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ABSTRACT: Electrochemical preparation of poly(2-bro-
moaniline) (PBrANI) and poly(aniline-co-2-bromoaniline)
[P(An-co-2-BrAn)] was carried out in an acetonitrile solution
containing tetrabutylammonium perchlorate (TBAP) and
perchloric acid (HCIO,). The cyclic voltammograms during
the copolymerization had many features similar to those for
the usual polymerization of aniline. The copolymer exhibits
a higher dry electrical conductivity value than that of
PBrANI and a lower one than that of PANI. The observed

decrease in the conductivity of the copolymer relative to
PANI is attributed to the incorporation of bromine moieties
into the polyaniline chain. The structure and properties of
the polymer and copolymer were elucidated using cyclic
voltammetry (CV), FTIR, and UV-vis spectroscopy. © 2003
Wiley Periodicals, Inc. ] Appl Polym Sci 90: 24602468, 2003
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INTRODUCTION

Polyaniline (PANI) has been studied extensively as a
special member of the conducting polymer family be-
cause of its stability in the presence of air and humid-
ity. PANI has shown many promising applications in
industries related to high technologies. PANI and its
derivatives can be used in active electrodes,' recharge-
able batteries,? indicators,® electrochromic devices,*
microelectronics,” etc. However, its applications are
strongly limited by its poor processibility. Electropo-
lymerization of aniline derivatives has been widely
investigated for the improvement of processibility and
other properties of conductive PANI. Substituted PA-
NIs are used to increase the processibility of the poly-
mer. Substituted PANI can be prepared by modifying
the polymer chain in the following ways®: (i) the post-
treatment of parent PANI; (ii) the chemical or electro-
chemical polymerization of aniline derivatives; and
(iii) the copolymerization of aniline with ring or N-
substituted derivatives. The effect of electron-donat-
ing groups (alkoxy, alkyl, etc.) on the solubility and
conductivity of PANI has been reported in the litera-
ture.” ! There are also a few studies about the poly-
merization of aniline containing electron-withdrawing
groups as substituents. The sulfonic acid dopants can
improve the solubility of polymers in common organic
solvents and in water. Introducing a —SO;H group on
the PANI chain affects the properties of the parent
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PANI without substantially changing the conductivity
and is of specific interest for several reasons such as
solubility, environmental stability, and processibil-
ity 1215

Halogen-substituted PANIs, such as fluoro-substi-
tuted,®'°° chloro-substituted,'®2? and iodo-substi-
tuted,” have been synthesized and characterized. The
polymers, which have electron-donating groups, are
soluble in common organic solvents but exhibit lower
electrical conductivity values (107°~10"" S/cm) than
those of unsubstituted PANI and the electrical con-
ductivity of the copolymers is strongly dependent on
the amount of substituted aniline incorporated.” !
D’Aprano et al. reported that alkoxy monosubstituted
anilines exhibit lower conductivities than those ob-
tained with the alkyl derivatives.** Kang and Yung
reported that substitution by an electronegative group
(F and Cl) lowers the conductivity of a polymer
(<107 S/cm).” Neoh et al. also measured the con-
ductivity of iodine- and chlorine-substituted PANI to
be smaller than 107° S/cm.* These results indicate
that the side groups may markedly affect the conduc-
tivity and processibilty of a polymer. Roy et al. re-
ported on the chemical synthesis of poly(o-bromoani-
line) and poly(aniline-co-o-bromoaniline) using meth-
ane sulfonic acid as a dopant in an aqueous solution.*®
Stejskal et al. synthesized brominated PANI by the
reaction of PANI with bromine in an aqueous medi-
um.?” The content of bromine in the modified polymer
increased with the amount of bromine introduced into
the reaction mixture. The conductivity of poly(2-bro-
moaniline) (PBrANI) was found to be 3.9 X 107°S/cm
in the same work. However, electrochemical polymer-
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ization of 2-bromoaniline and copolymerization of it
with aniline in an acetonitrile solution were not en-
countered in the literature.

