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The cycling behaviour of polyaniline in chloride and bromide media is discussed. In both media
some charge, equivalent to a charge storage capacity of 100 Ahkg™', may be stored in the first
oxidation step of polyaniline. Further evidence is presented that the oxidation product is emeraldine
rather than the fully oxidized imine. In chloride media, attempts to store more charge led to rapid
irreversible changes in the polymer and degradation in battery characteristics. In bromide media,
further charge may be stored via the Br™/Br; couple and, although the Br, attacks the polymer
slowly, the polymer retains the ability to cycle charge efficiently and gives a stable open-circuit
voltage. The nature of the changes caused by Br, attack on the polyaniline is discussed. It is
concluded that bromide is the better electrolyte, but self discharge by slow exchange of Br; in the
polymer with Br~ in the surrounding electrolyte remains an unsolved problem.

1. Introduction

The last few years have seen intense activity
towards the development of a ‘polymer battery’
[1] where the electroactive materials are conduct-
ing polymers. A favoured polymer has been
polyacetylene [2] because it may be both p-doped
by the intercalation of anions and n-doped by
the intercalation of alkali metal cations. Both
doping reactions are highly reversible and the
combination of p- and n-doped materials leads
to a rechargeable battery with a large voltage
and high energy density. Unfortunately, how-
ever, the characteristics of the cell are limited
by the poor chemical stability of polyacetylene
particularly when positively charged [3, 4]
Hence the charge storage characteristics of other
organic conductors are receiving attention.
Polyaniline was first prepared in the 19th cen-
tury [5]; Moreover, its high conductivity and the

0021-891X/87 $03.00 + .12

© 1987 Chapman and Hall Ltd.

possibility for utilizing its redox properties for
electrical energy storage have been recognized
for some time [6, 7]. Recent studies have concen-
trated on understanding the multistep oxidation
processes of the neutral polymer [{8-11]. Revers-
ible charge—discharge cycling is likely to be
limited to the first oxidation step; in acid sol-
ution it has recently been concluded by two dif-
ferent groups that the first oxidation product is
the emeraldine salt, II [12] or the imine salt, 111
[9-11]

(@) wL D]

neutral polyaniline, I

fororros e

emeraldine salt, 11

Z-I

by

515



516

G. MENGOLI, M. M. MUSIANI, D. PLETCHER AND S. VALCHER

H H H H
[ l® l® '® )
2O @ RO

@ x© x® x© Jx
imine salt, IT1

In both cases it can be seen that the doping
process involves both protons and electrons and
it was concluded by both groups that further
oxidation leads to irreversible changes to the
polymer. Whether the couple is in fact I/II or
I/I11, the potential for the redox change in the
polymer is 0.2—0.3 V versus SCE, rather low for
a battery electrode, but the absence of degrada-
tion processes and the ability of polyaniline to
store considerable charge through this redox
process have led to proposals for both aqueous
[13} and non-aqueous batteries [14].

In the present study the charge—discharge
characteristics of Zn—polyaniline batteries with
both ZnCl, and ZnBr, electrolytes have been
examined. Particularly with the ZnBr, cell, atten-
tion has been paid to the behaviour of the poly-
aniline when oxidized beyond the first oxidation
step. The aim of the study was to assess whether
the charge-storage capability of the polymer
could be increased by oxidation of the Br™ in the
polymer to Bry and to investigate the structural
changes resulting from attack by bromine. In an
earlier paper it was shown that the Br™/Bry
couple could be cycled within polypyrrole, but
the stability of the oxidized polymer was insuf-
ficient for battery application [15].

2. Experimental details

The polyaniline electrodes were prépared and
the model battery assembled by the following
procedure. The support for the polyaniline was
a high-porosity, reticulated vitreous carbon
(RVC) disc (radius, 2.5 cm; height, 0.5 cm) fixed
to a graphite disc as a current collector. This
structure was mounted inside a cylindrical, poly-
ethylene cell and was separated from the zinc disc
electrode by a cellulose membrane. A hole in the
zinc electrode allowed the introduction of a probe
to control the potential of the RVC electrode
versus SCE. The polyaniline film was applied
electrochemically; the cell was filled with a sol-
ution of 1.5% aniline in 0.5 mol dm —*H, SO, and
the potential of the RVC was held at 0.8 V versus

SCE. To enhance the uniformity of deposition,
the solution was pumped through the cell. The
weight of the deposit was determined from the
charge using a calibration graph. After this
preparation the polyaniline was conditioned to
the chosen electrolyte by repeated soaking of the
cell with new aliquots of this electrolyte for 24 h.

