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INTRODUCTION

Conducting polymers have emerged as a significant group
of polymeric materials in recent years due to their distinctive
electrical, optical and thermal properties leading to a wide
range of potential applications. Polyaniline (PANI) is a pro-
mising electrically conducting polymer used in batteries [1],
sensors [2,3], electronic devices [4], super-capacitors [5] and
corrosion protection in organic coating [6-8] due to its physical
and chemical properties, good electrical conductivity (p-type),
high environmental stability, low cost and facile fabrication
[9-11]. PANI can also provide a good network for inorganic
components and modify their properties and stability [12].
Polymer composites represent a new class of conventionally
filled polymer material which increases strength, heat resistance
and decreases flammability [13]. These materials are formed by
dispersion of inorganic particles in an organic polymer matrix
to spectacularly improve the performance properties of the
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Fabrication of substituted polyaniline nanocomposites with CuO results in hybrid materials with enhanced synergistic properties. Hence |
poly(2-chloroaniline)-composite-CuO, poly(2-chloroaniline)-composite-CuO/SDS, poly(2-methoxyaniline)-composite-CuO/SDS and |
poly(2-methylaniline)-composite-CuO/SDS nanocomposites were prepared chemically by in sifu oxidative polymerization method.
Characterization by a number of techniques such as FTIR, NMR and UV-visible spectroscopic methods, XRD and TEM are presented. |
The substituted polymers exhibited an appreciable interaction with the CuO (5 wt.%) nano fillers. Integral Procedural Decomposition |
Temperature (IPDT) and Oxidative Index(OI) calculations were done to establish the stability to heat. Thermal stability of the materials |
follows the trend p2ClAni-CuO-SDS > p2ClAni-CuO> p2MeAni-CuO-SDS> p20MeAni-CuO-SDS. The electrical conductivities of
poly(2-chloroaniline)-composite-CuO and poly(2-chloroaniline)-composite-CuO/SDS measured are 1.46 x 10”7 and 1.59 x 107 S cm™, |
respectively and the presence of anionic surfactant does not change the electrical conductivity behaviour. The poly(2-methoxyaniline)/ |
CuO-SDS and poly(2-methylaniline)/CuO-SDS exhibit an electrical conductivity of 1.68 x 10 and 1.24 x 10 S cm™ respectively. The |
dielectric constant decreased with increase in frequency in the low frequency region due to electrical relaxation process. At low frequency |
there was a strong frequency dispersion of permittivity and above 2.5 Hz a frequency independent behavior was noted. |
|
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polymers [14,15]. Composites of conducting polymers with
suitable composition with inorganic material lead to desirable
properties [16,17] and find numerous applications in electrical
and electronic devices. These materials have emerged as suitable
alternatives to overcome the limitations of micro-composites
and monolithic polymers having polyconjugated structures and
poor electrical conductivity.

Polyaniline and chloro-substituted polyaniline derivatives
have engrossed considerable attention as reported in the prep-
aration of their composites with metals and metal oxides, such
as conducting polyaniline/WO [18], polyaniline/ZnO-ZrO,
[19], polyaniline/Fe;O. [20], polyaniline/TiO, [21], polyaniline
/NiO [22], polyaniline/Fe,Os [23], polyaniline/Se [24], poly-
aniline/Nb,Os [25], polyaniline/Co;0. [26] polyaniline/ZnO
[27], polyaniline/CdS [28], polyaniline/Cu [29], polyaniline/
CuO [30], poly(2-chloroaniline)/SiO, [31], polyaniline-dodecyl-
benzenesulfonic acid (DBSA)/organophilic clay [5], polyaniline/
SnO, [32] and poly(o-chloroaniline)/ZnO [33] and poly(2-
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chloroaniline)/CuO nano composites [34]. However, not much
effort has been taken towards developing nanocomposites of
substituted polyanilines resulting in enhanced thermal stability
and high ionic conductivity at room temperatures.

The present work reports on the chemical synthesis, charac-
terization, thermal and electrical transport properties of -Cl,
-OCHj3, -CH;, substituted polyaniline-CuO nanocomposites. An
attempt has been taken to understand and compare the influence
of CuO on the dielectric properties, impedance and electrical
conductivity of poly(2-chloroaniline)-composite-CuO (p2Cl-
Ani-CuQ), poly(2-chloroaniline)-composite-CuO/SDS (p2Cl-
AniCuO-SDS), poly(2-methoxyaniline)-composite-CuO/SDS
(p20MeAni-CuO-SDS) and poly(2-methylaniline)-composite-
CuO/SDS (p2MeAni-CuO-SDS) nanocomposites. The frequency
dependence of dielectric constant, dielectric loss, imaginery
modulus, real modulus and tan J are discussed. Complex impe-
dance spectroscopic study was made for understanding the
charge transport mechanism [35,36]. The frequency dependent
conductivity and dielectric permittivity provide information on
the electronic transport mechanism. It gives an insight into the
presence of disorder in the molecular structure of the materials and
the process of electrical transport along the polymer chains [35].