In this work, we report on the electrochemical syn-
thesis of PBrANI (homo polymer) and poly(aniline-co-
2-bromoaniline) [P(An-co-2-BrAn)] (copolymer) in an
acetonitrile solution containing TBAP and HCIO,. The
dry electrical conductivity values of the polymer and
copolymer were measured by the four-probe tech-
nique. The structure and properties of the polymer
and copolymer were elucidated using cyclic voltam-
metry (CV), FTIR, and UV-vis spectroscopy.

EXPERIMENTAL

Aniline (Aldrich, Milwaukee, WI) was vacuum-dis-
tilled (67°C) and kept under a nitrogen atmosphere.
2-Bromoaniline (Aldrich, Milwaukee, WI) was used
without further purification. Acetonitrile (Merck, Li-
Chrosolv, Darmstadt, Germany), perchloric acid (70%,
Aldrich), and tetrabutylammonium perchlorate
(TBAP) (Aldrich, Steinheim, Germany) was used as a
solvent, as an acid, and as a supporting electrolyte,
respectively. The preparation of TBAP was described
by Sahin et al. *® All electrochemical experiments were
carried out under a nitrogen atmosphere. The electro-
chemical cell used was of the three-electrode type with
separate compartments for the reference electrode
(Ag/Ag(l, sat.) and the counter electrode (Pt, spiral).
The acetonitrile containing a 0.1M TBAP solution in
the reference electrode compartment was saturated
with AgCl. The working electrode for the cyclic vol-
tammetric studies was a Pt disc (area, 0.0132 cm?). The
working electrode was cleaned by polishing with an
Al O3 slurry. The macrosamples of the polymer and
copolymer films were prepared on a Pt foil (area, 1.0
cm®) cleaned by holding it in a flame for a few min-
utes. The electrodes were rinsed with acetonitrile and
dried before use. Electrodeposition was performed by
cyclic potential sweeping in the potential range between
—0.30 and +1.90 V (versus Ag/AgCl, sat.) at a sweep
rate of 100 mV/s. The films prepared electrochemically
were immersed in acetonitrile to remove TBAP and the
soluble oligomers and dried under a vacuum at room
temperature. Because of their porosity, the films were
pressed under a pressure of 5 tons cm ™ > before measur-
ing the dry electrical conductivity of the films.

The dry electrical conductivity values depending on
the film thickness were measured using a four-probe
technique at room temperature. Gold-plated probes
were used to avoid any errors that might arise from
the ohmic contacts. At least 10 different current values
were used in the measurement of the potential de-
creases. The electrochemical instrumentation consisted
of a Bank Wenking POS 88 Model potentiostat and a
Bank 175 model integrator. The current—voltage curves
were recorded with a universal software program.

UV-vis spectra of the polymer and copolymer solu-
tions in DMSO were recorded on a Perkin-Elmer spec-
trophotometer. The polymer and copolymer struc-
tures were determined by an FTIR spectrophotometer
also using a Perkin-Elmer instrument.

RESULTS AND DISCUSSION

The oxidation of aniline and 2-bromoaniline was re-
corded at the peak potential of +0.90 V [Fig. 1(a)] and
+1.10 V [Fig. 2(a)] (versus Ag/AgCl), respectively, in
a TBAP/acetonitrile medium. The first step in the
development of a PANI-like structure is often the
oxidation of monomers to radical cations. These spe-
cies are reactive toward most nucleophiles. When the
potential scan was reversed toward the cathodic di-
rection, no reduction peak appeared.