Charge—discharge cycles were obtained at
constant current, and the voltage between the
zinc and polyaniline electrodes was monitored as
a function of time.

Some experiments used a 0.06 cm* polished,
vitreous carbon disc electrode as the support
for the polyaniline. In these cases the film was
formed by cycling the potential between — 0.3V
and + 0.8V versus SCE in a solution of 1.5%
aniline in 0.5moldm*H,SO, and then condi-
tioned with the medium of choice. Experiments
with these elecirodes employed a standard,
three-electrode cell.

The compositions of both the chemically and
electrochemically prepared samples of polyaniline
were determined by elemental analysis. The com-
position of films after exposure to Br, was also
investigated by mass spectroscopy {(Hitachi—
Perkin Elmer RMV spectrometer). Conduc-
tivities were measured on pressed (3 tonscm™?)
polyaniline discs; a Kulike and Soffa four-probe
head (linearly arranged) was used in conjunction
with a digital voltmeter and ammeter (Keithley).

All chemicals were commercially available
grades and were used as supplied. The RVC was
from Fluorocarbon Co. and had a porosity of
100 pores per inch.

3. Results and discussion

3.1. Chemical composition of the polyaniline
samples

Before constructing the model battery, some
tests were performed to determine the yield of
polyaniline (mgC~') and its chemical com-
position. The polymer was deposited from a
solution of 1.5% aniline in 0.5 moldm™*H,SO,
onto platinum and gold anodes (each of area
10cm®) and used a potential of +0.8V. Ten
experiments were carried out and charges between
1 and 10Ccm~? were used in the polymeriza-
tions. After each deposition the electrode was
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carefully rinsed with the aqueous acid, then
water and then vacuum-dried overnight before
being weighed to determine the polymer yield;
the weight of polymer increased linearly with
charge. The polymer was then subjected to
elemental analysis. The data are reported in
Table 1.

A similar set of experiments were carried out
with 0.5moldm™ HBr as the electrolyte. In
addition, polyaniline was prepared by chemical
oxidation with H,0, in both H,SO, and HBr.
H,O, rather than S,0f" was selected as the
oxidizing agent since with HBr the latter leads to
free bromine and the polyaniline would contain
sulphate as well as bromide ions. Table 1 also
reports data for these polyaniline samples.

Clearly, when prepared at + 0.8 V versus SCE
or chemically with H,O,, the polyaniline should
be in its oxidized state and it should retain an
anion during washing and drying. On the other
hand, some exchange of Br; for Br~ would be
expected during the procedure for the sample
prepared electrochemically in HBr. Clearly the
chemical composition of the chemically and
electrochemically prepared samples are similar,
and the chemically prepared samples have a
good conductivity. Moreover, calculations that
assume the anions present in the polymer are
Br~ and HSO; suggest similar oxidation states
for all samples of polyaniline. Certainly there
is no evidence that the sample prepared electro-
chemically in HBr has suffered extensive bro-
mination at +0.8 V.

3.2. Charge—discharge cycling

A model battery (A) was assembled with a
polyaniline electrode prepared by passing
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Fig. 1. Charge-discharge characteristics of a Zn—-2mol
dm™* ZnCl, + 0.5moldm—* HN,Cl-polyaniline (synthesis
500C) cell.

500C and then conditioned with the electro-
Iyte 2moldm ™’ ZnCl, + 0.5moldm—* NH,Cl
(pH =~ 4)[13]. After preparation at + 0.8V, the
polyaniline would be expected to be ab initio
charged and, indeed, the open circuit potential
of the battery was 1.3 V. When the battery was
discharged at 30 mA the voltage dropped slowly
until the passage of 85C, but thereafier the
voltage decreased rapidly from 0.4V towards
zero. Subsequent charge—discharge cycling showed
the maximum charge in the polymer to be 80—
90 C, and charging at 30 mA to higher charges
caused the voltage of the cell to exceed 1.6V
where over-oxidation of the polymer is likely.
Fig. 1 shows a typical charging curve (at
30mA) and three discharge curves for currents
of 30, 60 and 90 mA. With the discharge current
of 30mA, and considering the cut voltage to
be +0.4V (where dE/d¢ changes rapidly), the
coulombic efficiency for the cycle is almost

Table 1. Polymer yield andfor compositions of polvaniline samples prepared electrochemically (E) and chemically (C) with

