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This paper reports on electrical resistance vs. aging time for the response of polyaniline films under exposure to

water, ethanol and nitric acid (HNO3) solution. Camphor sulfonic acid-doped polyaniline films were prepared by a

“doping-dedoping-redoping” method, the morphology and microstructures of the films were characterized by a scanning

electron microscope and an x-ray diffractometer, the electrical resistance was measured by a four-probe method. It

was found that a lower amount of water molecules infiltrating the film can decrease the film’s resistance possibly due

to an enhancement of charge carrier transfer between polyaniline chains, whereas excessive water molecules can swell

inter-chain distances and result in a quick increase of resistance. The resistance of the film under exposure to ethanol

increases and becomes much larger than the original value. However, HNO3 solution can decrease the film’s resistance

sharply possibly owing to doping effect of protonic acid. These results can help to understand the conduction mechanism

in polyaniline films, and also indicate that the films have potential application in chemical sensors.
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1. Introduction

Conducting polymers such as doped polyacety-
lene, polyaniline (PANI), polypyrrole and polythio-
phene have drawn much attention due to their ex-
cellent physical and chemical properties and have
been studied extensively in fundamental and ap-
plied researches.l'=1% Among these conducting poly-
mers, PANT has caught much attention by its diversi-
form configuration,'!) good stability,"?! unique mech-
anism of doping and extensive prospect of technical
applications.[t3—15]

By now, the electrical resistance response of
PANTI to different vapours such as moisture, methanol
vapour and ethanol vapour has been studied.[*6—24
Kahol et al.l2!] reported that the existence of water
molecules in PANI can reduce the boundary region
between the “metallic islands” (where polymer chains
are much ordered), thereby enhancing the conductiv-
ity of PANL Tan et al.'7='% found that methanol or
water vapour can result in an increase in conductivity
of emeraldine salt and the interaction between vapour
and PANI was completely reversible. According to
Pinto et al.,l*? the resistivity of metallic PANI film
was shown to depend very sensitively on the pres-

ence of moisture. Tarachiwin et al.[23 also found

that the specific conductivity of PANI films responded
with positive increments upon exposure to water and
ethanol, and the similar result was obtained by Zhou
et al.2Y who explored the interaction between PANI
nanotube pellets and water/ethanol molecules. Due
to the sensibility to vapours and reversibility of inter-
actions with vapours, PANI films, pellets, nanostruc-
tures and composites have been studied as promis-
ing candidates for gas/chemical sensors in recent
years.[25—30]

However, the concentration of vapour or moisture
in most published papers is usually not very high. In
order to explore the influence of excessive liquid or
solution on the conductivity of PANI films, in this
paper, we studied the resistance changes of camphor
sulfonic acid (CSA)-doped PANI films under expo-
sure to excessive water, ethanol and nitric acid so-
lution. Compared with PANI films doped with other
protonic acids such as HCl, PANI-CSA film shows a
relatively high electrical conductivity at room tem-
perature (~ 200 S/cm), and its temperature depen-
dence of conductivity has been reported in previous

publications.[22:31:32]
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2. Experimental details

The CSA-doped PANI films were prepared by
a “doping-dedoping-redoping” method.?!l Aniline
monomer was distilled under reduced pressure. Other
reagents, such as ammonium persulphate as oxidant,
HCI and CSA as dopants, and NH;OH as dedopant,
were used as received materials. Highly conducting
and soluble CSA-doped PANI was synthesized as fol-
The PANI doped with HCl was first synthe-
sized by a common method reported by MacDiarmid
et al.,®® and then converted into its emeraldine base
form (EB) after being dedoped with 3-wt% NH,OH
for about 6 h. The resulting EB was further redoped
with CSA by a method reported by Cao et al.?¥ to
prepare the soluble and conductive PANI-CSA/m-
cresol solution. The PANI films of thickness about
18-26 pum were obtained by casting the solution onto
a glass plate. After dried at room temperature in air

lows.

for several days, the films were peeled off the glass
substrate to form freestanding films.

A four-probe method was used to measure the
conductivity of PANI films at room temperature. Fig-
ure 1 shows the schematic diagram of the standard
four-probe method. A constant current was supplied
between probes 1 and 4 and the resultant voltage was
measured across the probes 2 and 3. All the probes
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Fig. 1. A standard four-probe method to measure electri-
cal resistance of PANI film.

(Cu wires) were fixed on the PANI film by highly
conductive silver paste. The electrical resistance of
the PANI film between the probes 2 and 3 is calcu-
lated from R = V /I, where V is the voltage, I is
Several pieces of PANI-CSA
films were used to measure the resistance changes un-

the supplied current.

der exposure to a drop (~15 uL) of water, ethanol
and HNOg solution by syringe, respectively. The wa-
ter and ethanol used were of analytical grade. The
concentration of the HNOj3 solution was 0.985 wt%.

