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ABSTRACT: Copolymers of aniline and ethyl 3-aminobenzoate

(3EAB) were synthesized by chemical polymerization in several

mole ratios of aniline to functionalized aniline, and their physi-

cochemical properties were compared to those of poly(aniline-

co-3-aminobenzoic acid) (3ABAPANI) copolymers. The copoly-

mers were characterized with UV–vis, FTIR, Raman, SEM, EPR,

and solid-state NMR spectroscopy, elemental analysis, and

conductivity measurements. The influence of the carboxylic

acid and ester group ring substituents on the copolymers was

investigated. The spectroscopic studies confirmed incorpora-

tion of 3ABA or 3EAB units in the copolymers and hence the

presence of C¼¼O group in the copolymer chains. The conduc-

tivity and EPR signals both decreased with increasing 3EAB

content of the copolymers emeraldine salt (ES) form. The con-

ductivity of the ES form of 3ABAPANI was found to be high

(1.4 � 10�1 S cm�1) compared with the conductivity (10�2–10�3

S cm�1) of 3EABPANI (ES) copolymers. VC 2010 Wiley

Periodicals, Inc. J Polym Sci Part A: Polym Chem 48: 1339–

1347, 2010

KEYWORDS: conducting polymers; copolymerization; ESR/EPR;

FTIR; NMR

INTRODUCTION Conducting polymers such as polyaniline
(PANI) and polypyrrole are interesting materials for incorpo-
ration in thermoplastics because of their useful electronic,
optical, and redox properties. PANI has been extensively
studied for its environmental stability in conducting form,
ease and low cost of synthesis, unique redox properties, and
high conductivity.1 However, like most conjugated polymers,
PANI is insoluble in common solvents and difficult to pro-
cess.2,3 A number of attempts have been made to overcome
the poor processability of PANI, including doping with func-
tionalized protonic acids such as dodecylbenzenesulfonic
(DBSA) and camphorsulfonic acids (CSA), preparation of
PANI composites with thermoplastic polymers, and synthesis
of copolymers of aniline and aniline with, for example, alkyl,
carboxylic acid, and sulfonic acid substituents.3–8 Self-doping
results from the polymerization of a mixture of aniline and
an acid group-substituted aniline.9

Copolymerization of aniline with aminobenzoic acids (ABAs)
gives copolymers that are soluble in aqueous basic media
and in polar solvents such as N-methyl-2-pyrrolidone (NMP)
and dimethyl sulfoxide (DMSO).3 The solubility of the copoly-
mer increases with the proportion of ABA in the copolymer
chains. Copolymers of aniline and ABA have been synthe-
sized by chemical and electrochemical routes and character-
ized by spectral, electrical, and thermal studies.3,9–13

The molecular structure of PANI has been investigated by
applying various 13C solid-state nuclear magnetic resonance

(NMR) techniques.14–27 These techniques can sensitively
reflect mutual interactions of the spins and their interactions
with the external magnetic field, which makes them useful in
structural investigations of the conducting polymers.27 Sev-
eral articles have reported the structure of aniline copoly-
mers investigated by solution-state (1H and 13C) NMR.3,28–31

However, to the best of our knowledge, there are no previ-
ous reports on solid-state 13C NMR studies of aniline
copolymers.

In a previously reported study, the copolymerization of ABA,
ethyl 3-amino benzoate, and butyl 3-aminobenzoate
(obtained from 3ABA by direct esterification) with aniline
was carried out by sonochemical polymerization in aqueous
hydrochloric acid using ammonium persulfate.32 The pre-
pared polymers were characterized by solution 1H NMR
spectroscopy, X-ray diffraction (XRD), FTIR, and differential
scanning calorimetry. The results showed that the crystalline
nature and the thermal stability of PANI were not noticeably
affected by copolymerization, and that the solubility in or-
ganic solvents increased but the conductivity decreased with
increasing incorporation of 3ABA and 3EAB in the
polymer.32

In this article, we report the chemical synthesis of poly(ani-
line-co-ethyl 3-aminobenzoate) (3EABPANI) copolymers
using potassium iodate (KIO3) as an oxidizing agent. The
physicochemical properties of the 3EABPANI were compared
with those of processable 3ABAPANI copolymers. A solid-
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state 13C CP MAS and NQS NMR study was performed to
investigate the differences in the molecular structure of
3EABPANI and 3ABAPANI copolymers, by comparison with
chemically synthesized PANI.

