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Abstract

Copolymers of aniline and ortho/meta-amino benzoic acid were synthesized by chemical polymerization using an inverse emulsion

pathway. The copolymers are soluble in organic solvents, and the solubility increases with the amino benzoic acid content in the feed. The

reaction conditions were optimized with emphasis on high yield and relatively good conductivity (2.5 £ 1021 S cm21). The copolymers were

characterized by a number of techniques including UV–vis, FT-IR, FT-Raman, EPR and NMR spectroscopy, thermal analysis, SEM and

conductivity. The influence of the carboxylic acid group ring substituent on the copolymers is investigated. The spectral studies reveal that

the amino benzoic acid groups restrict the conjugation along the polymer chain. The SEM micrographs of the copolymers reveal regions of

amorphous and crystalline domain. Thermal studies indicate a marginally higher thermal stability for poly(aniline-co-m-amino benzoic acid)

compared to poly(aniline-co-o-amino benzoic acid). q 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Polyaniline, one of the oldest of the conjugated

conducting polymers, has always been at the forefront in

the search for conducting polymers for commercial

applications because of its unique reversible proton

dopability, excellent redox recyclability, environmental

stability, variable electrical conductivity, which can be

‘tuned’, low cost and easy synthesis. Polyaniline can be used

as an electrode material [1,2], an electronic material [3] and

in microelectronics [4]. Technological applications in the

area of recordable optical disks [5] and sensors have also

been realized [6]. The commercial applications of polyani-

line, however, are limited owing to its poor processability

and intractable nature [7]. In the last few years considerable

progress has been made in the processing of polyaniline by

preparing copolymers of polyaniline with suitable aniline

derivatives (alkyl, alkoxy, halide, etc.) [8,9], preparation of

blends and composites, etc. In general, an increase in the

solubility is achieved at the expense of conductivity.

Polyaniline polymers with sulphonic acid groups either on

the ring or on the nitrogen atoms, are more soluble and

usually show relatively higher conductivity depending on

the substitution [10–12]. Incorporation of the acidic groups

like carboxylic [13,14], sulphonic [15,16] and phosphonic

[17] acids as substituents in the ring influences the acidity

constants of the amine groups and appears to offer

advantages in less acidic medium, since the conductivity

does not fall off dramatically with increase in the pH as in

the case of polyaniline. Self-doping could result from the

polymerization of a mixture of aniline and an acid group

substituted aniline.

Poly(o-amino benzoic acid), an aniline based polymer

capable of self-doping is of interest as a soluble derivative

of polyaniline. Poly(o-amino benzoic acid) is soluble in

aqueous alkaline solutions, and in polar solvents such as N-

methylpyrrolidone, dimethylsulphoxide, etc. Copolymers of

aniline and amino benzoic acids have been synthesized by

chemical [18–20] and electrochemical routes [13,21]. Chan

et al. [18] and Nguyen et al. [19] have reported the synthesis

of the copolymers of aniline and amino benzoic acid in

acidic medium while Yan et al. [20] have employed alkaline

medium. The yield obtained by the former method was low

while improved yields have been reported by the latter

method. These copolymers are potential precursors of

polyaniline, which on losing the carboxylic acid group

yield polyaniline [20].

In this paper, a novel route for the synthesis of

poly(aniline-co-amino benzoic acid) copolymers exhibiting
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relatively higher conductivity and better yields is reported.

To elucidate the effect of the substituent on the resulting

polymer, aniline derivative with carboxylic acid substituent

at the o/m-position has been copolymerized with aniline.

The influence of the reaction temperature and the ratio of the

two monomers in the feed have been studied. The synthesis

was carried out using inverse emulsion method in the

presence of an organic oxidant, namely benzoyl peroxide, in

a heterogeneous medium of chloroform and water. Classical

oxidative polymerization of aniline using ammonium

persulphate in aqueous solution requires harsh reaction

conditions. Since ammonium persulphate is a strong

oxidizing agent and polymerization of aniline being

exothermic, controlling the reaction temperature is rather

difficult and consequently polymers with wide distribution

of molecular weights may result. The removal of inorganic

by-product (ammonium sulphate) from the polymer pro-

duced is also difficult. To overcome these limitations a mild

organic oxidant namely benzoyl peroxide is used and the

excess of oxidant can easily be removed using solvents such

as acetone, which is used as a non-solvent in the inverse

emulsion process.

