities of Pani transition metal salt
composites

Polymers Conductivity (Scm™")
CuS—Pani 598 x 1072
CdS—Pani 6.50 x 1072

NiS—Pani 243 % 1072

NiSO 4—Pani 32x 1072
CoCl,—Pani 221 x 1072
CoS—Pani 3.2 x 1072
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3500 cm ™! as shown in Figure 1(a)—(f). It was attributed
to the protonation of amines functional group at poly-
mer backbone and was observed for the highly attached
Pani with transition metal salts.

Absorption band near 2900cm™' is assigned to
aliphatic C—H stretching of the polymer. A weak vibra-
tion absorption peak at 405cm™' for Cd-S bond was
observed in FT-IR spectrum for CdS—Pani composite;
it showed that the concentrations of CdS in the
composites were very low. Also, weak vibration absorp-
tion at 410-550cm~' indicated low concentrations
of CuS, NiS, NiSOy4, CoCl,, and CoS in respective
composite.

Dielectric properties of composites

The capacitance and D-factor of thin pallet of a
composite—polymer samples were measured as a func-
tion of temperature using Direct Reading, LCR bridge,
8 C (Pacific), at 1kHz frequency.*®

The dielectric constant and dielectric losses were
calculated from the capacitance measurement, dimen-
sion of the sample, and the D-loss factor. The dielectric
constant (¢') and dielectric loss (¢”) were plotted as a
function of temperature as shown in Figures 2 and 3.
Study revealed that dielectric constant (¢) was
increased with temperature.
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Figure 1. FT-IR spectra of (a) CoS—Pani, (b) CuCl,—Pani, (c) NiSO4—Pani, (d) NiS—Pani, (¢) CdS—Pani, and (f) CuS—Pani.
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Figure 2. Temperature dependence of dielectric property for different transition metal Pani composites.

—a&— CuS-Pani u
—A— CdS-Pani
—e— NiS-Pani
81 |—*—NiSO4-Pani
—O0— CoS-Pani
—3— CoCI2-Pani

e"x 10°

T T T T T T T T T T T T T T 1
303 313 323 333 343 353 363 373
Temp (K)

Figure 3. Dielectric loss as a function of temperature for dif-
ferent transition metal Pani composites.

Electrical conductivity

The temperature dependence of the electrical conduc-
tivity data (in the middle range of temperature) fits the
Arrhenius type of equation (1) in the temperature range
investigated,

o(T) = o9 exp(—Eop/2KT) (1)

Slight variation of electrical conductivity for differ-
ent composites was observed as shown in Figure 4.
It was observed that CuS—Pani, CdS—Pani, NiS—Pani,
NiSO4—Pani, CoCl,—Pani, and CoS-Pani exhibited
high conductivity than pure Pani. The activation
energy oq (7) was calculated, and shown in Table 2.
Thus, the conduction in these composites may be
predominant by tunneling of electron mechanism. The
presence of electron withdrawing group in the chain
decreases the probability of tunneling of electron.

It was observed that when electron withdrawing
group was chloro, the conductivity and activation
energy of conduction was less. Hence, for CoCl,—Pani
composite, conductivity and activation energy found to
be less than CoS—Pani composite.

Conduction mechanism of Pani transition metal salt
composites through grain barrier conduction, hopping
conduction, and tunneling conduction was considered
accordingly:*!3?

In(o/T"%)vs. 1000/ T ()
In(o/T"?)vs. T~/ 3)

and
logo vs. 100/ T/ 4)

were plotted and linear plots are obtained as shown in
Figures 5-7.

Downloaded from jem.sagepub.com at PENNSYLVANIA STATE UNIV on September 17, 2016


http://jcm.sagepub.com/

Kose

Variation of conductivity with temperature
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Figure 4. The temperature dependence of conductivity (o) for different transition metal Pani composites.