EXPERIMENTAL

Materials
Aniline, ethyl 3-aminobenzoate (3EAB), and 3-aminobenzoic
acid (3ABA) were purchased from Sigma-Aldrich. Aniline
was distilled under reduced pressure and stored in the dark
under nitrogen. KIO3 was obtained from Ajax Finechem.

Chemical Synthesis of Poly(aniline-co-ethyl 3-
aminobenzoate) and Poly(aniline-co-3-aminobenzoic
acid) Copolymers
Polymerization of comonomer mixtures with 1:1 mole ratios
of aniline to functionalized aniline (3ABA or 3EAB) was car-
ried out with aniline (0.04 mol), 3ABA (5.85 g, 0.04 mol) or
3EAB (6.6 g, 0.04 mol), KIO3 (8.64 g), and hydrochloric acid,
HCl (240 mL, 1.25 mol L�1). The synthesis of aniline with
3EAB with 1:2 and 2:1 aniline/3EAB mole ratios was carried
out by using the same procedure. The homopolymer of 3EAB
was also prepared (P3EAB).

After cooling the solution of KIO3 and HCl to 7 �C, aniline
and functionalized aniline monomers in the appropriate
mole ratios were added, and the solution was stirred for 5 h
at 7 �C. The reaction mixture was filtered, and the (finely di-
vided black) solid product was washed thoroughly with dis-
tilled water, transferred to a flask, and stirred overnight with
150 mL of 6% ammonia solution to dedope the polymer and
obtain the emeraldine base (EB) form. After filtering and
washing repeatedly with distilled water, the product was
stirred for 15 min with 75 mL of acetone, filtered again, and
dried in a vacuum oven at 40 �C overnight.

The emeraldine salt (ES) forms of the copolymers were pre-
pared by adding 0.1 g of synthesized copolymer in EB form
to HCl solution (100 mL, 1 mol L�1) and allowing the mix-
ture to stand for 24 h. The sample was then filtered, washed
repeatedly with distilled water, and dried in a vacuum oven
at 40 �C overnight.

Characterization
Elemental analysis was performed by the Campbell Micro-
analytical Laboratory at the University of Otago, Dunedin,
New Zealand.

Fourier transform infrared (FTIR) spectra were recorded
with a resolution of 2 cm�1 using a Nicolet 8700 FTIR spec-
trometer with KBr pellets. A total of 100 scans were aver-
aged for each sample.

Raman spectra were recorded at 1 cm�1 resolution using a
Renishaw Raman System-Model 1000 spectrometer with 785
nm (red) laser excitation.

UV–vis spectra of copolymers dissolved in a range of sol-
vents with concentration 0.05 g L�1 were recorded with a
Shimadzu UV-2102PC spectrophotometer over the wave-
length range 250–800 nm at an ambient temperature.

SEM was carried out using a Philips XL30S Field Emission
Gun with a SiLi (Lithium drifted) EDS detector with Super
Ultra Thin Window. The samples were 10 mm in diameter,
mounted on aluminum studs using adhesive graphite tape,
and sputter coated using a Polaron SC7640 Sputter Coater at
5–10 mA and 1.1 kV for 5 min.

Electrical conductivity of compressed pellets of the EB and
ES forms of the copolymers was measured using a Jandal
Multi Height Four-Point Probe with DC current source at an
ambient temperature.

EPR spectra of 20.0 mg samples of the EB and ES forms of
3EABPANI and poly(aniline-co-3-aminobenzoic acid) (3ABA-
PANI), in quartz EPR tubes, were recorded at an ambient
temperature using a JEOL JES-FA 200 EPR spectrometer. The
spin concentration was determined using hydrated copper
sulfate (CuSO4) as a standard. The EPR spectra of the sam-
ples and CuSO4 were recorded under the same conditions.

Solid-state NMR experiments were carried out on dry pow-
der EB samples using a Bruker AVANCE 300 spectrometer
operating at 300.13 MHz proton frequency. Basic spectra
were obtained using the standard CP MAS technique. The
experiments were carried out using a 7-mm Bruker spinning
probe with zirconia rotors. The proton 90� pulse duration
was 4.2 ls, and the RF field strength of the decoupling field
was 62.5 kHz. The contact time was 1.5 ms, recycle delay
was 2 s, and spectral width was 40 kHz. Nonquaternary sup-
pression (NQS) experiments were carried out with 22,000
scans, whereas basic CP MAS experiments were carried out
with 4800 scans at an ambient temperature using samples
enclosed in the rotors. The 13C chemical shift scale was ref-
erenced to TMS. Samples were rotated at 7000 6 1 Hz, and
the magic angle was adjusted by maximizing the sidebands
of the 79Br signal of a KBr sample.