HZ 02
Preparation Electrolyte Elemental analysis (%) Polymer Resistance
yield (Qem)
C H N S Br Total* (mgC™)
E H,SO, 48.02 4.13 9.31 8.91 - 88.17 0.53 + 10% -
E HBr 43.89 3.58 8.31 - 36.50 92.28 042 + 15% -
C H,S0, 47.09 4.18 9.00 9.07 - 87.48 - 70
C HBr 41.59 3.93 7.88 - 32.99 86.39 - 100

“The total was calculated by assuming that all S was present as sulphate and by adding the corresponding O percentage.
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Table 2. Performance data for two polyaniline—zinc cells. The electrolytes were (A) 2moldm ™ ZnCl, + 0.5 moldm=> NH,CI;

(B) 2moldm™ ZnBr, + 1.0moldm™> NH,Br
2 4

Cell Charge (C) Rest time (h) Open circuit Lischarge (mMA) Charge Coulombic
voltage (V) returned (C) efficiency (%)

A 83 - 1.41 30 82 99

97 - 1.50 30 86 89

80 - 1.36 60 60 75

80 - 1.32 20 36 45

80 3 1.30 30 73 92

86 20 1.20 30 68 79

85 65 1.20 30 58 68

78 89 1.20 30 57 73
B Synthesis - 1.43 30 133 -

135 - 1.52 30 133 99

135 - 1.52 60 115 85

132 - 1.55 90 97 73

128 30 1.32 30 117 91

145 70 1.24 30 106 73

130 162 1.12 30 78 60

135 331 1.00 30 55 40

Estimated short circuit currents: cell A, 190mA; cell B 220 mA.

100% (see also Table 2). On the other hand, the
charge and discharge curves in Fig. 1 show that
the energy efficiency is only about 60%. As
expected these performance characteristics
degrade increasing discharge current.

Table 2 summarizes some characteristics of
cell A and particularly addresses the rate of self
discharge. It can be seen that self discharge is
slow, but the coulombic efficiency for a charge—
discharge cycle decreases from > 90% to about
70% with rest periods of up to 90h.

A second model battery (B) was assembled
with a polyaniline electrode, deposition charge
750C, and an electrolyte 2molcm? ZnBr, +
I moldm™ NH,Br. Fig. 2 shows charge and

Zncl,

1.5

1.0

0.5~

discharge curves for this cell, while Table 2 also
summarizes the behaviour on discharge with
three different current densities and after various
rest times on open circuit. Cell B shows a higher
open-circuit voltage and short current than cell
A, but the rate of self discharge seems very
similar.

Since polyaniline in its oxidized form is very
stable to air, self discharge could be ascribed
to shorting by zinc dendrites or, more likely,
degradation of the polyaniline (mechanical
detachment or chemical modification). Certainly
extensive degradation is not occurring since the
change in coulombic efficiency is not fast and the
rate of self discharge is quite similar for the

Fig. 2. Charge-discharge characteristics
of a Zn/2moldm™* ZnBr, + 1 moldm ™

0.0 T T T T T

NH, Br/polyaniline (synthesis 750 C) cell.
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polymer with C1~ and Br~ electrolytes. On the
other hand, after 20-30 cycles in either elec-
trolyte, there is increased polarization during
both charge and discharge.

The capacity of the polyaniline electrodes
reported in Table 2 allows a discussion of the
oxidized state of polyaniline. Using the known
polymer yields (Table 1), the N content of the
films in cells A and B are 1.75 x 107° and
2.63 x 107 g atoms, respectively. Hence, if the
oxidation of polyaniline occurs via the couple
I/111, the expected capacities of the two elec-
trodes would be 170 and 255 C respectively. In
fact, the maximum capacity corresponds to only
50% of these figures and hence it appears that
the oxidation occurs only to emeraldine salt, i.e.
couple I/II. This is consistent with the con-
clusions of a recent paper [12]. In any case the

I1oo,uA

-03

charge density for the polyaniline appears to
be 90-95Ahkg ', a reasonably high value
but well below that previously claimed [14]. If
the maximum conductivity is observed with the
emeraldine salt (II) as recently claimed [16],
the further oxidation may be inhibited because
of the resulting loss of conjugation, possibly
involving solitons. In a battery, such inhibition
will lead to decreases in energy efficiency and,
anyway, the polyimine structure seems more
susceptible to hydrolysis and thus irreversible
over-oxidation.

