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Abstract

The electrical conductivity of polyanilines doped with HCI was decreased upon exposure to oxygen and was increased reversibly upon
evacuation. The line intensity and the line width of the EPR signals were decreased and increased, respectively, upon exposure to oxygen.
The former represents the reduction in the concentration of polarons due to the spin—spin interaction of oxygen with paramagnetic polarons,
generated by HCI doping process, and the latter the reduction in the mobility of polarons due to the partial localization of delocalized
polarons. Therefore, it was concluded that the decrease in conductivity arose from the reduction in both the concentration and the mobility of
polarons, the charge carriers for electrical conductivity. However, the decrease in the electrical conductivity was very small whereas the
decrease in the polaron concentration was substantial. It was also found that the time scale for the diffusion of oxygen molecules was much
longer than that for the spin—spin reaction of oxygen with polarons. Therefore, the small decrease in electrical conductivity may be
associated mostly with the reduced mobility of polarons by localizing reaction instead of the reduced polaron concéntr@ierklsevier
Science Ltd. All rights reserved.
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1. Introduction paramagnetic molecule, having two unpaired electrons in
their 2prg* molecular orbital. Since both oxygen and
Polyaniline has been paid considerable attention becausedoped polyaniline are paramagnetic, there will be a mag-
it is electrically conducting [1,2], thermally stable [3] netic spin—spin interaction between them.
and soluble in organic solvents such as NMP (N-methyl  The doped polyaniline is electrically conductive because
pyrrolidinone) [1,4,5]. Recently, a remarkable oxygen the polarons can move through the conjugatetionds,
permselectivity over nitrogen has been observed in the poly- termed delocalized polarons. Since the polarons are charge
aniline membranes when its doping level is controlled with carriers for electrical conductivity, their concentration and
appropriate protonic acids [6—8]. Therefore, polyaniline can mobility determine the electrical conductivity. When doped
be considered as a potential membrane material for gaspolyanilines are exposed to an oxygen environment, the

separation. concentration and the mobility of polarons depend upon
The emeraldine base form of polyaniline consists of equal the spin—spin interaction of polarons with oxygen
numbers of reduced [— @Bl ;) —NH—(C¢H ,)—NH-] and oxi- molecules. The spin—spin interaction can be investigated

dized [-(GH,)—N=(CgH,)=N-] repeat units. When the by electron paramagnetic resonance (EPR) and its effect
emeraldine base form of polyaniline is doped with protonic on the electrical conductivity will also be investigated by
acid (oxidized state), the bipolarons are initially generated, measuring the changes in both the concentration and the
undergoing a transition to the paramagnetic polarons mobility of polarons. Because of the spin—spin interaction,
through an internal redox reaction [9,10] as illustrated in it is expected that the delocalized polarons will be partially
Fig. 1. The two adjacent polarons will be separated owing localized upon exposure of oxygen molecules and will lose
to their electrostatic repulsion and stabilized. Therefore, the their paramagnetic property, resulting in a decrease in elec-
doped polyaniline becomes paramagnetic. Oxygen is also atrical conductivity. EPR has been intensively used to inves-

tigate the spin—spin interaction because it enables us to see
* Corresponding author. the spins directly [11-13]. In particular, the width of the
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Fig. 1. Schematic doping mechanism of emeraldine base form of
polyaniline.

EPR signal is directly connected to the interactions of the
spins with their environment and to their motion: the
narrowness of the line is a measure of the spin mobility
[13]. The line intensity of the EPR signal is known to be
proportional to the concentration of spins.

2. Experimental
2.1. Polymerization of aniline

Polyaniline was prepared by oxidative polymerization of
aniline in aqueous acidic media (1 M HCI) with ammonium
persulfate as an oxidant. The molar ratio of monomer/
oxidant used was 4/1. The reaction was carried out@t 0
for 3 h, and the precipitate was formed during the reaction.

The precipitate was subsequently filtered and washed with

deionized water until the filtrate was colorless. The as-
synthesized polyaniline in its protonated form was treated
with 1 M NH,OH for 15 h to yield emeraldine base powder,
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Fig. 2. Spin concentration as a function of dopant HCI concentration at
ambient environment.
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followed by drying under vacuum for over 48 h at room
temperature.

