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Multiphoton-sensitized Polymerization of Pyrrole
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An aqueous solution, acting as a photoinduced electron-
transfer system, was prepared using tris(2,2'-bipyridyl)rutheni-
um complex, methylviologen, and pyrrole to demonstrate the
multiphoton-sensitized polymerization of pyrrole. A conductive
polypyrrole (2.7 x 1072Scm™! in free standing state) was ob-
tained on a glass substrate by illumination at 800 nm using
a femtosecond pulses laser. The excitation of the ruthenium
complex was entailed by two-photon absorption because the
ruthenium complex did not have any absorption around 800 nm.

Conductive polymers, such as polypyrrole, polythiophene,
polyaniline, and their derivatives, are very useful materials for
opto-electronics and nanotechnology. Their applications include
molecular wires, semiconductors, display devices, biosensors,
and molecular actuators.! We have investigated the effect of
the preparation conditions on the opto-electronic behaviors of
these materials.? The chemical and electrochemical polymeriza-
tions are usually employed as the preparation method of these
materials. In particular, photopolymerization is also an interest-
ing method, which induces the polymer product only at the pho-
toilluminated part. A two-dimensional (2D) pattern of conduc-
tive materials can be obtained on the substrate by using photo-
polymerization. For the photopolymerization of these mono-
mers, a photoinduced electron-transfer process with tris(2,2'-
bipyridyl)ruthenium complex [Ru(bpy);>*] as the photosensitiz-
er has been adopted, rather than the direct excitation of the
monomer. A highly conductive product cannot be expected from
the direct excitation of the monomer due to the random bonding
positions.> The photopolymerization by the indirect process
includes the first electron transfer from the excited state of
Ru(bpy);>* to the electron acceptor, and the second electron
transfer from the monomer to the ground state of Ru(bpy);3*.
If methylviologen is used as the acceptor, the resulting cation
radical is recovered by electron transfer to O, in the solution.
Repetitions of oxidative quenching of the photosensitizer and
electron transfer result in the polymer’s growth and the poly-
mer’s deposition on the substrate. Actually, several works for
photofabrication of polymer materials were reported using the
indirect process.*

The excited state of the molecule (containing with
Ru(bpy);*) is achieved not only by an one-photon process with
an ordinary light source, but also by a multiphoton process using
a femtosecond laser.’ By focused illumination with this kind of
laser via optics, the multiphoton absorption reaction can take
place only in the space narrower than the wavelength of the light
source.’ We describe here a new method for the photopolymeri-
zation of conductive polymers, and we adopt a femtosecond
laser system and a photoinduced electron-transfer system to
demonstrate this method. This method allows a sub-micron
patterning of conductive materials on the substrate.

Pyrrole was used as the monomer of the conductive polymer

after purification. All other chemicals were purchased and used
without purification. Water was deionized with a Millipore puri-
fication system. An aqueous solution was used as the polymer-
ization solution that contains 0.1 M of lithium tetrafluoroborate,
0.22M of pyrrole, I mM of methylviologen, and 1 mM of
Ru(bpy)s;>*. A glass plate was immersed in the polymerization
solution as the substrate for the polymer deposition, and then il-
luminated to polymerize the pyrrole. Excitation was provided by
a mode-locked Ti/sapphire laser (100 fs fwhm). The repetition
rate was 80 MHz. The laser beam was tightly focused by the ob-
jective lens (N.A. = 0.8). The illuminated areas were transfer-
red under computer-control by shuttering the beam and driving
the substrate using an XY stage (Photoscience Co., MPF-130).
After illumination, the substrate was immersed in the deionized
water to remove any residual monomer and other materials from
the surface. The chemical structure of the product on the sub-
strate was evaluated by Fourier transform infrared reflection ab-
sorption spectroscopy (FT-IR RAS) measurements. The conduc-
tivity of the product was measured using an inter-digitated array
Pt electrode (spacing: 10 um).

