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Abstract: This study covers the synthesis of polymers of aniline, o-phenylenedi-
amine, and their copolymers by chemical oxidation in HCl medium. The compo-
sition of the copolymers was changed by varying the monomer feed ratio. For
examining the effect of composition on copolymer structure and properties, the
copolymers were characterized by elemental analysis, FTIR, UV-visible spectra,
and thermal analysis. The electrical conductivity of the compressed pellets was
measured by the two-probe method. Magnetic studies shows that the polyaniline
is paramagnetic in nature, which shows the presence of three unpaired electrons
per chain unit, while the poly(o-phenylenediamine) and copolymers are diamag-
netic and are found to contain no unpaired electrons. The copolymer exhibits
excellent solubility in DMF. It was interesting to find that 20% o-phenylenedi-
amine-containing copolymer exhibits good solubility by retaining a conductivity
similar to polyaniline. The spectroscopic analysis, solubility test, and electrical
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conductivity suggest that aniline and o-phenylenediamine units are distributed
along the copolymer chain and the properties of copolymers can be modified
by varying the monomer composition in copolymerization reactions. TG thermo-
gram shows three-stage decomposition of the copolymer. Rapid decomposition
starts after 400°C. The observed weight loss of samples was less than 17% at
225°C, showing good thermal stability of copolymers.

Keywords: Conducting copolymers; Polyaniline and derivatives; Conductivity
and solubility; Thermal stability

INTRODUCTION

Polyaniline (PA) has attracted considerable interest because of its low
density, high electrical conductivity,!"! electro-optical properties,”! and
good environmental and thermal stability.>* However, PA in the oxi-
dized state is insoluble in common organic solvents due to the stiffness
of its backbone structure, which results from its delocalized electronic
structure. It is necessary to modify the PA in order to make it as pro-
cessible as conventional organic polymers. Several attempts have been
made to improve the processibility of PA through the use of molecular
design,™ modification of monomer structure, formation of blends or
composite,”® functionalized organic dopants,”*'” and incorporation
of a special type of dopant containing hydrophobic group and copoly-
merization.!'""'? Copolymerization is one of the simplest methods for
improving the processibility of PA. In copolymerization two or more
monomers are incorporated as integral segments of a polymer to
produce copolymers with properties that are different from those of
homopolymers. Copolymers possess physical properties intermediate
between those of the two homopolymers. The magnitude of numerical
values of their properties depends on the concentration of the monomer
units incorporated into the copolymer chain. The advantage of copoly-
merization is that it leads to a homogeneous material, the properties of
which can be regulated by adjusting the ratio of the concentration of
monomers in the feed.

The copolymerization of aniline with the solubilizing comonomers,
o-phenylenediamine, gives new materials with high conductivity and
solubility. In this study we report the chemical copolymerization of
poly(aniline-co-o-phenylenediamine) (PA-co-PDA) from monomers,
aniline, and o-phenylenediamine by varying the monomer feed ratio
in the copolymerization reaction. The copolymers have been character-
ized by solubility, spectroscopic techniques, electrical conductivity, and
magnetic properties.
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EXPERIMENTAL
Polymer Synthesis

The homopolymers PA and P-0-PDA were chemically synthesized by
oxidation of aniline and o-phenylenediamine individually with ammonium
peroxidisulfate in hydrochloric acid.!'* 1

Synthesis of Copolymers

The PA-co-0-PDA copolymers were synthesized!!*!>!¢! by chemical
oxidative coupling with varying molar fractions of aniline and o-phenyle-
nediamine in aqueous solution of 1 M HCI using ammonium peroxidisul-
fate as an oxidant (molar ratio of monomers to oxidant = 1:1). The
molar fraction of o-phenylenediamine in the reaction mixture was varied
from 0.4 to 0.7. Various steps involved in the copolymerization process
are shown in Scheme 1. Aniline (0.93g) and o-phenylenediamine
(1.08 g) were dissolved in 200mL of 1N HCI solution. The solution
was cooled to 0°-4°C. A precooled solution of (4.56 g) ammonium per-
oxidisulfate dissolved in 200 mL of 1 N HCI was then added slowly to
the monomer solution with constant stirring at 0°~4°C under a nitrogen
atmosphere. The stirring was continued for an additional 5h. The reac-
tion mixture was than kept for 24h at room temperature, after which
the formed copolymer powder was filtered and washed with a small
volume of 1 N HCI and dried in an air oven for 8 h at 70°C. A reddish-
brown powder was obtained.