All experiments were carried out under atmospheric
conditions. The morphology of the PANI films was
characterized by scanning electron microscopy (SEM,
JSM-6390). The crystallinity degree of the PANTI films
was characterized by x-ray diffraction (XRD, MAC
Science M18AHF with a CuK,, radiation).

3. Results and discussion

The electrical conductivity of the PANT film is

about 200 S/cm at room temperature.
5l21,32]

Previous
studie have demonstrated that the microstruc-
tures and electronic transport properties of PANT films
can be described by metallic islands model or inhomo-
geneous disorder model.2135=37 Namely, the polymer
film is composed of ordered crystalline parts and dis-
ordered amorphous parts. The polymer chains in crys-
talline state are arranging in an orderly manner and
have a higher electrical conductivity, but the polymer
chains in amorphous state are disorderly arranged and
show a lower conductivity. This model will help us to
understand the electrical resistance response of PANI
films to different vapours or liquids.

3.1. Effect of water

Figure 2(a) shows the electrical resistance vs. ag-
ing time for the response of PANI film to water. This
curve indicates that there are three processes for the
effect of water molecules on the film’s resistance versus
aging time.

First, the resistance ratio R/ Ry (R is the original
resistance value of the PANI film) falls from 1 to 0.988
in the first 30 seconds, as shown in Fig. 2(b) clearly.
The decline of the resistance of the PANI film is due
to the rise of the relative humidity in its surrounding.
Jain et al.38) studied the relationship of the resistance
of conducting polymers and the relative humidity, and
found that the resistivity of the conducting polymers
was seen to reduce as the level of relative humidity
was increased. We can use the metallic islands model
to explain this phenomenon, a lower amount of wa-
ter molecule entering the PANTI film produce crosslink
points to construct PANI chains and conducting chan-
nels between metallic islands where water molecules
act as carriers to transfer charge from one chain to

(1] The charge-carrier—transfer results in an

another.
increase in the interchain charge mobility from one
metallic island to another, so it is equivalent to de-
crease the resistance of the amorphous state, and de-

crease the macroscopic resistance of the PANI film.
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Fig. 2. (a) Electrical resistance vs. aging time for the response of PANI films to water. (b) The resistance

response in the first 4 minutes. The resistance has been normalized.

On the other hand, excessive water causes a side effect (e.g., swelling or disordering effect[gg]) for the
conducting PANT film. Its volume will swell, as shown in Fig. 3. From the comparison between Figs. 3(a) and
3(b), we can find that the distance between the bulges of the PANI film surface after soaking in water obviously
becomes larger than that for the dry PANI film. Some conducting channels in the amorphous regions or
interfaces may be blocked by the excessive water molecules, which results in the increase of the film’s resistance.
This process lasts about half an hour, the resistance ratio R/ Ry of the PANI film raises to 1.052. This change

is more obvious than that of decrease at the beginning.
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Fig. 3. The SEM images of the surfaces for (a) pure PANI film, (b) PANI film after soaking in water, and (c)
PANI film after soaking in HNOg solution.

resistance falls down. The slope of decline of the re-

Since the PANI film is exposed to the air, the wa-
sistance ratio becomes smaller and smaller, and the

ter molecules in the PANI may evaporate into atmo-
sphere, resulting in changes of the water concentration
and the volume of PANI film. Therefore, the side ef-
fect of excessive water which increases the resistance

of the PANI film is weakened gradually, and then the

resistance is down to the original value after about 5
hours.'! Here it is noted that the z-axis in Fig. 2,
in fact, corresponds to the change of water concen-

tration. So, figure 2 also displays the influence of the
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concentration of the solvents on the film’s resistance.

3.2. Effect of ethanol

The resistance ratio R/Ry of the PANT film rises
sharply after the ethanol drop was dripped onto the
PANI film, as shown in Fig. 4. Since the polarity
of ethanol molecule is not weaker than that of water
molecule, ethanol molecules enter the PANI film more
easily and quickly than water molecules.
win et al.?] studied the Fourier transform infrared
(FTIR) spectra of PANI films exposed to pure ethanol,
and found that the PANI film exposed to ethanol,
no new peak occurred in the FTIR spectrum, which

Tarachi-

suggested that ethanol molecules did not permanently
change with the PANI emeraldine salt. The process of
producing crosslink points to construct PANI chains
and conducting channels is weak and ethanol molecule
has a lower ability to cause the charge—carrier—transfer
than water molecule.[?3] However, the process that the
resistance of amorphous regions is increased by vol-
ume expansion is much faster.?% As a result, the re-
sistance ratio R/ Ry of the PANI film increases from 1
to 1.413 in the first 1.1 min. Then, the resistance ratio
R/Ry falls to 1.008 quickly in the following 3 minutes,
because the ethanol molecules are more easily evap-
orated into atmosphere than water molecules. From
the comparison of the results shown in Figs. 2 and 4,
it is obvious that the resistance of PANI film is more
sensitive to ethanol than water.
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Fig. 4. Electrical resistance vs.
sponse of PANI film to ethanol.