Inverse emulsion polymerization consists of an

aqueous solution of the monomer, which is emulsified,

in a non-polar organic solvent and the polymerization is

initiated with an oil-soluble initiator. The inverse

emulsion process has several distinct advantages. The

reaction takes place in a large number of loci dispersed

in a continuous external phase in a heterogeneous

system. The physical state of the emulsion system

makes it easier to control the process. Thermal and

viscosity problems are much less significant here than in

bulk polymerization. The product of an emulsion

polymerization can in many instances be used directly

as a solution in the organic solvent without further

processing. The copolymers are characterized by spectral,

electrical and thermal studies.

2. Experimental

2.1. Materials

Aniline (Merck) was distilled twice under reduced

pressure. o-Amino benzoic acid (anthranilic acid) and m-

amino benzoic acid (Fluka) were recrystallized from

methanol. All other chemicals were analytical grade

reagents and were used as procured.

2.2. Synthesis of poly(aniline-co-amino benzoic acid)

copolymers

A typical synthesis under inverse emulsion procedure is

as follows. 2.25 g of the emulsifier (sodium lauryl sulphate)

in 30 ml of water and 3.43 g (0.1 M) of o-amino benzoic

acid in 120 ml of water, which constitutes the continuous

phase were added one after another with stirring to 12.12 g

(0.2 M) of the oxidant (benzoyl peroxide) in 50 ml of

chloroform. Aniline (2.4 ml, 0.1 M) was then added. To the

resulting milky white emulsion, 50 ml of aqueous 1 M

hydrochloric acid was added dropwise with continuous

stirring over a period of half-an-hour. The emulsion

gradually turns green. The reaction was allowed to proceed

for 24 h. The organic phase was separated and washed

repeatedly with water. The dark green polyaniline solution

was then treated with anhydrous sodium sulphate to remove

the excess of water. The viscous organic solution was then

added to 1 l of acetone in order to break the emulsion and

precipitate the copolymer. The product was filtered to obtain

a dark green powder, which was washed with acetone and

dried in vacuum for 36 h. The copolymers were synthesized

at three different temperatures and the feed ratio of the two

monomers was also varied. The synthesis of the copolymer

of aniline with m-amino benzoic acid (in equimolar ratio)

was also carried out employing the above procedure.
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2.3. Characterization

For recording the UV–vis absorption spectra, a Hitachi

U-3000 spectrophotometer was used. The solutions of the

copolymer in dimethylsulphoxide (DMSO), N-methylpyr-

rolidone (NMP) and dimethylformamide (DMF) were used

for recording the spectrum. The spectra were measured at

three different concentrations and checked for consistency.

The FT-IR spectra were recorded using a Bruker Equinox 55

instrument by the KBr pellet technique. The FT-Raman

spectra were obtained using a Bruker RFS 100/S spec-

trometer using Nd3þ/YAG laser with 30–40 mW power at

the sample. The EPR spectra were recorded using a Varian

E109 spectrometer operating in the X-band. The sample

tube was evacuated to remove the moisture before recording

the spectrum. To obtain the g value and spin concentration,

the EPR spectra of the samples and charred dextrose as a

standard were recorded under identical conditions of

microwave frequency (9.05 GHz), microwave power

(2 mW), modulation frequency (100 kHz), fieldset

(3280 G), scan range (100 or 200 G), modulation intensity

(1 Gpp), modulation time (0.064 s) and scan time (200 s).

The spin concentration was determined by comparing the

area under the EPR signal of the polyaniline sample with

that of charred dextrose. The calculated areas are likely to

be within 5% of the true value [22]. The 1H NMR and 13C

spectra were measured on a Bruker AMX 400 MHz

spectrometer in DMSO-d6 using TMS as an internal

reference. The electrical conductivities (dc) were measured

at ambient temperature by the four-probe method. The

copolymers were pressed into pellets by applying a pressure

of 50 kN. The error in the resistance measurements under

galvanostatic condition using a Keithley model 220

programmable current source and a Kiethley model 195A

digital voltammeter is less than 2%. The consistency in the

measurements was checked by measuring the resistance

twice for each pellet and for a batch of two pellets for each

sample. The SEM measurements were carried out with a

JEOL JSM 480A scanning electron microscope. The TGA

and DTA were recorded up to 800 8C using a SDTA 851E

thermal analyser at a heating rate of 10 8C min21 under

nitrogen atmosphere. The C, H, N analysis was carried out

using Heraeus D-6450 elemental analyser.

3. Results and discussion

Poly(aniline-co-amino benzoic acid) copolymers syn-

thesized by the inverse emulsion polymerization have

higher solubility in organic solvents such as NMP, DMSO

and DMF. The copolymers synthesized presently are of high

purity since the excess of benzoyl peroxide is readily

removed with acetone, which is used to break the emulsion.