Characterization

The solubility of the polymers in the salt form was tested by dissolving
each material in N-methyl-2-pyrrodinone (NMP). The mixture was kept
for 24h at room temperature, the solution was filtered through a sin-
tered-glass crucible (porosity 2 pm), and the room temperature solubility
was determined. Elemental analysis was carried out by a microanalytical
technique using a Carlo-Erbastrum DP-2000 instrument at Regional
Sophisticated Instrumentation Centre (RSIC), Central Drug Research
Institute, Lucknow. UV-visible absorption spectra were recorded on a
Shimadzu UV-240 spectrophotometer. Fourier transform infrared
(FTIR) spectra were obtained by KBr pellet technique using a Nicolet-
Magna FTIR-550 series II spectrometer. '"H NMR (nuclear magnetic res-
onance) spectra were obtained in dimethylsulfoxide (DMSO) using a
Varian EM-360 L spectrometer. Magnetic susceptibility of polymer



16:11 21 January 2011

Downl oaded At:

200 mL of 0.4 M
aniline and
o-phenylenediamine
in IM HCI, 024°C

N

S. S. Umare et al.

200 mLof 0.4 M
(NH4)28203

in 1M HCI, 0%4°C

/

Mixed with

stirring, 1 h, 024°C
N, atmosphere

constant

y

stirring continued, for another
7 h 0°4°C, N, atmosphere,
kept overnight

Filtered (ppt collected), washed with
distilled water, methanol

Y

dried in an air oven,
60°-80°C, 8 h

EMERALDINE SALT

y

Treated with [M NH,4OH stirring, 5 h

l

kept overnight

Filtered (ppt collected), washed
with distilled water, methanol

y

dried in an air oven, 60°- 80 ° C.

8h

EMERALDINE BASE

reddish brown powder was obtained

Scheme 1. Synthesis of copolymers.
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samples were determined by Guoy’s method!'”! at room temperature
using mercury tetrakis(thiocyanato)cobaltate(Il), Hg[Co(CNS),4] as a
reference material. The polymer powder was pressed under a pressure
of 5000kg/cm” to form a pellet, and resistivity was measured by the
two-probe method. Thermal analyzer 4000 Mettler TC II, TA processor
was used for thermogravimetric analysis. The samples were heated up to
700°C with a heating rate of 10°C/min, in a nitrogen atmosphere.

The solution viscosity was measured by a Tuan-Fouss viscometer at
30°C, by preparing a solution of homopolymer and copolymer in
dimethylformamide (DMF). From the time flow of solution and solvent
the intrinsic viscosity [#ins] Was determined.

The salt form of the copolymer sample was dissolved in DMF, and
the mixture was stirred for 1 h. Then the solution was filtered and the fil-
trate solution was used as an acid/base indicator. Ten mL aliquats of
0.IN HCI, H,SO4, and HNO; were individually transferred to a
100 mL conical flask, four drops of the above copolymer solution were
added, and a reddish brown color was obtained. The individual mixture
was titrated with NaOH solution, and the color changed to yellow. At the
end point the values obtained from the volumetric titration are in full
agreement with the potentiometric end point. At the end point the indi-
cator changes structure from the emeraldine salt form in the acid medium
to the emeraldine base form in the basic medium.

RESULTS AND DISCUSSIONS

The copolymerization is believed to proceed via the cation radical. The
oxidation of the comonomers, aniline and o-phenylenediamine, gives
cation radicals A and B, respectively. The radical cation A and B couples
together to form C, D, E, and F as shown in Scheme 2. The formation of
F terminates continuous growth of the chain because of strong steric hin-
derance. The growth of the copolymer is mainly through the reaction of
C (or D) with A (or B) and or monomers. The copolymerization mech-
anism is similar to that of homopolymerization with minor modification.

The solubility of homopolymers and copolymers in NMP is
presented in Table I. PA and P-0-PDA homopolymers show low and high
solubility in NMP, respectively, as compared to copolymers, which
indicates that the incorporation of o-phenylenediamine units in the copo-
lymer gives solubility intermediate between the corresponding homopoly-
mers. The —NH, substituents introduces flexibility in the rigid PA
backbone structure. As a result, copolymers show higher solubility than
PA, and the copolymer containing 80 mol % o-phenylenediamine shows
solubility similar to that of P-o-PDA.
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Table 1. Solubility of homopolymers and copolymers

in NMP

Polymers Solubility (W/v %), g/dL
PA 8.20 x 1072
PA-co-0-PDA20 23.19 x 1072
PA-co-0-PDA40 26.13 x 1072
PA-co-0-PDA50 30.90 x 1072
PA-co-0-PDA60 40.25 x 1072
PA-co-0-PDAS0 47.96 x 1072
P-0-PDA 49.16 x 1072