RESULTS AND DISCUSSION

The general structure of the copolymers and homopolymers
is shown in Scheme 1.

The EB forms of 3EABPANI were synthesized using KIO3 as
an oxidizing agent from comonomer mixtures with aniline/
3EAB mole ratios 2:1, 1:1, and 1:2 (Table 1). 3ABAPANI was
synthesized using a comonomer mixture with 1:1 mole ratio
of aniline to 3ABA, which resulted in a good yield and
a product with enhanced solubility as described in refs. 3,
10–14.

To obtain the copolymer composition, the ratio of aniline to
ABA or EAB units was measured through elemental analysis,
using C/N ratio. We assumed that aniline homopolymer has
a C/N ratio equal to 6 and 3-aminobenzoic acid (P3ABA) or
ethyl 3-aminobenzoate (P3EAB) homopolymer has a C/N ra-
tio equal to 7 or 9, respectively. The calculated C/N ratio for
all samples was in good agreement with the theoretically
predicted values. The elemental analysis data also showed
the presence of iodine in the copolymer powders. The
results of the detailed investigation of polymerization of ani-
line by KIO3 in aqueous acidic media reported by Armes and
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Aldissi33 suggested that the iodine species I3
� and I� were

incorporated in the PANI product. In the series of 3EABPANI
copolymers, the iodine content decreased somewhat with
increased proportion of 3EAB in the feed, probably because
of incorporation of ACOO� as an alternative dopant in the
copolymer chains.

The yield of EABPANI copolymer decreased markedly as the
proportion of functionalized aniline, 3EAB, increased in the
feed. This trend is consistent with the proposed mechanism
for the copolymerization of aniline, which involves electro-
philic substitution of the comonomer by the growing poly-
mer chain.9 A similar trend was previously reported for
3ABAPANI copolymers.3 The electron-withdrawing carboxylic
acid group deactivates the aromatic system and, coupled
with steric factors, retards incorporation of ABA relative to
aniline in the copolymer chains.

FTIR Spectroscopy
Figures 1 and 2 show FTIR spectra of 3EABPANI and 3ABA-
PANI copolymers in their EB and ES forms, respectively. The
characteristic band due to C¼¼O group was observed in the
spectra of all copolymer samples (at 1690 cm�1 for carbox-
ylic acid and shifted to 1712 cm�1 for ester), with higher in-
tensity in the ES forms, confirming incorporation of ABA or
EAB units in the copolymers. As expected, the intensity of
this band decreased when the proportion of aniline in the
feed increased. The bands at 1586 and 1500 cm�1 corre-
spond to the CAC ring stretching vibrations of the quinoid
and benzenoid structures, respectively. The band at 1235

cm�1 in the spectra corresponds to CAN stretching modes of
the benzenoid ring. The CAO stretching vibration for ester
overlaps with the aromatic amine stretching vibration
(1000–1030 cm�1). The peak at 800 cm�1 is ascribed to the
out-of-plane CAH bending mode.

The NHþ structure in ES forms of copolymers was confirmed
with the band appearing at 1135 cm�1. Shifts of the bands
due to quinoid units from 1586 and 1162 cm�1 to 1574 and
1135 cm�1, respectively, were observed in the protonated
salt form of the 3ABAPANI and 3EABPANI copolymers.

The bands at 1220, 1105, 1010, and 830 cm�1 arise from
1,4 substitution of the benzene ring. Bands due to function-
alized aniline were also found in both ES and EB forms of
the copolymers.

Raman Spectroscopy
Raman spectra of the synthesized copolymers showed simi-
lar bands to those for PANI.34,35 As an example, the Raman
spectra of copolymers 3ABAPANI and 3EABPANI (1:1) in
both EB and ES forms are presented in Figure 3.