EXPERIMENTAL

The FT-IR measurements have been carried out using
IR Affinity-1 Fourier Transform Infrared Spectrophotometer,
Make -Shimadzu in the wave number range 4000 to 500 cm™.
The UV-visible analyses were carried out using Perkin Elmer-
Lambda double beam spectrophotometer in the wavelength
range 200-800 nm. XRD analyses were performed on a Bruker
AXS D8 advance using Cu as X-ray source at the wavelength
of 1.5406 A of angular range from 3° to 135°. Thermo gravimetric
analyses were carried out with a Perkin Elmer STA 6000 from
room temperature to 700 °C under inert gas atmosphere. Dielectric
constants were measured by NOVO CONTROL technologies
GmbH and Co. Electrical conductivity measurements were
made using German model concept 80 in the frequency range
from 10 Hz to 1 MHz at room temperature. Z” vs. Z’ complex
impedance plots were plotted for the nanocomposites and the
bulk resistance (R,) was evaluated by analyzing the impedance
data using ZSimpDemo software.

Preparation of polymer nanocomposites: The CuO nano-
composites of -Cl, -OCHj;, -CHj substituted polyanilines have
been chemically synthesized by in situ chemical oxidative tech-
nique by incorporating the nanoparticles obtained from Sigma
Aldrich (particle size of 50 nm) during the polymerization. The
initiator used was ammonium persulphate and hydrochloric
acid was used as dopant. Sodium lauryl sulphate (SDS) was
used as a surfactant but it functionally acted as a dopant as well.
The materials were obtained in the form of powder. The comp-
osites were obtained in the conducting emeraldine salt forms.
After the polymerization was completed the polymer composites
were repeatedly washed with deionized water and finally with
few drops of acetone to remove the oligomers, dried and stored
in air tight vials. Adopting the same procedure, poly(2-chloro-
aniline)/CuO was prepared in the absence of SDS. The polymer
composite resulted in better yield in the presence of SDS. The
composites were soluble in DMSO, DMF and partially soluble

in toluene and chloroform. The percentage yield of the nano
composites are given in Table-1.

TABLE-1
YIELD OF THE NANOCOMPOSITES
Polymer nanocomposites Yield (%)

(p2ClAni-CuO) 37.00
(p2ClAni-CuO-SDS) 63.75
(p20MeAni-CuO-SDS) 58.50
(p2MeAni-CuO-SDS) 73.50