aging time for the re-

3.3. Effect of HNOj3; solution

We also studied the electrical resistance response
of PANI film to protonic acid solution. Figure 5 ex-
hibits the electrical resistance vs. aging time at room
temperature for response of PANI film to HNOj so-
lution. The resistance of PANI film declines sharply
in the first 2 minutes after the HNOs3 solution was

dropped onto the film. The resistance ratio R/Ry
falls to 0.977. For comparison, the resistance ratio
R/Ry of PANI film exposed to water is only down to
0.988, as shown in Fig. 2. From this comparison we
can find that the existence of protonic acid can more
significantly reduce the resistance of PANI film due to
two possible reasons. The first reason is similar to the
first process for the effect of water molecules on the
PANI-CSA film, as discussed above, a lower amount
of water molecule entering the inside of PANI film pro-
duces crosslink points to construct PANI chains and
conducting channels between metallic islands where
water molecules act as carriers to transfer charge from
one chain to another. The second reason is that the
protonic acid entering into the PANI results in redop-
ing, namely, protonation on some quinoid segments
generates polarons which can conduct current in the
polymer chains, therefore can improve the conductiv-
ity of PANI film.[*0*1) Compared with the effect of
water, we propose that the second reason leads to the
fact that the resistance of the PANI film exposed to
HNO3 solution shows a larger decline.
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Fig. 5. Electrical resistance vs. aging time for the re-
sponse of PANT film to HNO3s solution.

Figure 5 also shows that the film’s resistance
increases gradually after 2 minutes. This transi-
tion is quite similar with the transition shown in
Fig. 2(b).
ter molecules entering the PANT film, swell the film’s
volume (Fig. 3(c)), and enlarge the distance of PANI
chains.[3¥ The effect of this process increases the re-
sistance of the film. However, owing to the doping
effect of the protonic acid, the resistance of the film
exposed to HNOg solution is only increasing slowly,
and is still much less than the original resistance even
after 40 minutes. It is noted that the value of the resis-

The possible reason is that excessive wa-

tance will rise to the original value finally after about
5 days’ aging treatment at room temperature possibly
due to the evaporation of water molecules and partly
dedoping.
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3.4. Further studies on microstructures
of PANI films

Here we note that the resultant PANI films are
not homogeneous. Some surface seems to be smooth
(as shown in Fig. 3), but some surface seems to be a
bit rough. The microstructures of the polymer films
are dependent on the synthesis conditions, aging time,
For comparison, we show some
other SEM images of the cross section (Fig. 6(a)) and
the surface (Figs. 6(b) and 6(c)) for the PANTI films.
It is obvious that some crystal-like or granular struc-

and other factors.

tures were observed. The formation of these structures
may be ascribed to the PANT crystallization.['!) Tt also

20 kV X5,000 5 ym

0552 15.30 SEI

should be noted that a porous structure (as shown in
Fig. 6(d)) could be formed possibly due to the swelling
effect if excessive water molecules penetrate the PANI
film.

In addition, the crystallinity degree of the PANI-
CSA films was characterized by XRD, as shown in
Fig. 7. The XRD pattern shows that there are two
crystalline diffraction peaks at 20 around 19° and 25°.
The XRD pattern indicates that the PANI-CSA film
is partly crystalline but mainly amorphous. So, these
results may exhibit evidence to the metallic islands
model or inhomogeneous disorder modell21-32:35=37] of
polymer films.
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Fig. 6. The SEM images of the cross section (a) and the surface ((b) and (c)) for PANI films. (d) The SEM
image of the surface of a PANI film after soaking in water.
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Fig. 7. The XRD patterns of the PANI films.

I
4. Conclusion

In summary, the influences of water, ethanol and
HNOj3 solution on resistance response of polyaniline
films have been studied under atmospheric conditions.
The resistance response vs. aging time or concentra-
tion can be explained well from the viewpoint of in-
teractions between PANI films and water, ethanol and
HNO;3 solution.
of water molecules entering the PANI chains can de-

It was found that a lower amount
crease the film’s resistance. The protonic acid in
HNOj3 solution makes the film’s resistance a much
sharper decline than water because of the doping effect
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of the protonic acid. Ethanol molecules do not per-
manently change with the PANI emeraldine salt and a
lower ability to cause the charge—carrier—transfer than
water molecules, so we do not observe the decrease
of resistance. In addition, both excessive water and
ethanol molecules entering into the film will increase
the chain distance and swell the volume of the film,
and thus make the film’s resistance increasing. These
results indicate that PANI films have potential appli-

cation in chemical sensors.
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