Upon protonation of the copolymers, the intensities of the
C¼¼N stretching band of the quinoid diimine units at 1491
cm�1 and the CAN band of the benzenoid units decreased.34

The appearance of the band at 1336 cm�1 in the ES form of
the copolymers is assigned to CAN stretching of the cation
radical species.34–36 This result confirms the doping of the
PANI sample and the existence of a biopolaronic structure in
the copolymers. The concentration of the cation radical is
related to the charge localization of the N atoms. The copoly-
mers show a strong ring deformation quinoid band at 770
cm�1. An amine deformation band, NAH bending, at 1410
cm�1 was also observed in the ES forms of the 3ABAPANI
and 3EABPANI (1:1) copolymers.

UV–Vis Spectroscopy
The 3EABPANI and 3ABAPANI copolymers are more soluble
than PANI in common solvents, and the solubility of the
copolymers increases with the amount of functionalized ani-
line in the feed.3 A comparative UV–vis study of 3ABAPANI
and 3EABPANI (EB) copolymers synthesized from a reaction
mixture with a 1:1 mole ratio of aniline to functionalized an-
iline was performed (Table 2). The 3EABPANI copolymer
showed better solubility in common solvents than 3ABA-
PANI, probably because of the less polar ester group in the
polymer chain. UV–vis spectra of the 3ABAPANI and 3EAB-
PANI (EB) 1:1 copolymers in tetrahydrofuran (THF) and
DMSO solvents are presented in Figures 4 and 5.

SCHEME 1 General structure of 3EABPANI and 3ABAPANI

copolymers.

TABLE 1 Yield and Elemental Composition of the Synthesized Copolymers and Homopolymer

Sample C (%) H (%) N (%) I (%) C/N Yield (%)

3ABAPANI (1:1) 66.53 4.46 11.85 5.06 6.55 51

3EABPANI (2:1) 70.68 4.42 12.28 6.69 6.71 56

3EABPANI (1:1) 67.56 4.35 10.52 5.99 7.49 44

3EABPANI (1:2) 60.63 3.98 8.83 4.66 8.01 24

P3EAB 31.32 2.36 4.09 3.96 8.93 19
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The UV–vis spectra showed two main absorptions at 313–
338 nm and 550–629 nm. The shoulder of the first peak
observed at 273 nm for 3ABAPANI and at 290 nm for 3EAB-

PANI in THF solvent (Fig. 4) is attributed to the n ! p* tran-
sition because of the presence of nonbonding electrons on
the COO� groups.13 The first peak is attributed to the p !
p* transition in the benzenoid ring (called the B peak).37

This peak appears at a shorter wavelength than in PANI,
because copolymers are less conjugated. The B peak under-
goes a blue shift when the solvent is changed from DMSO to
THF. The second peak (called the Q peak) is assigned to the
transition of an electron from the highest occupied molecular
orbital (HOMO, pb) of the benzenoid part of EB to the lowest
unoccupied molecular orbital (LUMO, pq) of the quinoid
ring.38–40

FIGURE 1 FTIR spectra of the copolymers in EB forms. (A)

3ABAPANI 1:1, (B) 3EABPANI 1:1, (C) 3EABPANI 1:2, (D) 3EAB-

PANI 2:1, and (E) homopolymer P3EAB.

FIGURE 2 FTIR spectra of the copolymers in ES forms. (A)

3ABAPANI 1:1, (B) 3EABPANI 1:1, (C) 3EABPANI 1:2, and (D)

3EABPANI 2:1.
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When Kosower’s Z-value,41 which is often taken as a mea-
sure of the polarity of a solvent, increases from the less po-
lar THF to highly polar DMSO, the lower energy absorption
peak shifts from 550 and 580 nm for 3ABAPANI and 3EAB-
PANI, respectively, to 629 nm, that is, a hypsochromic shift.41

This can be explained by the ability of the solvent to interact
with the amine group as a hydrogen bond acceptor thus
replacing the interchain hydrogen bonding between the
amine groups acting as H-bond donors and the imine groups
of adjacent chains (acting as H-bond acceptors). Thus, the
copolymers are soluble in solvents such as NMP and insolu-
ble in N-methylpyrrolidine solvent because of the possibility
of hydrogen bonding of NMP to the polymer.