The copolymers of aniline and o-amino benzoic acid

synthesized at 0, room temperature and 60 8C with

equimolar quantities of the two monomers in the feed are

designated as C11OZ, C11O and C11OR, respectively,

when the ratio of aniline to o-amino benzoic acid

(anthranilic acid) is 1:2 and 2:1 as C12O and C21O,

respectively, and the copolymer of aniline with m-amino

benzoic acid obtained with a feed ratio 1:1 as C11M. The

elemental analyses of the copolymers given in Table 1 are in

good agreement with the copolymers of nearly the same

composition prepared by the solution method [18] and the

yields of the copolymers obtained presently are relatively

higher. The conductivity of C11O (2.5 £ 1021 S cm21)

prepared by the present method is higher compared to that

obtained by the solution polymerization at the same

temperature with sodium persulfate as the oxidant

(7 £ 1023 S cm21) [18].

The yield decreases with increase in the amount of amino

benzoic acid in the feed. It is consistent with the mechanism

of polymerization proposed by Chan et al. [18]. The

electron-withdrawing carboxylic acid group coupled with

the steric factors deactivate the aromatic system retarding

the polymerization of amino benzoic acid compared to that

of aniline. Due to this electronic effect a higher potential is

need to oxidize amino benzoic acid monomer.

3.1. Absorption spectra

Absorption spectroscopy is a valuable tool to detect the

presence or otherwise of polyaniline salt and its base. The

absorption maxima for the copolymers in three different

solvents namely, dimethylsulphoxide (DMSO), dimethyl-

formamide (DMF) and N-methylpyrrolidone (NMP) are

listed in Table 2. As representatives of the copolymers, the

absorption spectra of C11O, C11OZ and C11M in DMSO

are shown in Fig. 1.

The absorption spectrum of amino benzoic acid exhibits

a band at 320 nm and a more intense band at 270 nm. The

polyaniline–HCl salt in DMSO has fairly strong absorp-

tions at 326, 433 and 630 nm and a weak one at 820 nm. The

former peak is ascribed to the p–pp transition of the

benzene rings and it is also present in the absorption

spectrum of amino benzoic acid. The 630 nm absorption

band has been attributed as due to excitonic transition

(n–pp) between the HOMO of the benzenoid ring (non-

bonding nitrogen lone pair) and the LUMO (pp) of the

Table 1

Yield, conductivity and elemental composition of poly(aniline-co-amino

benzoic acid) polymers

Sample Yield

(%)

Conductivity

(S cm21)

C, H, N

analysis

Polyaniline–HCl salt 2.31 C6.04H8.12N

C11OZ 18.0 1.57 C5.98H8.04N

C11O 84.0 2.5 £ 1021 C6.85H5.44N

C11OR 53.0 1.82 £ 1022 C7.23H5.59N

C11M 75.4 1.91 £ 1021 C6.54H5.19N

C12O 36.1 6.25 £ 1023 C7.64H5.81N

C21O 78.8 8.10 £ 1021 C6.92H5.89N

P. Swapna Rao, D.N. Sathyanarayana / Polymer 43 (2002) 5051–5058 5053



quinoid ring [23]. The remaining peaks at 430 and 820 nm

have been assigned as due to the polaron transitions [24].

These bands are characteristic of the polyaniline salt and do

not occur in the spectrum of the base.

The spectra of the copolymers show bands around

270 and 320 nm with varying intensities depending on

the amount of amino benzoic acid in the copolymer. The

copolymers have two different monomer units and the

variation in a given monomer content along the polymer

chain results from the difference in the reactivities between

the two monomers and the rate of polymerization. The steric

effect of the –COOH group causes loss of coplanarity of the

p system obstructing charge delocalization along the chains

resulting in decreased conductivity (Table 1) [18]. The

exciton band around 630 nm therefore undergoes a

hypsochromic shift when the amount of amino benzoic

acid in the feed is enhanced and also when the temperature

at which the reaction is carried out is higher (Table 2).

Increased rate of polymerization of amino benzoic acid is

expected at a higher temperature. The band at 623 nm in the

copolymer C11O is blue shifted in the analogous copolymer

of aniline and m-amino benzoic acid indicating that the

quinone diimine content in the latter is relatively lower than

in the former (Fig. 1) [20]. A weak to medium intensity band

at 850 nm is observed for the copolymers, C11O and C21O

(Fig. 1). The 850 nm band attributed to the polaron

transition in the polyaniline salt is absent in the spectrum

of the base [24]. There is a small amount of base always

associated with the polyaniline salt. Therefore, the bands at

850 and 430 nm appear in the solution spectra only when the

salt is more soluble. Hence, due to the higher solubility of

the copolymers in DMSO, the peak at 850 nm is observed

(Table 2).