Figure 1(a) shows the initial five cyclic voltammetric
sweeps taken during the oxidation of 75 mM aniline
+ 30 mM HCIO, in a 0.1M TBAP /acetonitrile solution.
The potential was scanned from —0.30 to +1.90 V
(versus Ag/AgCl) at scan rate of 100 mV/s. The oxi-
dation peak of the aniline shifts to higher anodic po-
tentials and gradually disappears. It shows the forma-
tion of a film on the electrode surface and behaves
differently from that of a bare Pt working electrode.
Figure 1(b) demonstrates the subsequent sweeps ob-
tained in the same solution. The formation and growth
of the polymer film can easily be seen in this figure.
The oxidation and reduction peaks of the film increase
in intensity as the film grows. Two broad oxidation
and reduction peaks are observed during the growth
of the film. The first oxidation peak at the potential of
+0.40 V belongs to the formation of a leucoemeraldine
cation radical from leucoemeraldine. The reverse re-
duction process occurs with a peak potential of +0.025
V. The leucoemeraldine cation radical is further oxi-
dized to emeraldine at the peak potential of +1.10 V
with a corresponding cathodic peak at +0.70 V be-
longing to the reverse process. The electrochemical
behavior of the film, in an acetonitrile solution con-
taining 0.1M TBAP (neutral blank solution), is shown
in Figure 1(c). The film exhibits two broad oxidation
and two reduction peaks related to the blank solution.
As seen in this figure, the electroactivity of the film did
not deteriorate in the neutral blank solution.

Figure 2(a) illustrates the first five cyclic voltammo-
grams during electrochemical polymerization of 75
mM 2-bromoaniline + 30 mM HCIO, in a 0.1M
TBAP/acetonitrile solution. The potential was
scanned from —0.30 to +1.90 V (versus Ag/AgCl) at a
scan rate of 100 mV/s. The intensity of the oxidation
peak of 2-bromoaniline decreased and shifted to
higher anodic potentials. A polymeric film was depos-
ited onto the electrode surface during electrooxidation
of 2-bromoaniline. The electrochemistry of the mono-
mers (aniline and 2-bromoaniline) was quite similar.
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Figure 1 Cyclic voltammograms of the acetonitrile solution containing 75 mM aniline + 30 mM HCIO,/0.1M TBAP: (a)
initial five cyclic voltammograms; (b) subsequent multisweep cyclic voltammograms; (c) electrochemical behavior of the
polymer film in neutral blank solution (0.1M TBAP). Scan rate: 100 mV/s.

However, the growth rate of the polymer film was
significantly slower [Fig. 2(b)] than that of PANI [Fig.
1(b)]. The voltammogram of 2-bromoaniline involves
three oxidation and two reduction peaks [Fig. 2(b)].
The first oxidation peak at about +0.40 V belongs to
the formation of a leucoemeraldine cation radical from
leucoemeraldine. The reverse reduction process oc-
curs with a peak potential of +0.15 V. The leucoem-
eraldine cation radicals further oxidized to emeraldine
at the peak potential of +0.80 V, with a corresponding
cathodic peak at +0.70 V belonging to the reverse
process. The third oxidation peak, which appears at
+1.20 V, is due to the oxidation of emeraldine to an

emeraldine cation radical. The electrochemical behav-
ior of the film in the neutral blank solution is seen in
Figure 2(c). The film did not lose its electroactivity in
this medium.

Figure 3 shows the cyclic voltammetric sweeps
taken during the oxidation of 75 mM 2-bromoaniline
+ 150 mM aniline in an acetonitrile solution contain-
ing 0.1M TBAP and 30 mM HCIO,. The films were
grown in aniline solutions in the range of 25-200 mM
by cycling of the potential between —0.30 and +1.90 V
(versus Ag/AgCl) for the same period of time (30 min)
at a scan rate of 100 mV/s. The optimum aniline
concentration was found to be 150 mM. There was a
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Figure2 Cyclic voltammograms of the acetonitrile solution containing 75 mM 2-bromoaniline + 30 mM HCIO,/0.1M TBAP:
(a) initial five cyclic voltammograms; (b) subsequent multisweep cyclic voltammograms; (c) electrochemical behavior of the
polymer film in neutral blank solution (0.1M TBAP). Scan rate: 100 mV/s.