SEM
SEM micrographs for the copolymer 3EABPANI 1:1 and
homopolymer P3EAB are presented in Figure 6. The copoly-
mer 3EABPANI 1:1 shows two features, one amorphous and
the other a crystalline domain. PANI is known to have amor-
phous morphology, so this may be associated with the differ-
ent reactivities of the monomers. It is also possible that
small amounts of the homopolymer (P3EAB) could be pres-
ent in the copolymer 3EABPANI 1:1. P3EAB displays crystal-
line morphology with particles with well-defined edges and
lamellar structure, which confirmed previously observed
crystalline structure of P3EAB by XRD in ref. 32. As similarly
observed for poly(3-amino benzoic acid) (P3ABA),3 the crys-
talline morphology may result from intramolecularly hydro-
gen-bonded 3EAB units.

FIGURE 3 Raman spectra of the copolymers. (A) 3ABAPANI 1:1

ES, (B) 3EABPANI 1:1 ES, (C) 3ABAPANI 1:1 EB, and (D) 3EAB-

PANI 1:1 EB.

TABLE 2 Absorption Maxima for 0.05 g L21 Solutions of

3EABPANI and 3ABAPANI 1:1 (EB) in Various Solvents

Solvent kmax, A kmax, B kmax, C

N-Methyl-2-pyrrolidone 629 327 –

Pyridine 614 338 –

2,6-Dimethyl pyridine 621 329 –

2,4,6-Trimethyl pyridine 626 326 –

Dimethyl sulfoxide (DMSO) 629 328 –

N,N-Dimethyl acetamide 629a/621b 324 –

Tetrahydrofuran (THF) 580a/550b 313 273a/290b

Dimethylformamide (DMF) 615 320 –

Dichloromethanec 543 319 275

Chloroformc 561 321 343

a For 3EABPANI (1:1) copolymer.
b For 3ABAPANI (1:1) copolymer.
c The solubility of 3ABAPANI in these solvents was <0.05 g L�1.

FIGURE 4 UV–Vis spectra of (A) 3ABAPANI and (B) 3EABPANI

1:1 copolymers in EB form, in THF solvent.
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Conductivity Measurements
The EB forms of the copolymers have low conductivity in
the range 10�5–10�6 S cm�1, similar to PANI (Table 3). The
conductivity of PANI increased with doping level and
reached a maximum value of 0.5 S cm�1 for PANI doped
with 1 mol L�1 HCl. No significant change in the conductivity
was observed at higher doping levels, in agreement with pre-
viously reported results.42 Hence, the ES forms of 3EABPANI
and 3ABAPANI copolymers were prepared by doping the EB
forms with 1 mol L�1 HCl; the conductivity data are pre-
sented in Table 3. The protonation of 3ABAPANI and 3EAB-
PANI was confirmed by the FTIR and Raman spectra (Figs. 2
and 3).

The relatively high conductivity (1.4 � 10�1 S cm�1)
obtained for 3ABAPANI 1:1 copolymer compared with PANI
was similar to previously published results.3,13 Lower con-
ductivities in the range 10�2–10�3 S cm�1 were found for
3EABPANI copolymers. The conductivity decreased with
decreasing proportion of aniline in the comonomer reaction
mixture, and hence with decrease of the proportion of ani-
line units in the 3EABPANI copolymer backbones. The con-
ductivity of the copolymers decreased �10 orders of magni-

tude for 3EABPANI 1:2 compared to 3EABPANI 2:1. This
result is consistent with the FTIR results and can be
explained by nonregularity of the copolymer structure
caused by the incorporation of 3EAB that breaks the conju-
gation in the polymer chains. In addition, the anionic ‘‘self-
doping’’ effect may further limit the mobility of the charge
carriers.3

EPR Spectroscopy
EPR spectra of 3ABAPANI and 3EABPANI (ES) forms are pre-
sented in Figure 7. Spin concentrations (Table 3) of the
recorded samples were determined using CuSO4 as a stand-
ard. The following equation (eq 1) was used in the calcula-
tion of the spin concentrations:

Nsample ¼ Isample

ICuSO4

� nCuSO4 � NA

msample

� �
; (1)

where Nsample is the spin concentration of the sample, msample

is mass of sample (50 � 10�3 g), nCuSO4
is the amount of

copper sulfate (2.04 � 10�3 mol), NA is the Avogadro constant
6.02 � 1023 mol�1, Isample and ICuSO4

(3.37 � 107) are the EPR
signal intensities of the sample and copper sulfate,
respectively.

The presence of the ACOOH group in the 3ABAPANI polymer
chain increased the spin concentration toward or the same
feed ratio of aniline to functionalized aniline in the comono-
mer reaction mixture for 3EABPANI samples.