RESULTS AND DISCUSSION

FT-IR analysis: The infrared spectra of p2ClAni-CuO,
p2ClAni-CuO-SDS, p20MeAni-CuO-SDS and p2MeAni-CuO-
SDS nanocomposites are shown in Fig. 1. The incorporation of
conducting polymer moieties into the respective polymer/nano-
structure composites may be endorsed by FTIR spectral analysis
[37,38]. The spectrum of p2ClAni-CuO shows a broad absorption
peak around 3000 and 1209 cm™ due to -N-H and C-N stretching
of the secondary amine respectively. The main peaks at 1577
and 1502 cm™ correspond to quinone and benzene ring defor-
mations, respectively. The additional peak at 580 cm™ confirms
the encapsulation of CuO nanoparticles on the polymer chains.
The peak at 750 cm™ is due to C-Cl stretching frequency. In
the IR of p2ClAni-CuO-SDS, absorption peaks at 3223 and
1290 cm™ are due to -N-H and C-N stretching frequencies,
respectively. The characteristic peaks due to -C=C- stretching
of quinonoid and benzenoid rings occur at 1573 and 1492 cm™.
The peaks at 2850 and 2922 cm™ are due to the symmetric and
asymmetric stretching frequencies respectively of -CH bonds
in SDS. It also shows a peak at 574 cm™ due to metal oxygen
bond. The peak at 750 cm™ is due to C-Cl stretching frequency.
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Fig. 1. IR spectra of p2ClAni-CuO, p2ClAni-CuO-SDS, p20MeAni-CuO-
SDS and p2MeAni-CuO-SDS
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The peaks at 900 and 825 cm™ confirm the presence of
1,2 ,4-trisubstituted benzene rings. The presence of SDS as surf-
actant as well as dopant resulted in an increase in the yield of
the polymer composite as shown in Table-1. The p20OMeAni-
CuO-SDS shows a peak at 3400 cm™ characteristic of N-H
stretching and the peak at 1282 cm™ is assigned to aromatic C-N
stretching vibration. The characteristic peaks due to quinonoid
and benzenoid rings occur at 1585 and 1508 cm™. The peak at
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551 cm is due to metal oxygen bond and the peak at 1211cm’
confirms the characteristic stretching of C-O-C present in methoxy
groups attached to phenyl rings. The peaks at 2926 and 2852
cm’ are due to the asymmetric and symmetric stretching frequ-
encies of -CH bonds in SDS. The p2MeAni-CuO-SD shows
peaks at 3244 cm™ due to the presence of N-H stretching, 1587
and 1496 cm™ due to the -C=C- stretching of quinonoid and benze-
noid rings, 1313 cm™ due to aromatic C-N stretching vibration,
the peaks at 2922 and 2852 cm™ due to the asymmetric and
symmetric stretching frequencies of -CH bonds in SDS and
the methyl substituents on phenyl rings and 576 cm™ due to
the presence of CuO. The C-H out of plane bending vibration
of 1,2,4-trisubstituted benzene rings appear around 943 and
883 cm™. The FTIR spectra indicate peaks of both substituted
polyanilines (-Cl, -OCHj; and -CH3) and the metal oxygen bond
of CuO nanoparticles. The broad -N-H stretching frequencies
are certainly indicative of hydrogen bonds between hydrogen
of amine nitrogens of the polymer chains and the oxygen present
in CuO nanoparticles and the encapsulation of CuO nanoparticles
was confirmed by FTIR spectra. The peak due to the vibrational
mode of the protonated salt structure in the spectra around
1135 cm™ indicates the formation of emeraldine salt structures.

UV-Visible analysis: The UV-visible spectra of p2ClAni-
CuO, p2ClAni-CuO-SDS, p20MeAni-CuO-SDS and p2MeAni-
CuO-SDS measured in DMSO are given in Fig. 2 and the values
are shown in Table-2.

The spectra show two major absorptions around 320-350
nm due to 7t-70* transition on the polymer chains and the absorptions
around 550 -600 nm are due to the n-7t* transition of quinonoid
rings and corresponds to the localization of electrons [39].
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Fig. 2. UV-visible spectra of p2ClAni-CuO, p2ClAni-CuO-SDS, p20OMeAni-
CuO-SDS and p2MeAni-CuO-SDS
TABLE-2
ELECTRONIC ABSORPTIONS OF
THE POLYMER NANOCOMPOSITES
Polymer nanocomposites -1 (nm) n-T (nm)
p2ClAni-CuO 320 550
p2ClAni-CuO-SDS 350 575
p20MeAni-CuO-SDS 300 550
p2MeAni-CuO-SDS 320 600

X-Ray diffraction: The XRD patterns of p2ClAni-CuO,
p2ClAni-CuO-SDS, p20MeAni-CuO-SDS and p2MeAni-CuO-
SDS nanocomposites are shown in Fig. 3a-d. The XRD patterns
show the highly crystalline nature of the nanocomposites. The
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Fig. 3. XRD patterns of (a) p2ClAni-CuO (b) p2ClAni-CuO-SDS (c) p20MeAni-CuO-SDS and (d) p2MeAni-CuO-SDS
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characteristic reflections of the polymer are observed at 20 =
26° and 35° in p2ClAni-CuO and 26 = 31° and 35° in p2ClAni-
CuO-SDS. The other reflections coincide with the reflections
of monoclinic structure of CuO; JCPDS card no. [89-5895].
The p20MeAni-CuO-SDS nanocomposite show two sharp peaks
between 26 =29° and 31° due to the polymer and highly crystalline
reflections of CuO nanoparticles. This observation from the
XRD data endorses the uniform molecular level dispersion of
CuO nanoparticles into the substituted polyaniline chains.
Thermal behaviour: The TGA/DTA analyses of p2ClAni-
CuO, p2ClAni-CuO-SDS, p20MeAni-CuO-SDS and p2MeAni-
CuO-SDS nanocomposites are depicted in Fig. 4a-d. The thermo-
gram of p2ClAni-CuO shows a broad endothermic degradation
due to loss of water around 150 °C, exothermic decomposition
at 320 °C due to loss of dopant and decomposition of nano-
composite at 625 °C. The p2ClAni-CuO-SDS nanocomposite
shows weight loss in four stages. The weight loss starts at 125
°C due to the endothermic loss of volatile impurities followed
by loss of the dopants endothermically at 230.8 and 286.7 °C
due to removal of dodecyl sulphate anions and chloride ions
and the decomposition of polymer back bone takes place at
683.64 °C. The presence of sodium dodecyl sulphate anions
as dopants increases the thermal stability of nanocomposite.
The p20MeAni-CuO-SDS nanocomposite also undergoes
a four step degradation process, weight loss at 68.80 °C due to
the endothermic loss of volatile impurities, the loss of dopant
ion endothermically at 211.20 °C, loss of dodecyl sulphate anions