considerable decrease in the yield of the copolymer
formation below and above this aniline concentration.
As shown in Figure 3, the cyclic voltammograms dur-
ing the copolymerization have many features similar
to those for the usual polymerization of aniline and
2-bromoaniline as shown in Figures 1 and 2. These

similar voltammograms hint that the structure of the
copolymer is not substantially different from PANI
and PBrANL

The electrochemical behavior of the films in basic
and acidic solutions is given in Figures 4 and 5, re-
spectively. PANI and poly(2-iodoaniline) (PLANI) lose
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Figure 3 Cyclic voltammograms of the acetonitrile solution containing 75 mM 2-bromoaniline + 150 mM aniline + 30 mM
HClO,/0.1M TBAP: (a) initial five cyclic voltammograms; (b) subsequent multisweep cyclic voltammograms; (c) electro-
chemical behavior of the polymer film in neutral blank solution (0.1M TBAP). Scan rate: 100 mV/s.

their electroactivities completely even after a few cy-
cles by the addition of small amounts of pyridine (5
mM) into the TBAP/acetonitrile solution.”?° In the
cyclic voltammograms of the PBrANI and P(An-co-2-
BrAn) films in a basic blank solution, containing 0.1M
TBAP and 5 mM pyridine, the oxidation and reduc-

tion peak of the films disappeared after a few potential
scans (Fig. 4), whereas they remained almost un-
changed in the neutral blank solution [Fig. 2(c)]. Pyri-
dine causes a rapid loss of electroactivity. The films
did not lose their electroactivities in the acidic blank
solution, which contained an excess amount of HCIO,
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Figure 4 Electrochemical behavior of the film, obtained from 75 mM 2-bromoaniline + 30 mM HCIO,/0.1M TBAP in basic

blank (pyridine/TBAP) solution. Scan rate: 100 mV/s.

(Fig. 5). The voltammetry of PBrANI shows character-
istics similar to those of PIANI*® in both basic and
acidic solutions.

During the electrooxidation of both aniline and
2-bromoaniline, a dark-purple-colored material was
observed near the electrode which diffused away from
the surface into the bulk solution. It indicates the
formation of soluble oligomers or low molecular
weight polymers. When the cyclic voltammogram of
the colored solutions was taken, by the cycling of the
potential between — 0.30 and +1.90 V (versus Ag/
AgCl) at a scan rate of 100 mV/s, no new peak was
observed in the cyclic voltammograms for both aniline
[Fig. 6(b)] and 2-bromoaniline [Fig. 6(d)]. As shown in
Figure 6, the cyclic voltammograms of the initial elec-
tropolymerization solutions of aniline and 2-bromoa-
niline [Fig. 6(a,c), respectively)] were quite similar to
those for the final colored solutions [Fig. 6(b,d)].

The acid concentration is very effective in increasing
the amount and quality of the PANI films in acetoni-
trile solutions. In other words, the extent of protona-
tion of the film is the major factor in its autocatalytic
growth. If no proton was present in the medium,
highly conducting polyemeraldine would be further
oxidized to the less conducting polypernigraline form.
Protonation of the quinoid-type nitrogen centers in the

moderately acidic medium also prevents the loss of
the NH proton of the leucoemeraldine nitrogen to the
quinoid N-centers, thus causing extra stability for the
emeraldine. The presence of excess acid, in the me-
dium in which the PANI backbone is growing, also
impedes the polymer growth as a result of the proto-
nation of the end amino group.’® The presence of
moderate amounts of acids not only improves the
stability of aniline cation radicals but also causes the
preferred protonation of these species which are pri-
marily involved during the growth of highly conduct-
ing PANL

