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Since large third-order nonlinear suscepti-
bility (x*(—3w; o, w, )) was observed in
polydiacetylene (PDA),! much interest has
been focused on m-conjugated polymers as
good candidates for third-order nonlinear
optical materials.? To date, third-order non-
linear optical properties have been studied on
several m-conjugated polymers. For example,
x*® measurements were reported on PDAs,!"2
polyacetylene (PA),*> polyarylenevinylenes
(PAVs),* polythiophene (PTh),> poly(p-phen-
ylenebenzobisthiazole) (PBT) and its deriva-
tives.® Very recently, there is also a rapidly
growing attention in the nonlinear optical
properties of polyaniline (PAn), an important
n-conjugated polymer which has been exten-
sively studied mainly on electrical conduction
and charge-discharge properties in the last
decade.” PAn is theoretically predicted to have
large ¥®,® and the resonance enhanced y**
values of PAn in solution and in a silica gel
host have been reported to be 1.6 x 107! esu

and 4.8x 107 '3 esu, respectively.® However,
there has not been reported 3 of the PAn
film which does not contain solvent or host
material.

In this communication, we report x®
measurement of polyaniline (PAn) cast films
without host material by third-harmonic
generation (THG). In general, processibility
(solubility and fusibility) of =-conjugated
polymers is poor. However, recently, it was
found that emeraldine base, one of the
interconvertible forms of PAn, is soluble in
N-methyl-2-pyrrolidone (NMP) even in the
case of high degree of polymerization.'®
Therefore, simple fabrication of PAn films
from casting solution has become possible. In
our experiment, thin cast films with a range of
thicknesses were prepared, and the x®
dependence on the incident light wavelength
and the film thickness was investigated. The
PAn used in our experiment was prepared by
chemical oxidative polymerization of aniline in
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1 N HCI at 0°C using ammonium peroxo-
disulfate as an oxidant. The molar ratio of
used ammonium peroxodisulfate to aniline was
1.25. As-polymerized protonated PAn was
converted into emeraldine base through
deprotonation by treating with NaOHagq.
followed by washing with distilled water and
methanol. PAn cast films were prepared by
casting the NMP solution of emeraldine base
onto glass substrate (25mm x 10 mm x 1 mm)
followed by rapid heat drying. The thicknesses
of the PAn cast films were estimated to be
0.08—0.14 um by Talystep. X-ray diffraction
measurement (20 = 1—70°) on the films did not
show evident crystalline structure.

The THG measurements were performed at
pumping wavelengths ranging from 1.5 to
2.1 um by using a tunable pulse laser system.
The pulse duration was of 5 ns. The incident
1.5—2.1 um radiation was provided by differ-
ence-frequency generation of a dye laser and
the fundamental wave of a neodymium:yttrium
aluminum garnet (Nd: YAG) laser. The dye
laser was pumped by a frequency doubled light
of the Nd : YAG fundamental wave. The angle
between the normal of the film plane and the
incident light was varied from —45° to +45°
while the rotating axis was defined parallel to
the fundamental beam polarization direction,
and the TH intensity was recorded as a function
of the incident angle.
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Figure 1. Visible-near IR absorption spectra of unpro-
tonated PAn cast film and protonated PAn cast film.
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Figure 1 shows the absorption spectra of
PAn cast films. The unprotonated PAn
(emeraldine base) film is transparent in the
1.5—2.1 um wavelength region, while the film
has a large absorption band in the 500—700 nm
wavelength region, corresponding to the
frequency tripled light wavelength. Therefore,
¥® of the unprotonated PAn film in the
resonant wavelength region can be estimated
by THG. On the other hand, the protonated
PAn film prepared by exposure of the
emeraldine base cast film to HCI vapor, has
large absorption in the 1.5—2.1um region.
Therefore, THG measurement on the proton-
ated PAn film was impossible because of the
damage of the film by the incident light.