at 289.08 °C and the decomposition of polymer composite at
385.56 °C. The p2ZMeAni-CuO-SDS nanocomposites undergoes
weight loss around 68.7 °C due to the loss of volatile impurities.
The weight loss at 246 °C is due to loss of HCI and removal of
SDS at 469 °C. The polymer undergoes degradation at 525 °C.
IPDT is a useful parameter for assessing the overall thermal
stability of the polymers during the decomposition process.
The area was calculated using the following equations:

IPDT (°C) =A x K x (T¢y—T))
A=(Si+S)I(S1+S2+S3)
K= (S] + Sz)/(S1)
where A is the area ratio of total experimental curve defined by
the thermogravimetric analysis, K is the coefficient, T; the initial
experimental temperature, T;is the final experimental temperature
in °C. The oxidation index (OI) was calculated from the weight

of carbon residue (CR), which is related to the flame retardant
capacity of composites [40] and the values are shown in Table-3.

OI x 100=17.5x04 CR

TABLE-3
IPDT AND OI VALUES OF THE POLYMER NANOCOMPOSITES
Polymer nanocomposites IPDT (0)¢
p2ClAni-CuO 614 -
p2ClAni-CuO-SDS 881 0.238
p20MeAni-CuO-SDS 424 0.416
p2MeAni-CuO-SDS 519 0.246
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Fig. 4. TGA/DTA plots of a) p2ClAni-CuO b) p2ClAni-CuO-SDS c) p20MeAni-CuO-SDS and d) p2MeAni-CuO-SDS



Vol. 31, No. 10 (2019)

Properties of o-Substituted Polyanilines Encapsulated with CuO Nanoparticles 2265

The p2ClAni-CuO-SDS is thermally more stable than the
p2ClAni-CuO and dodecyl benzene sulphonate anions give
more rigidity to the polymer chains that resists the thermal degra-
dation. The -CI substituted polyaniline nanocomposite is the
most stable nanocomposite probably due to the heat resistive
property of chloro atoms. The -CHj substituted polymer composite
is more stable than -OCHj substituted polyaniline nanocomposite
which may be due to the bulkiness of ortho-substituted methoxy
groups.

NMR analysis: The NMR spectra of p20MeAni-CuO-
SDS and p2MeAni-CuO-SDS nano composites are depicted
in Fig. 5a-b. The NMR spectra of p20MeAni-CuO-SDS and
p2MeAni-CuO-SDS nanocomposites confirm the presence of
aromatic protons at 7.3 ppm. The peak corresponding to 3.6 ppm
is due to N-H protons. The presence of protons of O-CH3/CHj3
groups is confirmed by the peak around 1.8 ppm.

oddg! "J

TEM: TEM images as shown in Fig. 6 of p20MeAni-
CuO-SDS nanocomposite confirms the successful intercalation
of CuO nanoparticles into polymer chains. The CuO nanopar-
ticles are uniformly dispersed in the polymer chains and the
average particle size is of nanometer range.

Electrical conductivity: The complex impedance plots
of solvent free pellets of p2ClAni-CuO,p2ClAni-CuO-SDS,
p20OMeAni-CuO-SDS and p2MeAni-CuO-SDS measured at
room temperature in the frequency region 50 Hz to 35 MHz
are shown in Fig. 7a-d, respectively.