3.3. Cyclic voltammetry
The over-oxidation of polyaniline has been stud-

ied by cyclic voltammetry using thin films of the
polymer (0.6—0.8 Ccm™?) electrodeposited onto

—_— 4+0.85

Fig. 3. Cyclic voltammograms
(10mVs™") of polyaniline films.
Electrolyte composition: (A) 2mol
dm™ ZnCL, + 0.5moldm > NH,Cl;
(B)2moldm ™ ZnBr, + 1 moldm™*
NH,Br; (C) 2moldm™* ZnBr, +
0.1 moldm~* HBr (see next page).
The number of the cycle is reported
for each curve.
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a vitreous carbon disc electrode. The potential
scan rate was 10mVs~! and the range —0.30 to
+0.85V versus SCE. It is well known that in
this potential range, polyaniline shows three
redox couples [9—11]. The most negative is prob-
ably due to the I/II couple (some authors would
suggest the I/I1T couple), while the most positive
(0.7-0.8 V) might be due to the 11/11I couple or,
as has been concluded in the literature, to the
oxidation of imine moieties to radical cations.
Such species would not be stable in aqueous sol-
utions and would probably degrade to quinones
[9-11] which could then be responsible for the
intermediate redox process around 0.5V.

Fig. 3A shows the way in which the cyclic
voltammetric response of polyaniline in 2.0 mol
dm~ ZnCl, + 0.5moldm* NH,Cl develops
with time. Clear changes are seen: on the first
scan two well-developed anodic peaks are seen,
while by the tenth cycle most of the oxidation
charge is associated with a broad peak at inter-
mediate potentials. At the same time the main
cathodic peak shifts to more negative potentials.
Certainly, totally irreversible changes result
from cycling the peak beyond +0.3 V. After 40
cycles the response reaches almost a steady state

Fig. 3. Continued.

and although significant charge is still cycled it is
about 40% lower than in the first cycle.

Fig. 3B shows a similar experiment with poly-
aniline in 2moldm~> ZnBr, + 1 moldm ~* NH,Br.
The major difference is on the first sweep where
a large anodic peak and coupled reduction peak
is observed towards the positive limit. These
peaks are due to the Br™ /Br; couple within the
polymer. During subsequent cycles these peaks
fade and by 50 cycles the response is similar
to chioride media with predominantly broad
oxidation—reduction peaks. Again, it is clear
that irreversible changes occur which reduce the
ability of the polymer to interact with anions;
such behaviour would be expected if a quinone—
hydroquinone couple became responsible for the
cycled charge.

Fig. 3C shows the cycling behaviour in 2 mol
dm ™’ ZnBr, + 0.1 moldm > HBr (pH 0.7). The
pattern is quite different; the changes over 40
cycles are much less marked and the peaks for
the Br~ /Br; couple are still clearly seen, even if
diminished in height. In contrast, with Cl~
media pH 0.7, the degradation of the polymer
is even more rapid than that demonstrated by
Fig. 3a.



STUDIES OF Zn/ZnX,/POLYANILINE BATTERIES. I. X = Cl AND Br 521

3_
a
Vv
2]
1—
b
A [

0 T T T L - —T —T — T T

o) 50 min 100

2~ o

0 T T T T T

o] 50

Fig. 4. (A) High-depth charge—discharge behaviour of the cell of Fig. 1. Curve a, first charge; curve b, first discharge;
curve ¢, fourth discharge. (B) High-depth charge-discharge behaviour of a Zn/2moldm™* ZnBr, + ! moldm~* NH,Br/
polyaniline (synthesis 490 C) cell. Curve a’, 5Sth charge; curve b’, 5th discharge; curve ¢, 19th charge; curve d, 19th discharge.

3.4. High-depth charge—discharge behaviour

Fig. 4A (curve a) shows the voltage—time relation-
ship during the charging of cell A (chloride elec-
trolyte, pH 4, with polyaniline electrode formed
with 500 C); the cell was charged to 200 C with a
current of 30mA. It can be seen that after the
first oxidation step of polyaniline (~80C) the
cell voltage rises more rapidly until a second
plateau is reached around 2.6 V. This demon-

strates a second oxidation stage associated with
the polyaniline electrode since the zinc electrode
is effectively unpolarized. The high voltage indi-
cates the involvement of the CI~ /Cl, couple; the
open circuit voltage was 1.95V immediately
after charging was terminated, but this rapidly
decreased, reaching 1.55V in S min. When the
cell was immediately discharged (30 mA) with-
out any rest time, only 98 C could be obtained
(curve b). Three further such high-depth charge-
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discharge cycles led to a further drop in coulom-
bic efficiency — curve ¢ only shows the discharge
of 79 C. Thus these experiments with cell A con-
firm the conclusions from cyclic voltammetry.
Beyond the first oxidation stage, probably due
to the couple I/II, further oxidation is totally
irreversible but leads to some degradation in
performance.