Efficient polymer growth occurs in moderately
acidic medium in an acetonitrile solution. To deter-
mine the effect of the acid (HCIO,) concentration on
the growth of the polymer film, the films were grown
in the range of 5-75 mM acid concentrations by cy-
cling the potential between — 0.30 and +1.90 V (ver-
sus Ag/AgCl) at the same time interval (30 min). The
charge, passed during the electrooxidation of these
films in the neutral blank solution, was measured (Fig.
7). Then, the charge during the first oxidative cycle of
the cyclic voltammograms of the film in the blank
solution was measured. The anodic charge, which
should be proportional to the thickness of the deposit,
was found to increase with an increasing acid concen-
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Figure 5 Electrochemical behavior of the film, obtained from 75 mM 2-bromoaniline + 30 mM HClO,/0.1M TBAP in acidic

blank (HCIO,/TBAP) solution. Scan rate: 100 mV/s.
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Figure 6 Cyclic voltammograms of the acetonitrile solution containing 75 mM aniline + 30 mM HClO,/0.1M TBAP: (a)
before and (b) after electropolymerization. Cyclic voltammograms of the acetonitrile solution containing 75 mM 2-bromoa-
niline + 30 mM HCIO,/0.1M TBAP: (c) before and (d) after electropolymerization. Scan rate: 100 mV/s.

tration up to 30 mM. It can be concluded that the
optimum acid concentration under these conditions
was about 30 mM. There was a considerable decrease
in the yield of the polymer below and above this acid
concentration.

The dry conductivity values of the deposited films
obtained from the acetonitrile solutions are listed in
Table I. The electron-withdrawing effect of bromine
was seen on the conductivity of the PBrANI and P(An-
c0-2-BrAn) films. As the bromine content increased,
the conductivity of the film decreased. The observed
decrease in the conductivity of the copolymer, relative
to PANI, is attributed to the incorporation of the bro-
moaniline moieties into the PANI chain. The copoly-
mer exhibits a higher dry electrical conductivity value
than that of PBrANI and lower than that of PANI. The
conductivity of PBrANI in this study, 9.3 x 1073
S/cm, is much higher than that reported by Stejskal et
al. 7:39 X 107> S/cm.

The FTIR spectra of the electrochemically prepared
PANI, PBrANI, and P(An-2-BrAn) recorded in the
range 2000-400 cm ! are shown in Figure 8(a—c),
respectively. The peak at about 1580 cm ™" is due to the
C==C double bond of quinoid rings, whereas the peak
at 1500 cm ™! arises due to vibration of the C=C
double bond associated with the benzenoid ring. The

1308-cm ™" band is assigned to the C—N stretch in a
secondary aromatic amine.> The band at about 1070
1170 cm ™!, primarily due to C—H in-plane deforma-
tion, was used by Chiang and MacDiarmid®* as a
measure of the extent of electron delocalization in the
polymer. The peak at 804-831 cm ™' is due to aromatic
C—H bending.*® The peak observed at 625 cm ™' was
attributed to the ClO; ion.?® The absorption peak of
the quinoid units shifted to higher wavelengths in
PBrANI and P(An-2-BrAn). On the other hand, there
was almost no change in the characteristic absorption

Ox10™¢
o B 8 3 3

0 10 20 30 40 50 60
C HCIO; (mM)

Figure 7 Plot of the charge passed during the electrooxi-
dation of the polymer films in 0.1M TBAP.
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TABLE 1
Dry Electrical Conductivity Value of PANI, PBrANI, and P(An-co-2-BrAn)

Composition of the electropolymerization solution

Conductivity of the deposited

Obtained film film (S/cm)

75 mM aniline + 30 mM HCIO,
75 mM 2-bromoaniline + 30 mM HCIO,
150 mM aniline + 75 mM 2-bromoaniline + 30 mM HCIO,