The eclemental analysis data for parental homopolymers and
copolymers together with the theoretical values are recorded in Table II.
The theoretical values (in parentheses) were calculated using four-ring
monomer units for homopolymers and eight-ring monomer units (four
units of each monomer) for copolymers and were found to fit the empiri-
cal repeat unit of the oxidized and protonated form,'® as shown in
Figures 1(a) and 1(b). Elemental analysis indicates that the polymer
consist of monomer with a counterion and water. (The presence of water
was estimated by thermogravimetric analysis of a dried sample.) The
discrepancy in the calculated and experimental values is due to the differ-
ent levels of counterions, protonation, and reactivity of monomers in the
copolymerization process. While calculating the theoretical values, the
complete protonation and equal reactivity of monomer units that have
been assumed which may not be the same in all the cases. Only few coun-
terions may be substituted and linked to nitrogen.!'”’

The salt forms of PA, P-o-PDA homopolymers, and copolymers
were dissolved in DMF, and the absorption spectra were recorded. The
absorption maxima are listed in Table III. The absorption band at

Table II. Elemental analysis data of polymers

Polymers C Experimental (Theoretical) % H N
PA 52.40 4.61 10.41
(66.20) (4.60) (12.80)
PA-co-0-PDA20 46.82 4.83 16.52
(55.59) (4.02) (14.03)
PA-co-0-PDA60 47.75 4.98 16.47
(56.67) (4.51) (15.76)
P-0-PDA 51.67 4.62 14.25

(58.18) (4.84) (12.67)
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Figure 1. (a) Repeat unit for homopolymers (R = H for PA, R = NH, for
P-0-PDA). (b) Repeat unit for copolymers.

328 nm is assigned to the electronic transition of the phenyl rings in the
polymer backbone. The transition bands show a hypsochromic shift from
328 nm for PA to 300nm for the P-0-PD, implying a decrease in the
extent of conjugation and an increase in the band gap. The absorption
band at 425nm corresponds to the exciton transition of the quinonoid

Table III. UV-visible absorption band of polymers

UV-visible absorption band, nm (eV)

Polymers n— 7" n—n*
PA 328 (3.78) 425 (2.91)
PA-co-0-PDA20 321 (3.86) 428 (2.89)
PA-co-0-PDA40 319 (3.88) 427 (2.90)
PA-co-0-PDAS0 318 (3.89) 600 (2.06)
PA-co-0-PDA60 309 (4.01) —
PA-co-0-PDAS80 305 (4.06) 406 (3.05)
P-0-PDA 300 (4.13) 435 (2.85)

(sh)330
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rings.”’”! This absorption band shifts from 425 to 435nm when the
o-phenylenediamine in the copolymer is increased. This blue shift with
increasing o-phenylenediamine in the copolymer is due to the steric effect
of substituents, which produces torsional twists and shortens the conju-
gation lengths in the polymer.

The FTIR spectra of PA salt (Figure 2, spectrum a) exhibits a band at
1558 and 1472 cm ™, corresponding to the C—C ring stretching vibration of
the quinonoid and benzenoid forms. The sharp intense peak of 1384 cm™

(@

(<)

()

% Transmittance

(a)

T ™ T T T T T
4000 3500 3000 2500 2000 1500 1000 500

-1
Wavenumber (cm™)

Figure 2. FT-IR spectra of (a) PA, (b) PA-co-o-PDA 50:50, (c) PA-co-o-PDA
80:20, (d) P-o-PDA.
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Table IV. Electrical and magnetic data of polymers

Polymers (ym), emu/2 ring unit mol. Hefr, B. M. g, S/cm
PA 6.23 x 107 4.103 3.65x 1072
PA-co-0-PDA20 249 %107 D¢ 9.78 x 107
PA-co-0-PDA40 —2.57x 107 D“ 9.18 x 10™*
PA-co-0-PDA350 -1.78 x 1073 D 8.24 x 107
PA-co-0-PDA60 —224%x 107 D* 5.45% 107
PA-co-0-PDAS0 —221x103 D 270 x 107
P-0-PDA -1.13x 107 D 2.23x 107
“Diamagnetic.