2.2. Doping and dedoping of polyaniline

Following the method used by Mattes et al. [7,8] the
emeraldine base powder was dissolved in NMP (8 wt%).
The emeraldine base solution in NMP was cast on to a glass
plate and the solvent was removed under’Cfor 3 h. The
as-cast membrane was then immersed into a 4 M HCI solu-
tion for 24 h to give a fully doped membrane. The fully
doped membrane was completely dedoped by immersion
into 1 M NH,4OH solution for 48 h. The dedoped membrane
was subsequently redoped with 0.0150, 0.0175 and 0.0200
(= 0.0002 M HCI solution. Each membrane was dried
under vacuum for 48 h at room temperature.

2.3. EPR Experiment

Narrow strips of polyaniline membrane (1 mm5 mm)
were putinto an EPR cell. In order to study the interaction of
oxygen molecules with polarons, the cell was connected to a
large volume (1 L) of oxygen reservoir so that the applied
pressure was maintained constant during the experiment.
The EPR spectra were obtained in either ambient or vacuum
environment. For vacuum environment, each sample was
evacuated for at least 3 days prior to experiment. The EPR
line intensity was monitored with oxygen contact time from
a Bruker EPR spectrometer (ER 200E-SRC). The spectrum
obtained was doubly integrated to obtain the spin concen-
tration.

2.4. Electrical conductivity

The van der Pauw method was employed to measure the
electrical conductivity at 25%€ [14]. The electrical con-
ductivity, g, is

In2i

- _ 1
T dV @)
wherei is the electric current applied to the samplethe

sample thickness, andthe voltage difference between two
adjacent probes.

3. Results and discussion
3.1. Spin concentration

The total spin concentration of doped polyanilines includ-
ing the Pauli and the Curie susceptibilities were calculated
from the EPR intensity [15], and plotted against the pH of
the doping solutions as shown in Fig. 2. It is well known that
the polarons can be generated by the reaction between pro-
tonic acid dopants and imine nitrogens of the emeraldine
base form of polyaniline [16]. The EPR experiment was
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500 3.2. Change in the spin concentration upon oxygen exposure
@ oxygen exposure
. O evzguatio: d) . . .
£ 400 9 In order to verify the interaction between polarons and
; e oxygen molecules, the polyaniline doped with 1 M HCl was
s 300 O exposed to oxygen at 137.9 kPa and the calculated spin
= @ e} . .
8 o concentration was plotted against the oxygen exposure
i 200 | % o) time as shown in Fig. 3. It is clearly seen that the spin
a o° concentration decreased when the sample was exposed to
8 100l ®) oxygen. This manifests that the polaron reacts with
= 0O P o0 o © T molecular oxygen and loses its paramagnetic property. Con-
°
1

sequently, its concentration diminishes with oxygen expo-
sure time. The spin concentration was also measured while
evacuating, and plotted in Fig. 3. The initial spin concentra-
tion was completely recovered after evacuation, which
demonstrates a reversible spin—spin interaction. Therefore,
it was found that the polarons in doped polyaniline reversi-
bly react with molecular oxygen resulting in the reduction in
the polaron concentration.
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Fig. 3. The change in spin concentration in polyaniline doped with 1 M HCI
with oxygen exposure time and evacuation tim®) pxygen exposure at
137.9 kPa; ©) evacuation time.

conducted in ambient environment. It is seen from Fig. 2

that the spin concentration initially increases with decreas- 3 3. Change in the polaron mobility upon oxygen exposure
ing pH (i.e. increasing dopant concentration), reaches a
maximum near pH= 0, and then decreases. This is consis-  The line width of EPR signals is influenced not only by
tent with the result that the level of protonation is nearly the interaction between the spin and the external magnetic
completed when the emeraldine base polyanilines were treaield applied, but also by the interaction of the spin with its
ted with aqueous HCI of pk= 0 [9]. The initial increase in - enyironment [20]. In particular, the width is directly con-
the spin concentration is expected because of the increasefacted to the interactions of the spins with their environ-
possibility of reaction between the dopant HCl and imine ments and to their motion and the line-broadening is
nitrogens of polyaniline. o inversely proportional to the polaron mobility [13]. It has

When pH of the dopant solution is lower than zero, the peen found that EPR line width, characterized here by the
spin cqncentration dgcreases yvith increasing dopant con-peak-to-peak line width\H,, increased under an oxygen
centration. The maximum spin concentration was also gnyironment as shown in Fig. 4. It was 0.65 G in the initial
reported in electrochemically polymerized polyanilines yacum state and increased to 3.90 G when exposed to oxy-
[15,17]. The maximum behavior can be explained by the gen This result is analogous to that of Nechtschein and
formation of bipolarons at high doping levels, which has Genoud [21] and demonstrates that the mobility of polarons
been observed in polypyrrole [18,19]. It has been known i partially reduced by the spin—spin interaction. This is
that the polaron and the bipolaron are in equilibrium, and pecayuse the polarons react with molecular oxygen to be
the pai_ring of polarons at the high doping levels can occur to |gcalized momentarily by oxygen molecules and to lose
form bipolarons [15]. their paramagnetic property.

