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Photoacoustic Spectroscopy of Polyaniline Films
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Department of Applied Physics and Chemistry, The University of Electro-Communications,

1-5-1 Chofugaoka, Chofu, Tokyo 182, Japan
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Photoacoustic spectra as well as optical absorption spectra were measured to study the heat generation by non-
radiative processes in electrodeposited polyaniline films in the wavelength range of 310 to 800 nm. The shapes of
both spectra depend on the pH for polymerization of electrodeposited polyaniline films. The shapes of infrared
spectra also show the pH dependence. Photoacoustic spectra show that the changes of signal intensity are differ-
ent from those of optical absorption spectra, suggesting the character of lattice relaxation of a low-dimensional

system.
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1. Introduction

Polyaniline is a very attractive conducting polymer
because it exhibits good stability in air or water and the
redox mechanisms involve the exchange of protons and
electrons.” Polyaniline has attracted much attention be-
cause of fundamental interest and possible applications
such as batteries, electrochromic dispiays, and
others.?® In contrast to other conducting polymers, poly-
aniline shows two separate oxidation and reduction
processes during its electrochemical cycling.®” The
fully reduced form of polyaniline is electrically insulat-
ing and consists of benzenoid rings. In the first oxida-
tion process, the electronic band structure and the
chemical structure are strongly modified, resulting in a
highly conducting state consisting of semiquinoid
rings. The second oxidation process results in an in-
sulating state where the semiquinoid form relaxes to
benzenoid and quinoid rings.” However, recent litera-
ture on this material is subject to controversy regard-
ing qualitative discussion of transport and optical prop-
erties.®”

Although several investigations have been carried
out on the optical absorption of polyaniline, there are
few investigations on the photothermal effect due to
nonradiative processes. Photothermal spectroscopy
(PTS) involves the detection of temperature changes
resulting from nonradiative processes following light-
energy absorption. PTS of polyaniline might provide
useful information on lattice relaxation that cannot be
detected by optical absorption spectroscopy measure-
ments, because polyaniline shows one-dimensional con-
ductivity. PT'S complements optical absorption and ex-
citation spectra measurements, and it is not affected by
problems of scattered or stray light. Photoacoustic
spectroscopy (PAS) developed by Rosencwaig and
Gersho in solids is one of the PTS methods.® In micro-
phone PAS, the sample to be studied is placed inside a
closed cell containing a gas and a sensitive microphone.
The sample is then illuminated with modulated
monochromatic light. Photoacoustic spectra are ob-

*Present address: Nippon Oil Co., Ltd., Minato-ku, Tokyo 105,
Japan.

tained as analog signals from the microphone using a
phase-sensitive detector. In the present work, we show
the detailed experimental results of the photoacoustic
spectra in electrodeposited polyaniline films together
with results from optical absorption measurements in
the wavelength range of 310 to 800 nm.

2. Experiiental

Polyaniline films were deposited on indium-tin-oxide
(ITO) glasses by constant-potential electrolysis (+0.7
V versus Ag/AgCl electrode (RE)) in aqueous solution
containing 0.5 M aniline in 1.0 M HCl (5 min.). NaOH
was added in order to investigate the influence of pH on
the polymerization processes of aniline. Then poten-
tiostatic oxidation was carried out at +0.6 V versus
RE (2.5 min.) in 0.1 M HCI following reduction at
—0.2V versus RE (2.5 min.). Scanning electron
microscopy (SEM) showed that the films exhibited a
granular morphology and the thickness was approxi-
mately 0.5 um for all the samples.

The body of the PAS cell was an aluminum cylinder
with a small channel in its periphery in which the micro-
phone was inserted. The window of the cell was of silica
glass. The sample was affixed to silica glass which was
placed inside the cell. The inside volume of the cell was
approximately 1.0 cm®. The cell was suspended by four
rubber wires in order to avoid outside vibrations. The
light source was a 500 W xenon arc lamp. The light
beam was focused on the sample through a monochro-
mator with an impinging area of 0.16 cm® A cut-off
filter was used above the 600 nm wavelength region to
eliminate higher-order diffraction. Modulation fre-
quency for PAS measurements was 33 Hz using a
mechanical chopper, and the measurements were car-
ried out at room temperature in the wavelength range
of 310 to 800 nm. The photoacoustic (PA) signal inten-
sities were monitored by passing the microphone signal

. first through a preamplifier and then into a two-phase

lock-in amplifier. The data were usually averaged in
the lock-in amplifier to improve S/N ratio. The spectra
were normalized by the PA signals of carbon black
sheet. The optical transmission spectra (visible and in-
frared regions) were measured by conventional
methods.
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Fig. 1. Photoacoustic signal intensity of electrodeposited polyani-
line films for different pH values as a function of photon energy.