Table 2. Conductivity, activation energy, and dielectric constant
of Pani transition metal salt composites

Name of o (T Activation Dielectric
polymer (cm™' ohm™" energy (eV) constant (&)
CuS—Pani 598 x 1072 0.84 3.24x 10°
CdS—Pani 6.50 x 1072 0.30 [.15 x 102
NiS—Pani 243 x 1072 1.16 2.05 x 10°
NiSO4Pani  3.2x 1072 0.34 8.84 x 10°
CoCl,—Pani 221 x 1072 0.24 3.49 x 10*
CoS—Pani 32x 1072 0.34 .14 x 102
10.00 4
—=a— CuS-Pani
900 —e— CdS-Pani
-8.00 —A— Nis-Pani
7.00—.
6.00—-
; 5.00—-
= ]
L 4004
s ]
~ -3.004
2.00—-
1.00—-
0'00 T T T T T T
2.68 2.78 2.88 2.98 3.08 3.18 3.28
1000/T

From results, it is believed that conduction in these
polymers may be predominant by a tunneling mecha-
nism. Presence of electron withdrawing tendency of
transition metal salt in the chain decreases the proba-
bility of tunneling of electron, but intercalation of
transition metal salts in Pani helps to increase the
conductivity due to enhancement of crystallinity of
the transition metal salt composites.

Conclusion

Pani-containing transition metal salts were synthesized
by oxidizing the complex of aniline with metal salt
solution. FT-IR spectra demonstrated that the transi-
tion metal salt had been successfully incorporated into
polymer chain. Electrical conductivity of Pani—metal
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Figure 5. The temperature dependence of conductivity (o) plot, In(c/T”) vs. 1000/T for different transition metal Pani composites.
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Figure 6. The temperature dependence of conductivity (o) plot, In(cT”) vs. T~'* for different transition metal Pani composites.
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Figure 7. The temperature dependence of conductivity (o) plot, logo vs. 100/T” for different transition metal Pani composites.

salt composites was found to be increased when
compared to pure aniline due to its increase in crystal-
linity. It was also observed that the presence of electron
withdrawing group decreases the conductivity and acti-
vation energy.

Acknowledgments

The author acknowledges authorities of Sophisticated
Analytical Instrumentation Facility (SAIF), Chandigarh
(INDIA), for FT-IR and "H NMR facilities.

References

1. Yang C and Chen C. Characterisation and properties of
polyanilines containing transition metal ions. Synth Met
2005; 153: 133-136.

2. Syed AA and Denesan MK. Review: polyaniline—a novel
polymeric material. Talanta 1991; 38: 815-837.

. Kang ET, Neoh KG and Tan KL. Polyaniline: a polymer

with many interesting intrinsic redox states. Prog Polym
Sci 1998; 23: 277-324.

. Hutten PF and Hadziioannou G. Crystallography of con-

ductive polymers. In: Nalwa HS (ed.) Handbook of organic
conductive molecules and polymers. Vol. 3, New York: John
Wiley & Sons, 1997, p.2.

. Regan BO and Gratzel M. Dye sensitized solar cells are the

first photovoltaic system that employs a 3-dimensional
junction to convert sunlight to electricity. Nature 1991;
353: 737.

. Wang Y and Herron N. Photoconductivity of CdS

nanocluster-doped polymers. Chem Phys Lett 1992; 200:
71-75.

. Dabbousi BO, Bawendi MG, Onitsuka O and Rubner

MEF. Electroluminescence from CdSe quantum-
dot/polymer composites. Appl Phys Lett 1995; 66:
1316-1318.

Downloaded from jem.sagepub.com at PENNSYLVANIA STATE UNIV on September 17, 2016


http://jcm.sagepub.com/

Kose

10.

11.

12.

13.

14.

15.

20.

21.

. Huang J, Vinji

Dimitriev OP, Smertenco PS, Stiller B and Bremer L.
Polyaniline—transition metal salt complexes: insight into
formation mechanisms. Synth Met 2005; 149: 187-192.

. Lebedev MY, Lauritzen MV, Curzon AE and Holdcroft

S. Solvato-controlled doping of conducting polymers.
Chem Mater 1998; 10: 156-163.

Hua M-Y, Yang S-W and Chen SA. Sensitive
thermal-undoping characteristics of the self-acid-doped
conjugated conducting polymer poly [2-(3’-thienyl) etha-
nesulfonic acid]. Chem Mater 1997; 9: 2750-2754.

Job AE, Giacometti JA, Paulo J, Herrmann SP and
Mattoso LHC. Doping of polyaniline by corona dis-
charge. J Appl Phys 2000; 87: 3878-3882.

Bredas JL and Street GB. Polarons, bipolarons, and sol-
itons in conducting polymers. Acc Chem Res 1985; 18:
309-315.