The total electrical conductivity (G) values have been calcu-
lated using the formula, 6 = t/R,A where t is the thickness of
the pellet, A is the area covered by silver electrodes in contact
with the material and R, is the bulk resistance of the material.
The ZSimpDemo software has been used to get the value of
bulk resistance from the intercept on the real axis at the high

14 13 12 11 10 9 8 7 6 5 4 3 2 1ppm

13 12 11 10 9 8 7 6 5 4 3 2 1

Fig. 5. NMR spectra of a) p20MeAni-CuO-SDS and b) p2MeAni-CuO-SDS

Fig. 6. TEM images of p20MeAni-CuO-SDS
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Fig. 7. Complex impedance plots of (i) p2ClAni-CuO (ii) p2ClAni-CuO-SDS (iii) p20MeAni-CuO-SDS and (iv) p2MeAni-CuO-SDS

frequency portion of Nyquist plots. The electrical conductivity
values are presented in Table-4.

TABLE-4
ELECTRICAL CONDUCTIVITY VALUES OF p2ClAni-CuO,
p2ClAni-CuO-SDS, p20MeAni-CuO-SDS AND p2MeAni-CuO-SDS

Polymer . Conductivi
nanocoi,nposites etgiess R, (Scm™) Y
p2ClAni-CuO 0.86 7.49 x 10° 1.46 x 107
p2ClAni-CuO-SDS 0.94 7.51 x 10° 1.59 x 107
p20MeAni-CuO-SDS 0.97 7.33 x 107 1.68 x 10
p2MeAni-CuO-SDS 0.75 8.31 x 10° 1.24 x 10°

At high frequencies, these plots exhibit semi-circular arcs
due to the bulk properties. The conductivity values are higher
in the case of -OCHj; and -CHj substituted polymer nanocomp-
osites. The -Cl substituted polymer nanocomposite has conduc-
tivity reduced by an order of 10 which is due to the -I (inductive)
effect of the substituent which reduces the electron density on
the aromatic rings.

Fig. 8 shows the plot of dielectric constant versus frequency.
The dielectric constant decreases with increase in frequency
in the low frequency region due to electrical relaxation process.
High dielectric permittivity at low frequency region is due to
space charge polarization due to the presence of free charges
at the interface [41]. At high frequencies, dielectric constant
is independent of frequency as it remains almost constant. At
low frequency there is a strong frequency dispersion of permittivity
and above 2.5 Hz there is a frequency independent behaviour
in permittivity.

Dielectric loss is a measure of energy dissipated and gene-
rally comprises of the contribution from ionic transport as well
as polarization of a charge or dipole. The dielectric constant is
high in -Cl and -OCHj substituted polyaniline nanocomposites
due to free charge motion within the material (Fig. 9), a pheno-
menon leading to conductivity relaxation [42]. Dielectric loss
decreases with increases in frequency upto 2 Hz . This is due to
the free movement of the charges in the polymer matrix. On
increasing the frequency upto 6 Hz there is no change in dielectric
loss as it almost remains constant.
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Fig. 10 shows the plot of tan & with frequency. Tan & increases
with increase in frequency upto 2.5 Hz due to the presence of
relaxing dipolar. When frequency greater than 2.5 Hz is applied
tan O does not vary much with frequency and this is attributed
to non-relaxation dipole. The normalized modulus spectra in
the form of real modulus (M”) versus log f and imaginery modulus
(M”) versus log f are given in Figs. 11 and 12, respectively. The
flat portion from low frequency to high frequency in -Cl and
-OCHjs substituted polyaniline CuO nano composites is due to
large capacitance associated with the electrodes [43]. In the
case of -CHj substituted polyaniline-CuO nano composite, a
rise in the curve is observed from low frequency to high frequency
region which may be due to bulk relaxation effect [44].

Conclusion

The in situ chemical oxidative polymerizations were perf-
ormed in the presence of the host material, CuO to synthesize
p2ClAni-CuO, p2ClAni-CuO-SDS, p20MeAni-CuO-SDS and
p2MeAni-CuO-SDS nanocomposites. Spectroscopic results
confirm the inclusion of CuO nanoparticles into -Cl, -OCH;
and -CHj; substituted polyaniline chains. The TGA results confir-
med the thermal stability of nanocomposites. Thermal stability
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of materials follows the order p2Cl1Ani-CuO-SDS > p2ClAni-
CuO> p2MeAni-CuO-SDS> p20MeAni-CuO-SDS. Highly
ordered XRD measurements suggests a metallic like conductive
state. The conductivities as measured by the four probe technique
is of the order of 10”7 S cm™ in -Cl substituted nanocomposites
and 10° S cm™ in the case of -OCH; and -CHj substituted nano-
composites. Conductivity values are in the range of semi-cond-
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uctors. These materials have a significant role to play as energy
storage devices.
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