TH intensities were measured for glass
substrate, fused silica glass as a standard and
the PAn cast films on glass substrate. The TH
intensity from the glass substrate showed the
so-called Maker fringe pattern, corresponding
to the consecutive optical path-length varia-
tions. On the other hand, in the PAn cast films,
monotonous variation of the TH intensity was
observed, because the large TH signal from the
PAn layer predominates over the substrate
signal. y® of the PAn cast film was calculated
using the following equation:
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Figure 2. x'® and absorption spectrum of unprotonated
PAn cast film.
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Table I. ¥ values of unprotonated PAn cast films
£ x 10! /esu
Thi
hickness/um Pumping wavelength/um
1.5 1.65 1.8 1.86 1.89 1.92 2.1
0.08 5.1 5.5 6.3 8.8 9.0 8.3 6.5
0.09 4.4 4.8 6.0 8.1 82 7.1 6.1
0.11 4.1 49 6.0 8.8 7.0 6.9 5.0
0.14 35 4.0 5.1 6.9 6.7 6.0 4.0

x(3)=£xé3)\/(P—Psub>< Ott/z 2lc,Q 1)
n P, 1—e 2] ¢

where x§ is the x® of the fused silica,'! P,
Py, and Py are the measured TH intensity of
the thin film on the glass substrate extrapolated
to 0° of the incident angle, that of the glass
substrate and that of the fused silica,
respectively. « is the absorption coefficient of
the sample, /¢ q is the coherence length of the
fused silica and t is the sample thickness
assumed to be much less than the coherence
length of the sample. Equation 1 was derived
from the generally used equation for thin film
samples!? by the approximation neglecting the
difference of the refractive indices between the
PAn film and the fused silica glass and by the
correction considering the absorption of the
PAn film.

Figure 2 shows the wavelength dependence
of ¥ of the PAn cast film and its absorption
spectrum. At a wavelength of 1.86 um, y®
reached to the maximum value of 9.0 x 107!
esu. This 1.86 um incident light wavelength
corresponds to 620 nm of the TH wavelength,
which is nearly identical to the absorption peak
wavelength (634 nm). This tendency indicates
the resonance effect. For the more accurate
estimation of ¥® in the resonant region, it is
better to multiply the x*® obtained from eq 1
by a coeficient of | 1/[n(w)* —n(3w)?*]| accord-
ing to the Kajzar’s method,'* where n(w) and
n(3w) are refractive indices of PAn film at the
incident light wavelength and at the TH
wavelength. For example, the ¥® value at
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650 nm was about 2.5 times enhanced by taking
account of n(w) and n(3w) preliminarily
measured by ellipsometry (Mizojiri Optical
Co., Ltd.). This means that the true > of the
PAn film is larger than 1.7 x 107 1? esu. As the
PAn backbone is considered to be randomly
oriented in the present cast films, we can expect
x® value larger than 1.7x107!% esu in the
oriented PAn film.

The measured x'® data of PAn films with
different thicknesses are listed in Table I.
The data were obtained by eq 1. At every
wavelength, the thinnest film has the highest
x® value. Such tendency has been sometimes
reported for thin film samples.'* Our specula-
tion on the reason for this tendency is that the
deviation of the calculated x* from the true
¥® may become larger with increasing film
thickness due to the approximated absorption
correction.

As described above, it has been proved that
the third-order nonlinear susceptibility as large
as 1071° esu was shown in the unprotonated
PAn cast film without evident crystalline
structure. This value is larger than that of the
PAn-silica gel composite film® by two orders
of magnitude. Also, the value of the PAn cast
film is larger than that of the PBT spin-coated
film® by one order of magnitude and in the
same order of magnitude as those of the PAV
cast films and spin-coated films.* Since PAn
has interconvertible forms with different
electronic structures and the fabrication of PAn
into various aggregation states at the molecular
level is possible, the present study on the
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third-order nonlinear optical property of PAn

induces much interests for the development of

organic nonlinear optical functional systems.
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