3. Results and Discussion

Figure 1 shows the PA signal intensity of electro-
deposited polyaniline films polymerized at various
pH values at 33 Hz modulation frequency as a function
of photon energy. Two bands are present in the PA
spectra except for the case of pH=4. One is between
1.8 and 2.6 eV with maximum absorption around 2.1
eV and the other is around 3,8 eV. There are three
bands in the case of pH =4 with maximun peaks are
2.1, 3.0, and 3.8 eV, respectively. Figure 2 shows the
modulation frequency (f) dependence of the PA signal
intensity at A=620 nm (2.0 eV photon energy) for poly-
aniline film polymerized at pH=1. The PA signal
exhibits a f~'° modulation-frequency dependence
within the experimental accuracy (~5%) predicted for
optically transparent and thermally thin sample by the
then)na,l diffusion model for the generation of PA sig-
nal.®

Figure 3 shows the total rate of optical energy absorp-
tion, 1-T-R (T: transmission, R: reflectance), of elec-
trodeposited polyaniline films for different pH values as
a function of photon energy. Two bands are present in
the 1-T-R spectra except for the case of pH=4. Maxi-
mum absorption peaks are 2.1 and 3.8 eV, which are
qualitatively similar to those of PAS. There are three
bands in the case of pH =4 with maximum peaks are
2.1, 3.0, and 3.8 eV, respectively. The energetic stabil-
ity and electronic structure of heavily oxidized (proto-
nated) polyaniline showed that the formation of a pola-
ron lattice is energetically more stable than bipolaron
couplings.? Also, the results of magnetic susceptibility
and optical measurements on heavily oxidized polyani-
line have suggested that a polaron lattice model is
reasonably appropriate for the electric conduction,
rather than the formation of bipolarons even in the hea-
vily oxidized form of polyaniline.’*"'? According to the
scheme of band levels for conducting polymer reported
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Fig. 2. Modulation-frequency dependence of the photoacoustic
signal intensity at A=620 nm for polyaniline film polymerized at
pH=1.
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Fig. 3. Total rate of optical energy absorption, 1-T-R, (T: transmis-

sion, R: reflectance), of electrodeposited polyaniline films for differ-
ent pH values as a function of photon energy.

by Genies and Lapkowski” and the above discussions,
the first band at 2.1 eV could be assigned to the transi-
tion between bonding cation level and antibonding ca-
tion level, and the second, to the band gap of polyani-
line. The maximum absorption peak at 3.0 eV in pH =4
could be assigned to the transition between bonding ca-
tion level and conduction band.

Figure 4 shows pH dependence of the PA signal in-
tensity (®) and 1-T-R (O) of electrodeposited polyani-
line films at (a) A=325 nm and (b) 620 nm (3.82 and
2.00 eV photon energy, respectively). The PA signal in-
tensity and 1-T-R decrease as pH increases in both
bands and they show linear dependence on pH.
However, the slope of PA signal intensity at A=620
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Fig. 4. pH dependence of the photoacoustic signal intensity (®)
and 1-T-R (O) of electrodeposited polyaniline films. (a) A=325 nm
(3.82 eV), (b) A=620 nm (2.00 eV).

nm is smaller than that of 1-T-R, indicating the differ-
ence between optical energy absorption and thermal
conversion efficiency in electrodeposited polyaniline
film under different polymerization conditions. The
slopes of PA signal intensity and 1-T-R at A=620 nm
are steeper than those at A=325 nm, suggesting that
the formation of bonding or antibonding cation level
and nonradiative processes are greatly influenced by
pH for polymerization.

In order to investigate increases and changes of both
PAS and 1-T-R, PA signals were divided by 1-T-R
(PAS/(1-T-R)). Figure 5 shows the ratio, PAS/(1-T-R),
of electrodeposited polyaniline films for different pH
values as a function of photon energy. The result indi-
cates that the increases and changes of the PAS are
different from those of 1-T-R, the total rate of optical
energy absorption, and they depend on the pH for poly-
merization. A maximum peak at 2.7 eV can be seen for
the cases of pH=1 and 2, and 2.5 eV for pH =3 and 4.
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Fig. 5. Ratio of the photoacoustic signal intensity (PAS) and total

rate of optical energy absorption (1-T-R) of electrodeposited poly-
aniline films for different pH values as a function of photon energy.
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Fig. 6. Infrared transmittance of electrodeposited polyaniline films
for different pH values as a function of wave number.

The band shape for the case of pH =4 is different from
the rest and it shows rapid changes near the maximum
peak. Figure 5 suggests that there is a photon-energy
dependence of the nonradiative and radiative quantum
yields and the quantum yields are related to the poly-
merization processes in aniline. In order to consider the
molecular structure changes due to polymerization of
aniline at different pH values, infrared (IR) transmis-
sion spectra of polyaniline films were measured. Figure
6 shows the IR transmittance of electrodeposited poly-
aniline films for different pH values as a function of
wave number. The spectra for the cases of pH=1, 2,
and 3 resemble each other, indicating the same molecu-
lar structures. and they correspond to those reported
by Sariciftci et al.” However, the spectrum for the case
of pH=4 is different from the rest, indicating mole-
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cular structure changes caused by the decrease of H*
ions in polymerization processes.
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