PANI 2.1
PBrANI 93 %1078
P(An-co-2-BrAn) 6.5 %1072

peak of benzenoid units (1500 cm™'). The expected
C—Br aromatic benzenoid and quinoid stretch at
1027-1032 and 980 cm ™! (ref. 34) are exhibited by both
PBrANI and P(An-co-2-BrAn) but are affected by the
C—H in-plane deformation. Two new bands at about
800 cm ! in both PBrANI and P(An-co-2-BrAn) and at
710 ecm™! in P(An-co-2-BrAn), related to the 1,24-
trisubstituted benzene ring, are observed.”” There was
another band at about 1210 cm™' in the copolymer
[P(An-co-2-BrAn)] spectrum (probably C—Br stretch-
ing vibration). It is a fact that the synthesized polymer
is a homopolymer of 2-bromoaniline and the other one
is a copolymer of aniline with 2-bromoaniline and not
a mixture of homopolymers. These results are also
supported by UV-vis spectra of homopolymers and
copolymers.

The UV-vis spectra of the PANI, PBrANI, and P(An-
c0-2-BrAn) solutions in DMSO recorded at room tem-
perature are shown in Figure 9(a—c), respectively. The
spectra are dominated by two broad absorption bands
at about 300 nm (peak 1) and 560-640 nm (peak 2).
According to the general practice of peak assignment,
peak 1 is attributed to the 77" transition of the ben-
zenoid moieties in the PANI linear structure or simply
to the band gap of the polymer.*® Peak 2 closely re-
sembles the benzenoid—quinoid transition in the em-
eraldine form (middle oxidation state) of PANL>>?°
However, the actual band positions are blue-shifted
with respect to PANI The blue shift was induced by
the presence of bromine units in the polymer and
copolymer [Fig. 9(b,c)]. The electron-withdrawing
character of bromine units restricts the effective dis-
persion of the electrical charge in the conjugated poly-
meric system, resulting in more locally oxidized poly-
meric units. The same effects were seen in sulfonated
PANIs'*'® because of an electron-withdrawing effect
of the sulfonate group. These spectra also suggest that
the synthesized materials are PBrANI and P(An-co-2-
BrAn).

The solubility of PANI, PBrANI, and P(An-co-2-
BrAn) was tested in dimethyl sulfoxide (DMSO),
1-methyl-2-pyrrolidone (NMP), dimethylformamide
(DMF), and tetrahydrofuran (THF) at room tempera-
ture. The homopolymer (PBrANI) and copolymer
[P(An-co-2-BrAn)] showed improved solubility in
those polar solvents compared to PANIL. PANI was
soluble in DMSO. However, it was not soluble in THF,
NMP, and DMF. Unlike PANI, PBrANI and P(An-co-

2-BrAn) were soluble in NMP, THF, DMF, and DMSO.
It was noticed that the presence of the halogen atom in
the ring of aniline units can produce polymers and
copolymers with better solubility in NMP, THF, DMF,
and DMSO solvents. Thus, it is possible to cast film of
the desired size of PBrANI and P(An-co-2-BrAn).

CONCLUSIONS

The cyclic voltammetric method was used to synthe-
size PANI, PBrANI, and [P(An-co-2-BrAn)] from ace-
tonitrile solutions of aniline, 2-bromoaniline, and a
mixture of aniline and 2-bromoaniline, respectively.
The films did not lose their electroactivities in both
acidic and neutral blank solutions. However, they lost
their electroactivities in a basic blank solution. The dry
electrical conductivity value of the copolymer was
found to be lower than that of PANI and higher than
that of PBrANI. Spectroscopic results (FTIR and UV-
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Figure 8 Baseline-corrected FTIR spectra, showing 2000-
400 cm ™! region, of (a) PANI (b) PBrANI, and (c) P(An-co-
2-BrAn).
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Figure 9 UV-vis absorption spectra of (a) PANI, (b) PBrANI, and (c) P(An-co-2-BrAn) in DMSO.

vis) showed that the polymer and copolymer were
different from that of PANIL These spectra and the
conductivity behavior of the films suggest that the
synthesized materials are PBrANI and [P(An-co-2-
BrAn)].

One of the authors (Y. S.) would like to thank Prof. Dr. Attila
Yildiz and Assoc. Prof. Kadir Pekmez for measuring the dry
electrical conductivity values of the films.
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