To study the over-oxidation with a 2mol
dm™ ZnBr, + 1 moldm > NH,Br electrolyte,
cell C was constructed with a polyaniline elec-
trode prepared with 490 C to make it compara-
ble to cell A. The charge—discharge behaviour is
recorded in Fig. 4B. Curve a’ is the fifth charge
to 200 C following four charge—discharge cycles.
It can be seen that after 140 C the cell voltage
reaches a steady-state value of +1.9V. This
high value suggests the potential of the polyanil-
ine electrode is determined by the Bry /Br~
couple. After the charge was ended, the open
circuit voltage was 1.76V and this remained
steady. On discharge, 160 C were recovered, a
coulombic yield of 80%. By the 19th cycle the
V-t changed slightly. The constant potential on
charge was reached very quickly (apparently the
I/IT couple no longer contributed substantially
to the charge) and the system behaved very
much like a Bry Br™ electrode. The discharge
curve was almost unchanged and the coulombic
efficiency remained at 80%.

These data look very promising but, in fact,
the situation is not as simple as the curves sug-
gest. This is shown by the data in Table 3. The
top line reports the charge stored ab initio in the

device as a result of the preparation. During
cycles 1, 2, 5, 7 and 11 the recoverable charge
increases steadily, reaching a limiting coulombic
efficiency of 80%. Cycles 3, 6, 12 and 20 show
the effect of storing the cell on open circuit
before discharge. In cycle 3, after 87 h on open
circuit, only 75 C were recovered; this is approxi-
mately the charge stored by the couple I/11 (see
section 3.2). After 15h on open circuit (cycle 6),
120 C were recovered and approximately 33% of
the charge could be ascribed to the Br;y /Br~
couple. The loss of charge on open circuit
does not, however, lead to irreversible damage
to the polymer as shown by subsequent cycles
without open circuit stand. On the other hand,
the ability to hold charge seems to improve with
cycling up to cycle 12 but later deteriorates
(cycle 20), so changes must be occurring to the
polymer.

The bromine formed during the early charges
reacts with the most active portions of the poly-
aniline (oligomers? outer surfaces?) leaving most
of the polymer unaffected (note the charge for
the I/II couple remains almost constant), and
thereafter attack by Br, slows down and the
charge for the Br; /Br~ couple is stored more
reversibly. Very long store times allow the bro-
mine to react with less active or less accessible
sites and thereafter charge loss is more due to
Br; exchange with Br™ in the electrolyte. It
should be stressed that the brominated polymer
still allows charge stored as Br; to be cycled.
Exchange between anions in the polymer and
the electrolyte was confirmed by inserting a

Table 3. Characteristics of cell C (high depth charge—discharge cycling ), with charge and discharge currents of + 30 mA; short

circuit current of 270 mA

Cycle Charge (C) Rest time (h) Open circuit Charge Coulombic
voltage (V) returned (C) efficiency (%)
0 - - 1.37 84 -
1 200 - 1.74 133 66.5
2 200 - 1.74 146 73.0
3 200 87 1.30 75 37.5
5 200 - 1.75 161 80.5
6 215 5 1.56 120 55.8
7 200 - 1.74 175 87.5
11 200 - 1.78 182 91.0
12 215 30 1.72 155 72.0
19 200 - 1.81 175 87.5
20 215 55 1.60 25 10
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Table 4. Elemental analysis and resistivity for brominated samples of polyaniline

Sample Bromination Residual Br,(g)  Recovered Elemental analysis (%) Resistivity

polymer (g) (Qem)
H N Br S

E(HBr)" Battery - - 1463 1.16 253 53.60 - 2 x 107

C(HBr) ZnBr,, 2moldm? 1.75 3.58 2144  0.57 2.67 66.56 - 1.8 x 10°
(pH = 2)

C(HBr) ZnBr,, 2mol dm~? 1.66 3.67 20.58 0.59 236 66.97 - 1.25 x 10°
NH,Br, 1 moldm™?

C(H,S0,)  ZnBr, 2moldm™* 1.99 3.65 21.57  0.60 247 6627 118 1.2 x 10°
NH,Br, 1 motdm~?