The absorption peak around 630 nm undergoes a blue

shift when the solvent is changed from dimethylsulphoxide

to dimethylformamide and to N-methylpyrrolidone (Table

2). For example, the 560 nm band of C11OR in dimethyl-

sulphoxide shifts to 557 and 550 nm in dimethylformamide

and N-methylpyrrolidone, respectively. With decreasing

dielectric constant of the solvent (1, DMSO 46.68. DMF

36.71 and NMP 32.21), the absorption band undergoes a

hypsochromic shift [25]. This can be explained on the

ability of the solvent to interact with the amine group as

hydrogen bond acceptors thus replacing the interchain

hydrogen bonding between the amine group acting as donors

and the imine groups of the adjacent chains as acceptors.

3.2. FT-IR and FT-Raman spectra

The assignments of the infrared and Raman bands of the

copolymers are based on those of aniline, p-diaminobenzene

and p-benzoquinone which are supported by the ab initio

molecular orbital calculations of the vibrational spectra

[26–28]. The IR spectra of C11O and C21O recorded as

KBr pellet are shown in Fig. 2. The FT-IR spectra of

poly(aniline-co-o-amino benzoic acid) copolymers display

an intense band at 1580 cm21, which is assigned to the C–C

ring stretching vibrations of the benzenoid ring. The strong

band near 1450 cm21 is due to C–N stretching mode of the

quinoid ring, which arises due to the protonation of

polyaniline by the dopant (HCl as well as –COOH of

amino benzoic acid). The peak at 1295 cm21 (strong)

corresponds to N–H bending. The medium intensity band at

1235 cm21 in the spectra corresponds to C–N stretching

modes of the benzenoid ring. A fairly strong band at

935 cm21 is assignable to the ring-breathing mode of the

quinoid group, which becomes active on protonation. The

708 cm21 band is due to NH2 wagging of the protonated

group. The bands at 1295, 1235 and 708 cm21 observed in

the spectrum of the polyaniline salt remain unshifted in the

spectra of the copolymers. However, the bands at 1560 and

Table 2

Absorption maxima for the copolymers in different solvents

Sample lmax (nm)

NMP DMF DMSO

Polyaniline–HCl 326 433 630 820

C11OZ 279 323 560 275 328 584 288 328 442 620

C11O 272 324 560 272 330 575 269 331 431 623 870

C11OR 269 300 550 272 557 269 320 560

C12O 280 333 530 272 332 390 540 299 322 430 637 884

C21O 272 340 535 270 330 630 274 332 393 545

C11M 268 350 525 267 353 541 274 380 575

Fig. 1. The electronic absorption spectrum of (a) C11O, (b) C11OZ and (c)

C11M in DMSO.
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1479 cm21 observed in the polyaniline salt spectrum are

shifted to higher and lower wavenumbers, respectively, by

nearly 20 cm21 in the spectra of copolymers. A shift of

nearly 6 cm21 occurs for the band at 935 cm21 in the

copolymer spectra. The shifts are somewhat larger when the

amount of amino benzoic acid in the copolymer is higher.

The copolymers give rise to new bands at around 1690

and 668 cm21 due to CyO stretching and bending modes,

respectively, of amino benzoic acid. The spectra of C11O,

C11OR and C12O show an intense band at 1690 cm21

while in the spectrum of C21O, it is of moderate intensity

and weak in the spectrum of C11OZ. The intensity of this

band increases with increase in the amount of amino

benzoic acid in the feed (Fig. 2). A similar trend was

observed for the band at 668 cm21. They serve as a measure

of amino benzoic acid content in the copolymer. A new

band observed in the spectra of copolymers at 755 cm21

corresponds to the C–H out-of-plane bending vibration of

the trisubstituted benzene ring. In addition, all the

copolymers show an infrared band around 875 cm21

which was observed by Thiemann and Brett [21] for the

electrochemically synthesized poly(aniline-co-o-amino

benzoic acid) copolymer films. The spectra of poly(ani-

line-co-o-amino benzoic acid) and poly(aniline-co-m-amino

benzoic acid) are similar.