The absorption and the emission spectra of the Ru(bpy)s>*
in the aqueous solution are shown in Figure 1. The present setup
of our Ti/sapphire laser provides a photoillumination at 800 nm.
In spite of the absence of the absorption around 800 nm, the
emission spectrum was observed in the solution only by the pho-
toillumination of over 20 mW. The shape of the emission spec-
trum is almost the same as that from the excitation of Ru(bpy);>*
at 400 nm with a xenon lump. These results indicate that the two-
photon excitation of Ru(bpy)s;>* occurs in this system. A previ-
ous work of the two-photon excitation of Ru(bpy);>* concluded
that the generated excited state displays the same photophysical
characteristics as those obtained by the one-photon excitation.”
Therefore, the deactivation process of the excited state of
Ru(bpy);>* could be utilized for the sensitized polymerization
of pyrrole in the same way as the one-photon-sensitized poly-
merization.

A glass substrate was immersed in the polymerization solu-
tion, and then illuminated by the same light source. The laser
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Figure 1. Absorption and emission spectra of Ru(bpy);>* in
aqueous solution. Emission spectra were observed by photo-
excitation at 400 nm (a) and 800 nm (b).
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Figure 2. FT-IR-RAS spectra of the deposition from excitation at
800 nm (a), 400 nm (b), and an electropolymerized polypyrrole (c).

beam was focused on the surface of the substrate (solution side).
As a result of the illumination (130 mW) for 60, a cylindrical
deposition was found on the substrate. From the microscopic
measurements, the diameter and the height were estimated to
be about 1.1 and 0.9 um, respectively. A longer illumination
(for 3005s) induces further growth of the deposit. The diameter
and the height then increased to 2.2 and 2 um, respectively. It
was confirmed that no deposition was obtained on the substrate
using the same illumination from the solution without pyrrole or
Ru(bpy);**.

Figure 2 shows the FT-IR spectrum of the deposit on the
ITO substrate obtained by illumination at the wavelength of
800 nm. This spectrum includes some peaks which have the
same wavenumber as the polypyrrole obtained by electro-poly-
merization or a one-photon excitation (400 nm). Their peak
values are 1583, 1285, 1024, 932, and 788 cm™~!, and they are
due to the C—C stretching vibrations in the pyrrole ring, the C—
H or C-N in-plane deformation mode, the C—H and N-H in-
plane deformation vibrations, the C—C out of plane ring defor-
mation vibrations and the C—H out-of-plane deformation vibra-
tions, respectively. The peak at 1700 cm™! corresponds to car-
bonyl group formed by nucleophilic attack of water during the
polymerization. And, the peak at 1024 cm™! includes the signal
of BF,~ as the dopant anion for oxidized PPy.® We concluded
that the product by illumination at 800 nm was the conductive
polypyrrole.

Although oxidative quenching of Ru(bpy);>* could be esti-
mated as the electron-transfer mechanism, reductive quenching
via Ru(bpy); ™ could be also one of the mechanism.

To cover the two electrodes with polypyrrole, an illumina-
tion at 800 nm was carried out on the inter-digitated electrodes
in the polymerization solution. The electric conductivity of the
obtained polypyrrole was evaluated using this electrode, and a
value of 2.7 x 1072Scm™! was obtained for the free standing
state.

The fabrication of the 2D patterns was tested by driving the
laser focus in the XY directions. In order to improve the deposi-
tion of polypyrrole, a thin polymer layer (about 200 nm) was
coated on the glass substrate. Figure 3 shows an example of these
results. The minimum resolution of the polypyrrole pattern is
less than 800 nm. This indicates that the two-photon process oc-
curs within the diffraction limit of the light sources in the present
system. Further fine pattern will be obtained in the near future by
the optimization of the illumination conditions. We are presently
fabricating of three-dimensional (3D) patterns by moving the
beam focus in the Z direction.
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Figure 3. Micrograph of polypyrrole patterns on the glass
substrate obtained by two-photon-sensitized polymerization with
different driving rates of the laser focus (Top: 250 nm/s, Middle:
500 nm/s, Bottom: 1000 nm/s).

We have demonstrated a new approach for patterning a
conducting polymer. This method was the photoinduced oxida-
tion of a monomer by multiphoton excitation of the sensitizer.
From comparison with the one-photon process, the method pro-
posed can provide a higher-space (3D) selectivity of reaction
sites and a finer resolution of the pattern. In the near future,
the 3D nanofabrication of conductive polymers will be accom-
plished by driving the focal point in the XYZ directions. The
electroactivity of these nanoparts obtained from this system will
contribute to provide attractive targets such as 3D electronic
circuits, biosensors, rechargeable batteries, and actuators for
nanorobots.
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