The spin concentration increased with the proportion of
3EAB in the feed for 3EABPANI samples. The spin concentra-
tion in 3EABPANI forms was �2.0–2.5 times higher than in
the EB forms.

13C CP MAS NMR Spectroscopy
To get the information about the structural characteristics of
copolymers in EB forms, solid-state 13C CP MAS experiments
were carried out (Fig. 8). All peaks previously assigned to
chemically synthesized PANI26,27 at 123.3, 137.4, 141.1,
147.2, and 158.3 ppm were observed. The peak at 123.3
ppm is broad and consists of several resonances, which indi-
cate differences in the chemical environments of protonated
carbons C-2 and C-3 (Scheme 1). The peaks at 137.4 and

FIGURE 5 UV–vis spectra of (A) 3ABAPANI and (B) 3EABPANI

1:1 copolymers in EB form, in DMSO solvent (the discontinuity

at 700 nm is due to an instrumental artifact).

FIGURE 6 The SEM micrograph of (A) 3EABPANI 1:1 and (B) P3EAB.
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158.3 ppm originate from protonated C-8 and the nonproto-
nated C-7 carbons, respectively, in the quinoid part of the co-
polymer structure. The peaks at 141.1 and 147.2 ppm are
associated with the C-4, 5 and C-1 nonprotonated carbons,
respectively.

The characteristic peak due to carbonyl group C¼¼O43 was
observed at 165.0 ppm in the spectra of copolymer samples
for which the incorporation of ABA or EAB units in the co-
polymer chain was confirmed by the FTIR spectra. In addi-
tion, confirmation of incorporation of EAB units is provided
by the peaks at 14.7 and 61.3 ppm originating from the CH3

and CH2 units, respectively, of the ethyl ester group [Fig.
8(B–D)]. However, the peak at 61.3 ppm is partially over-
lapped with spinning sideband from the peak at 123.3 ppm,
and therefore, the peak at 14.7 ppm peak could indicate the
presence and the amount of ethyl ester groups more
precisely.

Local fluctuations in conformational and configurational
geometries and a distribution in chain packing contrib-

ute to line broadening and produce inhomogeneously
broadened resonances, which consist of superposed
overlapping narrow peaks.26,43 For that reason, we car-
ried out NQS experiments at different dephasing times
in which protonated carbon resonances were partially
suppressed, so that the nonprotonated carbons domi-
nate the spectra.

As an example, NQS spectra at 0.0057 ms for the copoly-
mers in EB forms are presented in Figure 9. The peak at
165 ppm was clearly observed in all NQS spectra, again
confirming incorporation of ABA and EAB units in the co-
polymer chains.

FIGURE 7 EPR spectra of the copolymers in ES form. (A) 3ABA-

PANI 1:1, (B) 3EABPANI 1:1, (C) 3EABPANI 1:2, and (D) 3EAB-

PANI 2:1.

TABLE 3 Conductivity and Spin Concentration Nsample for the

Synthesized Copolymers

Sample

Conductivity

(S cm�1)

Spin

Concentration

Nsample (spin g�1)

� 1018

3ABAPANI ES (1:1) 1.4 � 10�1 4.892

3EABPANI ES (2:1) 3.2 � 10�2 1.958

3EABPANI ES (1:1) 7.1 � 10�3 3.598

3EABPANI ES (1:2) 2.4 � 10�3 6.932

3ABAPANI EB (1:1) 9.6 � 10�5 2.038

3EABPANI EB (2:1) 1.9 � 10�5 0.792

3EABPANI EB (1:1) 3.7 � 10�6 1.457

3EABPANI EB (1:2) 1.2 � 10�6 2.772

FIGURE 8 13C CPMAS NMR spectra of the copolymers in EB

forms. (A) 3ABAPANI 1:1, (B) 3EABPANI 1:1, (C) 3EABPANI 1:2,

and (D) 3EABPANI 2:1.
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CONCLUSIONS