The FT-Raman spectrum of the polyaniline salt exhibits

characteristic bands around 1617, 1589, 1535, 1499, 1358,

1335, 1256, 1171, 513 and 410 cm21. The amino benzoic

acid shows an intense band at 770 cm21 apart from other

relatively strong bands at 3082, 1623, 1563, 1348 and

1240 cm21. The Raman spectrum of amino benzoic acid

contains bands in the same region as that of the polyaniline

salt. Hence, they are not very prominent in the spectra of the

copolymer. However, the spectra of the copolymers do

show additional splitting in the overlapping regions with

appearance of weak to medium intensity bands. For

example, the spectrum of C11O shows split bands around

1330 and 1500 cm21. For the copolymers synthesized at

60 8C, the band at 1617 cm21 in the spectrum of polyaniline

salt attributed to a Raman active –CyC– ring stretching

vibration of the quinoid structure decreases in intensity due

to decreased conjugation with increase in amino benzoic

acid content. The 1358 cm21 band corresponding to the

C–H bending mode shifts by about 10 cm21 and narrows in

the spectra of the copolymers synthesized at a higher

temperature. The intensity of the 1250 cm21 peak due to

N–H bending increases and shifts by nearly 8 cm21. Similar

observations have been made for the absorption at

1589 cm21 and the less intense band at 1499 cm21 broadens

which are assigned to the C–C ring stretching vibrations of

the quinoid and benzenoid rings, respectively. Moderately

intense bands at 524 and 417 cm21 in the spectra of

polyaniline salts assignable to the out-of-plane ring bending

modes decrease in intensity in the copolymer with increase

in the temperature at which synthesis is carried out. The

Raman band at 780 cm21 in the amino benzoic acid shifts to

around 810 cm21 in the copolymer and its intensity varies

with the amount of amino benzoic acid in the feed. Similar

changes were found in the Raman spectra of the copolymers

when the feed ratio of amino benzoic acid to aniline was

varied. The Raman spectrum of C11M is similar to that of

C11O, however, the medium intensity peak at 1233 cm21

shifts to 1244 cm21 and the peak at 1505 to 1512 cm21 in

the former. Thus due to the different conformation of the

polymer and the extent of doping, the frequency of the C–C

stretching vibration varies. The shift in the frequencies of

the peaks in the Raman spectra of the copolymers increase

with increase in the amount of amino benzoic acid in the

copolymer indicating interaction between aniline and amino

benzoic acid units of the copolymer.

The strong intramolecular interaction between COO2

groups and polaronic nitrogen atoms or hydrogen bonding

can give rise to favourable five or six membered chelates, in

which the movement of electrons is more localized.

Therefore self-doping by carboxylate group is much less

effective than external doping by HCl. The steric effect of

the carboxylate group due to intermolecular interaction

between COO2 group and hydrogen on the adjacent phenyl

is likely to force the aromatic rings out of the plane relative

to each other lowering the degree of conjugation. The

torsional angle between the aromatic rings may increase in

order to relieve steric strain. Evidence for restrictions to p-

conjugation has been obtained from UV–vis and FT-IR

spectroscopy and cyclic voltammograms of poly(aniline-co-

o-amino benzoic acid). Chan et al. [18] have obtained

evidence for self-doping from X-ray photoelectron spec-

troscopy and have reported a steady decrease in the Cl2/Nþ

ratio for the copolymers of aniline with o-amino benzoic

acid with an increasing proportion of aminobenzoic acid in

the copolymer feed. This therefore implies that some of the

nitrogen atoms have been self-doped to maintain charge

neutrality and self-doping by the carboxylate group seems to

be very much less effective than the corresponding doping

by HCl. The conductivity was found to be dependent on the

type of proton involved. Nguyen and Diaz [19] also

Fig. 2. The FT-IR spectra of (a) C11O and (b) C21O.
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observed a decrease in conductivity from 5.2 for polyaniline

salt to 1028 S cm21 for poly(o-amino benzoic acid) as the

amount of amino benzoic acid increases in the copolymer.

The decrease in conductivity is attributed to the decrease in

the number of charge carriers and conjugation length.

3.3. EPR spectra

The spin concentration, line width (DH ), g value and the

A=B ratio (i.e. the ratio of the height of positive to the

negative peak) for poly(aniline-co-amino benzoic acid)

copolymers are given in Table 3. The ambient temperature

EPR signals of the copolymers display a single signal

without any hyperfine structure. The g value of the

copolymers lies in the range 2.0026–2.0044, which is

close to that of the free electron. The A=B ratio is nearly

unity, indicating that the spins are free electron type. The g

value and the A=B ratio do not reveal the nature of

polyaniline (salt or base) present. The spin concentration

and line widths help to detect the salt/base form of

polyaniline. For polyaniline salts, the spin concentration is

high and lie around 1019–1020 spins g21 and the value of

DH is low, lies between 2.0 and 3.5 G. The value of DH for

the copolymers is close to that of the polyaniline salt.