C(H,80,) Br, - +0.9 1531 1.02 294 62.06 298 ~10°

4Recovered after 6 x 10° C oxidation.

"The bromination was carried out by reacting 2 g polyaniline with § g Br, for 1 month.
“The reaction was carried out with 0.5g polymer made to interact with Br, gas for | week and then kept under dynamic

vacuum for a week.

Nafion cation exchange membrane when self
discharge was slowed substantially, although
other characteristics degraded substantially.

A fourth cell, D, was constructed with a 2 mol
dm™ ZnBr, + 0.05moldm ™ HBr electrolyte,
but its performance was no different from cell C.
This was disappointing in view of the cyclic vol-
tammetric results (see section 3.3). A final cell, E,
was prepared, again with 2moldm—* ZnBr, +
1 mol dm* NH,Br, but with polyaniline (800 C)
deposited from HBr in the hope that the poly-
mer would be formed in a fully brominated con-
dition; however, the performance of this cell was
again similar to that of cell C.

Cell E was finally subjected to a series of
high-depth charges, about 6000 C. The polyanil-
ine was recovered and then washed, dried and
analysed. Table 4 shows that the bromine con-
tent is increased (cf. Table 1) but the conduc-
tivity is retained.

3.5. Bromination studies

Three samples of polyaniline, prepared by H,0,
oxidation in different electrolytes, were left to
react with Br, in the dark for 1 month and the
resulting polymer was recovered and studied.
Relevant data are reported in Table 4. The fol-
lowing should be noted: (a) over 90% of the
polymer is recovered, as estimated from the
weights and carbon contents before and after
bromination; (b) extensive bromination has
occurred, equivalent to 2.5-3 Br per aromatic

ring; this may be seen from both bromine con-
tent and the H/C ratios; (c) the product is still a
semiconductor, but the measured resistivity is
much higher than the unbrominated polyaniline.
Table 4 also reports data for a sample bromin-
ated with bromine vapour.

A polyaniline brominated in cell E was sub-
jected to mass spectroscopic analysis at 120°C
using an electron impact source (70eV). The
major fragments are reported in Table 5. These
suggest that most of the bromine is bound to
carbon and that some oxygen is contained in the
sample. In contrast, the sample brominated with
bromine vapour gave a mass spectrum demon-
strating that most of the bromine was present as
Br, or HBr. This is consistent with the high H/C
ratio in the elemental analysis.

4. Conclusions

Polyaniline when used as a positive electrode
in a zinc-polyaniline battery has a charge
storage capacity of about 100Ahkg'. This
figure, referred to dry polymer, was computed
by assuming that polyaniline (I) is converted
to protonated emeraldine (II) with bromide
counter ion. Overoxidation in CI~ media leads
to irreversible changes in chemical composition
and strong degradation in battery performance.
In Br™ media, over-oxidation is possible. Changes
in the polymer do occur due to bromination, but
additional charge may be stored as Br;. The
performance is not completely stable on cycling,
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Table 5. Mass spectroscopic data for brominated polyaniline. The relative abundances were calculated referring to ™ Br isotope

mfe Relative abundance Ionic species
79 27 Br
80 100 HBr
104 12 C,HBr
131 55 C,H,Br
157 23 C¢H¢Br
158 8 Br,
168 12 CyH;NBr
171 11 CHBr,
182 4 C,Br,
185 23 CsH¢N,Br, C;H,NOBr, C;H,0,Br
221 2 C;H;Br,
235 8 CH;Br,
263 45 C,H;sN,Br,, C;H;ONBr,, C;HO,Br,
273 3 C,Br;,
313 4 C;H,Br,
327 21 CyH,NBr,, C;H,OBr,
341 15 C¢H N, Br;, C;H,NOBr;, C,O,Br,
342 20 C¢H;N,Br;, C;H;NOBr;, C,HO, Br,
407 4 C¢H;NBr,, C,;H,0Br,
419 14 C,H;N,Br,, C;HNOBr,

and self discharge would prevent prolonged
storage in the charged state. Other interesting
observations were

(a) Efficient aniline electropolymerization
occurs in HBr.

(b) Polyaniline has a low reactivity to Br,
vapour although it is absorbed.

(c) In the solution phase, the aromatic rings of
polyaniline are attacked and some oxygen is
found in the polymer. Indeed the data suggests
that the hydrolysis of over-oxidized polyaniline
to quinone may precede bromination.

(d) Even so, the brominated polymer stores
charge and gives a stable, high potential as well
as cycling efficiency.
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