3EABPANI was chemically synthesized by oxidative polymer-
ization of aniline and 3-ethylamino benzoate in 1.25 mol L�1

aqueous HCl using KIO3 as an oxidizing agent. FTIR, Raman,
UV–vis, elemental analysis, and solid-state NMR results con-
firmed incorporation of EAB units in the copolymer chains.
The 3EABPANI copolymers showed higher solubility than
3ABAPANI in common solvents probably because of the less
polar ester group (compared to ACOOH) in the copolymer
chains. Good conductivity (1.4 � 10�1 S cm�1) was found
for 3ABAPANI ES 1:1 copolymer, and lower conductivity in
the range 10�2–10�3 S cm�1 for 3EABPANI ES copolymers,
for which the conductivity decreased further with increase

in the proportion of 3EAB units in the copolymer chains.
SEM micrographs of the copolymers reveal regions of amor-
phous and crystalline domain. EPR spectra of 3ABAPANI
(ES) and 3EABPANI (ES) show that with the presence of the
ACOOH group in the copolymer chains the spin concentra-
tion is higher for the same feed ratio of aniline to functional-
ized aniline in the reaction mixture. The EPR spectra of the
3EABPANI copolymers indicate a decrease in spin concentra-
tion when the proportion of EAB in the copolymers is
increased. CP MAS and NQS NMR results confirmed incorpo-
ration of ABA and EAB units in the copolymer chains with
appearance of the resonances at 165.0 ppm due to C¼¼O and
at 14.7 ppm (CH3) and 61.3 ppm (CH2) from the ethyl group.
NMR data further suggest that the benzenoid/quinoid
order is mainly retained in the copolymer structure and that
copolymer structures consist of benzenoid and quinoid alter-
nating units.

The authors acknowledge financial support from the Founda-
tion for Research, Science and Technology, New Zealand (Con-
tract Nos. UOAX0606 and UOAX0812).

REFERENCES AND NOTES

1 Shirakawa, H.; Louis, E. J.; MacDiarmid, A. G.; Chiang, C. K.;

Heeger, A. J. J Chem Soc Chem Commun 1977, 16, 578–580.

2 Pandey, S. S.; Annapoorni, S.; Malhotra, B. D. Macromole-

cules 1993, 26, 3190–3193.

3 Rao, P. S.; Sathyanarayana, D. N. Polymer 2002, 43,

5051–5058.

4 Su, S. J.; Kuramoto, N. Synth Met 2000, 108, 121–126.

5 Cao, Y.; Smith, P.; Heeger, A. J. Synth Met 1992, 48, 91–97.

6 Laska, J.; Zak, K.; Pron, A. Synth Met 1997, 84, 117–118.

7 Leclerc, M.; Guay, J.; Dao, L. H. Macromolecules 1989, 22,

649–653.

8 Yue, J.; Epstein, A. J. J Am Chem Soc 1990, 112, 2800–2801.

9 Chan, H. S. O.; Ng, S. C.; Sim, W. S.; Tan, K. L.; Tan, B. T. G.

Macromolecules 1992, 25, 6029–6034.

10 Yue, J.; Wang, Z. H.; Cromack, K. R.; Epstein, A. J.; MacDiar-

mid, A. G. J Am Chem Soc 1991, 113, 2665–2671.

11 Karyakin, A. A.; Strakhova, A. K.; Yatsimirsky, A. K. J Elec-

troanal Chem 1994, 371, 259–265.

12 Rivas, B. L.; Sánchez, C. O. J Appl Polym Sci 2003, 89,

2641–2648.

13 Salavagione, H. J.; Acevedo, D. F.; Miras, M. C.; Motheo, A.

J.; Barbero, C. A. J Polym Sci Part A: Polym Chem 2004, 42,

5587–5599.

14 Kaplan, S.; Conwell, E. M.; Richter, A. F.; MacDiarmid, A. G.

J Am Chem Soc 1988, 110, 7647–7651.

15 Hjertberg, T.; Sandberg, M.; Wennerstrom, O.; Lagerstedt, I.

Synth Met 1987, 21, 31–39.

16 Kababya, S.; Appel, M.; Haba, Y.; Titelman, G. I.; Shmidt, A.

Macromolecules 1999, 32, 5357–5364.

17 Zeng, X. R.; Ko, T. M. Polymer 1998, 39, 1187–1195.

FIGURE 9 Series of spectral editing (13C NQS) at 0.0057 ms for

the copolymers in EB forms. (A) 3ABAPANI 1:1, (B) 3EABPANI

1:1, (C) 3EABPANI 1:2, and (D) 3EABPANI 2:1.