However, the spin concentration for the copolymers

decreases with increase in the amount of amino benzoic

acid in the feed as noted for C11O and C12O, for which the

spin concentration decreases from 1019 to 1018 spins g21.

The extent of polymerization of amino benzoic acid at low

temperature is low and hence the conductivity and spin

concentration of C11OZ is high (1.57 S cm21 and

1.186 £ 1020, respectively).

3.4. NMR spectra

The proton NMR spectrum of polyaniline–HCl salt

synthesized at room temperature exhibits signals near d 7.3

and 6.95 ppm due to the aromatic protons of the quinoid

(doped state) and the benzenoid rings, respectively. As

representative of the copolymers, the proton NMR spectra

of C11O is shown in Fig. 3. The proton NMR spectra of both

ortho and meta-amino benzoic acid show signals in the

aromatic region. While the spectrum of o-amino benzoic

acid shows resonances at d 7.89, 7.33, 7.27, 6.71 and

6.62 ppm, that of m-amino benzoic acid exhibits signals at d

7.37, 7.32, 7.17, 6.87 and 6.30 ppm. The spectra of the

copolymers display signals due to both polyaniline salt and

amino benzoic acid with some shifts in the position of the

peaks. The peak at d ¼ 11:0 ppm assignable to the OH

proton of m-amino benzoic acid is shifted to nearly 9.6 ppm

in the spectrum of C11M. The protons at 3 and 6 positions of

o-amino benzoic acid appearing at 7.86 and 6.71 ppm,

respectively, shift to 7.96 and 7.04 ppm in the spectra of

C11O and C11OR. Similar shifts are also observed in the

spectrum of C11M in the aromatic region. The shifts

indicate the formation of copolymers from the polymeriz-

ation of the two monomers. The signal at d 3.81 ppm in the

spectrum of polyaniline salt assigned to the N–H shifts to

3.5 ppm in the copolymers. In order to confirm this

assignment the spectrum was recorded in DMSO-d6 after

adding a drop of D2O. Due to exchange between D2O and

N–H proton, the intensity of the signal at 3.5 ppm decreases

dramatically demonstrating its origin from N–H proton.

The 13C spectra exhibit resonances supporting the

presence of amino benzoic acid and polyaniline salt in the

copolymers. Several peaks are found in the region, d 120–

170 ppm. The copolymer C11OR due to its higher solubility

gives a better spectrum than C11O. The moderately intense

signal at d 136.9 ppm corresponding to the –CH carbon of

the quinoid rings of polyaniline [29] occur around 135 ppm

in the copolymers. The signals at d 129.8 and 128.2 ppm

attributed to the C–H carbons of the benzenoid rings [30]

register small shifts in the spectra of the copolymers. The

signal due to the carboxylate carbon of amino benzoic acid

at 169.5 ppm shifts to around 167 ppm in the spectra of

C11O, C11OR and C11M. This band is not observed in the

other copolymers due to the weak signal intensity of the

quaternary carbon. These shifts once again indicate

chemical interaction possibly of hydrogen bonding type

between the monomers in the polymer.

Fig. 3. The 1H NMR spectra of C11O.

Table 3

EPR data for the poly(aniline-co-amino benzoic acid) copolymers

Sample Spin concentration

(spins g21)

g value A=B ratio DH (G)

C11OZ 1.186 £ 1020 2.0027 0.98 2.25

C11O 2.379 £ 1019 2.0034 1.03 2.75

C11OR 3.459 £ 1019 2.0026 1.01 4.75

C11M 1.833 £ 1020 2.0060 1.04 2.75

C12O 9.453 £ 1018 2.0044 0.99 3.50

C21O 2.566 £ 1019 2.0037 1.02 2.50
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3.5. Conductivity

The conductivity of the copolymers given in Table 1

varies over a wide range from 1.57 to 6.25 £ 1023 S cm21

depending on the temperature at which synthesis of the

copolymer is carried out and the feed ratio of the

monomers. The conductivity decreases from 0.81 to

6.25 £ 1023 S cm21 when the feed ratio of the monomers,

aniline/o-amino benzoic acid is changed from 2:1 to 1:2,

respectively. The decrease in conductivity with increase in

the amount of amino benzoic acid in the feed could be

attributed to an increase in the band gap owing to decreased

conjugation along the chain as inferred from the absorption

spectra. A similar decrease in conductivity was noted when

the polymerization was carried out at a higher temperature

(Table 1). It may be due to an increased rate of

polymerization of amino benzoic acid at a higher tempera-

ture. The position of the carboxylate group apparently does

not seem to significantly affect the conductivity since both

C11O and C11M have nearly the same conductivity. The

conductivity of the copolymers is lower than that of the

polyaniline–HCl salt. Therefore self-doping by the carboxy-

late group seems to be much less effective than external

doping by HCl as discussed earlier.