McCullough RD. The chemistry of conducting polythio-
phenes. Adv Mater 1998; 10: 93-116.

Groenendaal L, Jonas F, Freitag D, Pielartzik H and
Reynolds JR. Poly(3,4-ethylenedioxythiophene) and its
derivatives: past, present, and future. Adv Mater 2000;
12: 481-494.

Berdichevsky Y and Lo Y-H. Polypyrrole nanowire actu-
ators. Adv Mater 2006; 18: 122-125.

S, Weiller BH and Kaner RB.
Nanostructured polyaniline sensors. Chem Eur J 2004;
10: 1314-1319.

. Chien JCW and Schlenoff JB. Limiting battery perfor-

mance parameters for polyacetylene. Nature 1984; 311:
362-363.

. Carlberg JC and Inganas O. Poly(3,3-ethylenedioxythio-

phene as electrode material in electrochemical capacitors.
J Electrochem Soc 1997; 144: L61-L64.

. Arbizzani C, Mastragostino M and Meneghello L.

Polymer-based redox supercapacitors: a comparative
study. Electrochim Acta 1996; 41: 21-26.

Kros A, Nolte RJM and Sommerdijk NAJM.
Conducting polymers with confined dimensions. Adv
Mater 2002; 14: 1779-1782.

Rajesh B, Thampi KR, Bonard J-M, Mathieu HJ,
Xanthopoulos N and Viswanathan B. Conducting
polymeric nanotubes as high performance methanol
oxidation catalyst support. Chem Commun 2003; 16:
2022-2023.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Sirringhaus H, Tessler N and Friend RH. Integrated
optoelectronic devices based on conjugated polymers.
Science 1998; 280: 1741-1744.

Gunes S, Neugebauer H and Sariciftci NS. Conjugated
polymer-based organic solar cells. Chem Rev 2007; 107:
1324-1338.

Zhu J, Wei S, Alexander Jr M, Cocke D, Ho TC and Guo
Z. Electrical conductivity manipulation and switching
phenomena of poly(p-phenylenebenzobisthiazole) thin
film by doping process. J Mater Chem 2010; 20: 568-574.
Guo Z, Shin K, Karki AB, Young DP, Kaner RB and
Thomas Hahn H. Fabrication and characterization of
iron oxide nanoparticles filled polypyrrole nanocompo-
sites. J Nanopart Res 2009; 11: 1441-1452.

Mavinakuli P, Wei S, Wang Q, Karki AB, Dhage S,
Wang Z, et al. Polypyrrole/silicon carbide nanocompo-
sites with tunable electrical conductivity. J Phys Chem C
2010; 114(9): 3874-3882.

MacDiarmid AG and Epstein AJ. The concept of secondary
doping as applied to polyaniline. Synth Met 1994; 65: 103.
MacDiarmid AG and Epstein AJ. Secondary doping in
polyaniline. Synth Met 1995; 69: 85-92.

Celly MS Izumi, Vera RL Constantino, Ana Maria C
Ferreira and Marcia LA Temperini. Spectroscopic char-
acterization of polyaniline doped with transition metal
salts. Synthetic Metals 2006; 156: 654—663.
Gospodinova N and Terlemezyan I. Conducting poly-
mers prepared by oxidative polymerization: polyaniline.
Prog Polym Sci 1998; 23: 1443-1484.

Smyth CP. Dielectric behaviour and structure. New Delhi:
McGraw Hill Book Co, 1955, p.54.

Matare HF. Carrier transport at grain boundaries in
semiconductors. J Appl Phys 1984; 56: 2605-2631.

Choi KM, Kin KH and Choi JA. The chemical and phy-
sical properties of electrochemically prepared polyaniline
tetrafluoroborates (PATFB). J Phys Chem Solids 1988;
50: 283-290.

Zeeler HR. Electrical conductivity of one-dimensional
conductors. J Phys Rev Lett 1972; 28: 1452-1455.
Darby JR, Touchette NW and Sears K. Dielectric con-
stants of plasticizers as predictors of compatibility with
polyvinyl chloride. Polym Eng Sci 1967; 7: 295-309.

Downloaded from jem.sagepub.com at PENNSYLVANIA STATE UNIV on September 17, 2016


http://jcm.sagepub.com/