is assigned to C—H bending mode. Absorption at 1296cm™! is ascribed
to C—N stretching, 1122 cm™' corresponds to in-plane C—H bending mode,
and 3433 cm ' N—H stretching. The FTIR spectrum (Figure 2, spectrum d)
of P-0-PDA shows a weak band at 3309-3140 cm™, characteristic of —NH,
and N—H stretching, and 16181534 cm ', assigned to the quinonoid and
benzenoid phenyl ring. Other bands are similar to the case of PA. The spec-
tral characteristics of copolymers are similar to those of the corresponding
PA and P-0-PDA homopolymers. The IR spectrum of the copolymer
PA-co-0-PDA (Figure 2, spectra b and ¢) has been analyzed by monitoring
the relative intensity of the peak at 3153 cm ™. The IR spectrum of PA-co-o-
PDA 80 resembles that of P-o-PDA, and with the increase in amount of
0-PDA in copolymer chain, the intensity of the —NH, band increases.
Magnetic susceptibility (y,) data of the polymers are given in
Table IV. The susceptibility values obtained from Guoy’s method shows
that PA is paramagnetic, whereas P-o-PDA and copolymers are diamag-
netic, i.e., they contained no unpaired electron. Based on these results, it
can be assumed that synthesized P-o-PDA and the copolymer show a
bipolaron structure, in which all the electrons are paired; such a structure
is known to be more stable in terms of energy. In the spin dynamics study
of PA, Mizoguchi”®!! has proposed that polaron-polaron reaction or
polaron ionization to bipolaron (spinless charge defects) could change
the spin concentration in the sample and hence the magnetic susceptibility.
The electrical conductvity (o) of the copolymers is strongly depen-
dent on the amount of o-phenylenediamine incorporated in the copoly-
mer chain (Table IV). The value of ¢ for PA is 3.65 x 1072 S/cm, and
that of P-o-PDA is 2.23 x 107 S /cm. The electrical conductivity of copo-
lymers is lower than that of PA, and increased of o-phenylenediamine
content in the copolymer chain decreases electrical conductivity.
The lower conductivity of the copolymer is due to the steric effect of
the —NH, group. This could induce additional deformation along the
polymer backbone and reduce the mobility of the charge carriers along
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Figure 3. TG thermogram of copolymers; -#— PA, -O— P-0-PDA, -4~ PA-co-o-
PDA, 40:60, -« PA-co-0-PDA 40:60.

the main chain. Also, on copolymerization, the substituent group lowers
the structural regularity that results in reduced interchain interaction,
which lowers conductivity.

The thermal stability of the homopolymers and copolymers were
studied using thermogravimetric analysis (Figure 3). The nature of the
thermograms of copolymers is similar to that of homopolymers. The
thermogram shows three stages of mass loss. The initial mass loss is
due to the loss of moisture. The second stage loss occurs around 200°C
and is very gradual afterwards, more rapid decomposition starts at
400°C; even at 225°C the fractional weight loss of the sample was less
than 20%. In order to compare the relative thermal stability of PA,

Table V. Percentage mass loss data for copolymers at different temperatures

% mass loss % mass loss % mass loss % mass loss

Polymers at 110°C at 290°C at 450°C at 600°C
PA 11 25 31 37
PA-co-0-PDA40 10 28 32 41
PA-co-0-PDAS0 7 34 41 47
PA-co-0-PDA60 14 23 41 44

P-0-PDA 9 27 39 42
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P-0-PDA, and their copolymers, percent mass loss at 450°C is given in
Table V. The PA is more stable as compared to P-o-PDA and copoly-
mers. On increasing the percentage of o-phenylenediamine in the copoly-
mer, the stability increases slightly.

The solution viscosity measurement data from the Tuan-Fouss
viscometer is 1.62 dL/g for PA, 1.65dL/g for PA-co-0-PDA40, 1.67dL/g
for PA-co-0-PDA 50/60, and 1.76dL/g for P-o-PDA. The solution
viscosity of P-o-PDA is more than that of PA. It may be due to the pres-
ence of —NH, group in the P-o-PDA molecules, so that the copolymer
chain may be in coiled form and might be showing high viscosity. The
viscosity of copolymers increases by increasing the content of P-o-PDA
monomer in the copolymer chain.

CONCLUSIONS

A series of aniline and o-phenylenediamine copolymers were chemically
synthesized by varying the molar feed ratio of monomers in copolymer-
ization reaction. The ratio of the two monomers influences the copoly-
merization process due to the different reactivity of monomers.
Copolymers have lower conductivity and better solubility due to the
existence of —NH, groups in the main chain. The conductivity of copo-
lymer also follows a similar order. PA shows paramagnetic behavior,
whereas poly-o-phenylenediamine and copolymers show diamagnetic
behavior, which may due to a change in unpaired spin concentration in
the chain. The magnetic susceptibility of the copolymer may be explained
on the basis of polaron-bipolaron interaction.
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