The conductivity of C11O (2.5 £ 1021 S cm21) syn-

thesized presently is two orders magnitude higher than that

of the copolymer obtained by the solution method with

ammonium persulphate and sodium persulphate as the

oxidant which shows a conductivity of 4.5 £ 1025 and

7 £ 1023 S cm21, respectively [18,19]. Similarly the con-

ductivity of C12O prepared by solution method shows a

conductivity of 2 £ 1025 S cm21 [18] which is lower by

two orders of magnitude than the copolymer of the same

composition synthesized by the present method using the

inverse emulsion process (Table 1). The higher conductivity

of polyaniline obtained by the present method could be

attributed as due to a more homogenous protonation of the

imine nitrogen and a more ordered chain conformation of

the copolymer. It is known that a more ordered chain

conformation leads to higher conductivity [31,32].

3.6. Morphology

The SEM micrographs were used to investigate the

morphology of the copolymers. Polyaniline shows an

amorphous morphology. The copolymers, however, display

two features, one of amorphous and the other of crystalline

domain. The crystalline morphology may result from

intramolecular hydrogen bonded amino benzoic acid units

[20]. The particles are sharp edged with lamellar structure

on one side. The copolymer particles show rough pattern on

one side and a comparatively smoother one on the other side

(Fig. 4). The difference in morphology between polyaniline

and its copolymers with amino benzoic acid as shown in

Fig. 4 may be associated with different reactivities of the

two monomers [21].

3.7. Thermal studies

The TGA profiles of C11O and C11M are shown in Fig. 5

as representatives of the copolymers. The TGA of polyani-

line–HCl salt shows a three-step weight loss commencing

at 50, 130 and 430 8C. The weight loss in the first and

second steps corresponds to the loss of moisture and the

dopant, respectively. A slow and somewhat gradual weight

loss profile after 430 8C is due to the degradation of the salt.

The TGA curves of the copolymers, like the polyaniline

salt, also exhibit a three-step weight loss. In the first step

beginning around 50 8C, the weight loss is attributed to the

loss of moisture, volatilization of solvent or adsorbed HCl.

The second step that starts around 165 8C accounts for the

loss of the dopant along with the evolution of carbon dioxide.

The third step around 425 8C is attributed to the decompo-

sition of the copolymers. When the amount of o-amino

benzoic acid in the feed is higher, the commencement of the

second step occurs at a higher temperature and the weight

loss is also higher. For example, the second step for the

copolymer C11O occurs at 162 8C with a weight loss of

16%, while for C12O it occurs at 210 8C with a weight loss

Fig. 4. The SEM micrograph of (a) C11M and (b) C11O.
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of 22.4%. The copolymers, however, do not offer any

advantage regarding the thermal stability as noted from an

earlier study too [18]. Yan et al. [20] observed that the

weight loss at 100 8C is lower in the copolymers and they

associated it to the copolymer being less doped by HCl and

hence contain fewer binding water molecules. This was,

however, not noticed in the present study. The copolymer

C11M degrades at a marginally higher temperature (444 8C)

than the corresponding o-amino benzoic acid copolymer

C11O (413 8C).

4. Conclusions

Poly(aniline-co-o/m-amino benzoic acid) copolymers

which show relatively higher electrical conductivity were

synthesized in high yields by chemical polymerization of

aniline and o/m-amino benzoic acid using an inverse

emulsion pathway. The rate of polymerization of amino

benzoic acid, which is relatively lower than that of aniline,

increases if the synthesis is carried out at a higher

temperature. The solubility of the copolymer increases

with the amount of amino benzoic acid in the feed. Evidence

for the presence of amino benzoic acid and aniline segments

in the copolymer has been obtained by IR, Raman and NMR

spectra. The EPR spectra of the copolymers indicate a

decrease in spin concentration when the amount of amino

benzoic acid content in the copolymer is higher. The steric

effect of the –COOH group along the polymer chain

possibly causes loss of coplanarity of the p system

obstructing charge delocalization along the chains resulting

in decreased conductivity. The SEM micrographs of the

copolymers reveal regions of amorphous and crystalline

domain. The thermal stability of m-amino benzoic acid

copolymer with aniline is marginally higher than that of its

analogous o-amino benzoic acid copolymer.