JOURNAL OF POLYMER SCIENCE: PART A: POLYMER CHEMISTRY DOI 10.1002/POLA

1346 INTERSCIENCE.WILEY.COM/JOURNAL/JPOLA



18 Espe, M. P.; Mattes, B. R.; Schaefer, J. Macromolecules

1997, 30, 6307–6312.

19 Mathew, R.; Mattes, B. R.; Espe, M. P. Synth Met 2002, 131,

141–147.

20 Raghunathan, A.; Rangarajan, G.; Trivedi, D. C. Synth Met

1996, 81, 39–47.

21 Hjertberg, T.; Salaneck, W. R.; Lundstrom, I.; Somasiri, N. L.

D.; MacDiarmid, A. G. J Polym Sci Polym Lett Ed 1985, 23,

503–508.

22 Kolbert, A. C.; Caldarelli, S.; Thier, K. F.; Sacricifitci, N. S.;

Cao, Y.; Heeger, A. J Phys Rev B 1995, 51, 1541–1545.

23 Goddard, Y. A.; Vold, R. L.; Hoatson, G. L. Macromolecules

2003, 36, 1162–1169.

24 Menardo, C.; Nechtschein, M.; Rousseau, A.; Travers, J. P.;

Hany, P. Synth Met 1988, 25, 311–322.

25 Hagiwara, T.; Yamaura,M.; Iwata, K.SynthMet 1988, 26, 195–201.

26 Zujovic, Z. D.; Gizdavic-Nikolaidis, M.; Kilmartin, P. A.;

Travas-Sejdic, J.; Cooney, R. P.; Bowmaker, G. A. Appl Magn

Reson 2005, 28, 123–126.

27 Zujovic, Z. D.; Gizdavic-Nikolaidis, M.; Kilmartin, P. A.;

Idriss, H.; Senanayake, S. D.; Bowmaker, G. A. Polymer 2006,

47, 1166–1171.

28 Ram, M. K.; Sarkar, N.; Ding, H.; Nicolini, C. Synth Met

2001, 123, 197–206.

29 Mav-Golez, I.; Zigon, M. Polym Bull 2000, 45, 61–68.

30 Nguyen, M. T.; Kasai, P.; Miller, J. L.; Diaz, A. Macromole-

cules 1994, 27, 3625–3631.

31 Nguyen, M. T.; Diaz, A. Macromolecules 1995, 28,

3411–3415.

32 Moghadam, P. N.; Khalafy, J.; Taheri, T. Polym Adv Tech-

nol, in press; DOI: 10.1002/pat. 1419.

33 Armes, S. P.; Aldissi, M. Polymer 1991, 32, 2043–2048.

34 Cochet, M.; Louarn, G.; Quillard, S.; Buisson, J. P.; Lefrant,

S. J Raman Spectrosc 2000, 31, 1041–1049.

35 Pereira da Silva, J. E.; de Faria, D. L. A.; Cordoba de Torresi,

S. I.; Temperini, M. L. A. Macromolecules 2000, 33, 3077–3083.

36 Cochet, M.; Louarn, G.; Quillard, S.; Buisson, J. P.; Lefrant,

S. J Raman Spectrosc 2000, 31, 1029–1039.

37 McCall, R. P.; Ginder, J. M.; Leng, J. M.; Ye Zuo, H. J.; Man-

ohar, S. K.; Masters, J. G.; Asturias, G. E.; MacDiarmid, A. G.;

Epstein, A. J. J Phys Rev B: Condens Matter 1990, 41,

5202–5213.

38 Huang, W. S.; MacDiarmid, A. G. Polymer 1993, 34,

1833–1845.

39 Lu, F. L.; Wudl, F.; Nowak, M.; Heeger, A. J. J Am Chem

Soc 1986, 108, 8311–8313.

40 Gizdavic-Nikolaidis, M.; Bowmaker, G. A. Polymer 2008, 49,

3070–3075.

41 Yasuda, T.; Yamaguchi, I.; Yamamoto, T. J Mater Chem

2003, 13, 2138–2144.

42 Ray, A.; Richter, A. F.; MacDiarmid, A. G. Synth Met 1989,

29, 151–156.

43 Zujovic, Z. D.; Zhang, L.; Bowmaker, G. A.; Kilmartin, P. A.;

Travas-Sejdic, J. Macromolecules 2008, 41, 3125–3135.

ARTICLE

SYNTHESIS AND CHARACTERIZATION OF 3EABPANI, GIZDAVIC-NIKOLAIDIS ET AL. 1347