In summary, when the delocalized polarons meet oxygen

4.0 o9 molecules, they react with oxygen molecules to form an
I o oxygen—polaron complex owing to their relatively strong
° magnetic spin—spin interaction. The complex formation
3.0 results in the reduction in both the effective concentration
2 ° and the mobility of the polarons as evidenced by the EPR
5 20l line intensity and line-broadening, respectively.
E& * 3.4. Change in the electrical conductivity upon oxygen
ok o exposure
4o | y y
: The electrical conductivity of doped polyanilines depends
0.0 L r a4 a4 ey on the presence of water and the pH of dopant solutions in

Fig. 4. The line width broadening of polyaniline doped with 1 M HCI at
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137.9 kPa oxygen with time.

an oxygen-free environment. It has been known that the
electrical conductivity increases with the amount of water
present in the sample [22,23]. In order to avoid the effect of
water and oxygen molecules on the electrical conductivity,
the doped polyanilines were evacuated to remove the water
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Evacuation Time (minute) Fig. 7. Reduced sorption curve of oxygen in polyaniline with 1 M HCI at

137.9 kPa oxygen pressure. The solid line is from theoretical predictions by
Fig. 5. The decrease in electron conductivity as a function of evacuation gjck's law with diffusion coefficient of 1.88x13° cm?s [22]. M, andM.,
time in polyaniline doped with 4 M HCI. are the amount of oxygen sorbed at tit@end at equilibrium, respectively.

is the film thickness.

and oxygen molecules. The electrical conductivity of the

polyaniline membranes doped with 4 M HCl was measured the concentration and mobility of charge carriers. As men-
with evacuation time. Its conductivity decreased sharply tioned previous|y, po|ar0ns react with oxygen molecules
from 7.0 to 1.0 S/cm (Fig. 5) primarily due to the water and lose their paramagnetic property, evidenced from the
desorption. EPR intensity measurement. This gives that the concen-

The electrical conductivity of dried, doped polyanilines tration of polarons, charge carriers, is reduced upon the
was also measured as function of oxygen exposure time atreaction with oxygen molecules. It was also found that the
an oxygen pressure of 137.9 kPa as shown in Fig. 6. It is mobility of spin was reduced upon oxygen exposure. That
Clearly seen that the electrical conductivity decreased from is, oxygen molecules induce the reduction in both the con-
1.02to 0.94 S/cm with the oxygen exposure time. However, centration and the mobility of the charge carriers. Therefore,
the conductivity increased again with the evacuation time the reduced conductivity can arise from the reduction in
and recovered to its Original value. The COHdUCtiVity also both the concentration and the m0b|||ty of the Charge car-
shows the reversible behavior as shown in the spin—spinriers. The effect of each term on the decrease in conductivity

interaction between polarons and oxygen molecules.

It is well known that the polarons are delocalized through
the conjugatedr-bonds, resulting in an electrical conduc-
tivity. Therefore, the electrical conductivity depends upon
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Fig. 6. The change in electron conductivity as a function of oxygen expo-
sure time and re-evacuation time in polyaniline doped with 4 M H@): (
oxygen exposure at 137.9 kP&)(re-evacuation time.

will be examined as follows.

It was found that the extent of the conductivity decrease
upon oxygen exposure was small. According to Fig. 6, it
decreased only from 1.02 to 0.94 S/cm. However, almost
90% of the polarons reacted with oxygen molecules and
lost their paramagnetic property, as shown in Fig. 3. This
means that the major factor to determine the electrical con-
ductivity is not the concentration but the mobility of charge
carriers. The effect of the mobility reduction by oxygen
exposure on the small decrease in the electrical conductivity
will be explained as follows.

The spin—spin interaction of oxygen molecules with
polarons can be expressed by a simple reversible chemical
reaction, for convenience:
0,+P<[0,—PF 2
where P is the polaron, and [OP] is the oxygen—polaron
complex. Thus, the forward reaction is equivalent to the
localization reaction of polaron by oxygen. There will be
two transport modes of oxygen in doped polyanilines: one is
the diffusion of oxygen molecules through the matrix and
the other is the chemical reaction, i.e. the spin—spin inter-
action of oxygen molecules with the polarons. It was found
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