Acknowledgments

The authors thank the Sophisticated Instruments Facility

for NMR spectra and Materials Research Centre of the

Institute, for resistance measurements and EPR spectra. The

authors also thank Ms Vanaja of National Aeronautics

Laboratory for her help in recording the TGA.

References

[1] Oyama N, Ohsaka T. Synth Met 1987;18:191.

[2] Mac Diarmid AG, Mu SL, Somasiri MLD, Wu W. Mol Cryst Liq

Cryst 1985;121:187.

[3] Nguyen MT, Dao LT. J Electrochem Soc 1989;136:2131.

[4] Chao S, Wrighton MS. J Am Chem Soc 1987;109:6227.

[5] Edelson E. Pop Sci 1990;June:90.

[6] Hao DT, Kumar TNS, Punekar NS, Srinivas RS, Lal R, Contractor

AQ. Anal Chem 1992;64:2645.

[7] Armes SP, Miller JF. Synth Met 1988;22:385.

[8] Leclerc M, Guay J, Dao LH. Macromolecules 1989;22:649.

[9] Chavalier JV, Begeron J-Y, Dao LH. Macromolecules 1992;25:3325.

[10] DeArmitt C, Armes S, Winter J, Uribe FA, Gottensfeld S,

Mombourquette C. Polymer 1993;34:158.

[11] Nguyen MT, Kasai P, Miller J, Diaz AF. Macromolecules 1994;27:

3625.

[12] Wei X, Epstein AJ. Synth Met 1995;74:123.

[13] Karyakin AA, Strakhova AK, Yatsimirsky AK. J Electroanal Chem

1994;371:259.

[14] Toshima N, Yan H, Gotoh Y, Ishiwatari M. Chem Lett 1994;2229.

[15] Karyakin AA, Maltsev IA, Lukachova LV. J Electroanal Chem 1996;

402:217.

[16] Tang H, Yamshita T, Kitani A, Ito S. Electrochim Acta 1998;43:2237.

[17] Ng SC, Chan HSO, Huang HH, Ho PKH. J Chem Soc, Chem Commun

1995;1327.

[18] Chan HSO, Ng SC, Sim WS, Tan KL, Tan BTG. Macromolecules

1992;25:6029.

[19] Nguyen MT, Diaz AF. Macromolecules 1995;28:3411.

[20] Yan H, Wang H-J, Adisasmito S, Toshima N. Bull Chem Soc Jpn

1996;69:2395.

[21] Thiemann C, Brett CMA. Synth Met 2001;123:1.

[22] Anand J, Palaniappan S, Sathyanarayana DN. J Phys Chem 1995;99:

10324.

[23] Kim YH, Foster C, Chiang J, Heeger AJ. Synth Met 1989;29:285.

[24] Tzou K, Gregory RV. Synth Met 1993;53:365.

[25] Ghosh S, Kalpagam V. Synth Met 1989;33:11.

[26] Boesch SE, Wheeler RA. J Phys Chem 1995;99:8125.

[27] Tzeng WB, Narayanan K, Shieh KC, Tung CC. J Mol Struct 1998;

428:231.

[28] Tzeng WB, Narayanan K. J Mol Struct 1998;434:247.

[29] Cao Y, Smith P, Heeger AJ. Synth Met 1989;32:263.

[30] Jiang R, Dong S, Song S. J Chem Soc Faraday Trans 1989;85:1575.

[31] Pearson DS, Pincus PA, Heffner GW. Macromolecules 1993;26:1570.

[32] Zheng W, Angelopoulos M, Epstein AJ, Mac Diarmid AG.

Macromolecules 1997;30:7634.

Fig. 5. The TGA profiles of (a) C11O and (b) C11M.

P. Swapna Rao, D.N. Sathyanarayana / Polymer 43 (2002) 5051–50585058


	Synthesis of electrically conducting copolymers of aniline with o/m-amino benzoic acid by an inverse emulsion pathway
	Introduction
	Experimental
	Materials
	Synthesis of poly(aniline-co-amino benzoic acid) copolymers
	Characterization

	Results and discussion
	Absorption spectra
	FT-IR and FT-Raman spectra
	EPR spectra
	NMR spectra
	Conductivity
	Morphology
	Thermal studies

	Conclusions
	Acknowledgments
	References


