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Synthesis of linear PEDOT fibers by AC-bipolar
electropolymerization in a micro-space

Masato Ohiral, Yuki Koizumi!, Hiroki Nishiyamaz, Ikuyoshi Tomita? and Shinsuke Inagi2

Alternating current bipolar electropolymerization of 3,4-ethylenedioxythiophene (EDOT) was performed in the presence of
benzoquinone in 1 mm tetrabutylammonium perchlorate/acetonitrile. The obtained poly(3,4-ethylenedioxythiophene) (PEDOT) was
deposited at both ends of bipolar electrode (BPE) gold wires in a linear fiber form (¢ =ca. 30 pum) owing to limited accessibility
of the EDOT monomer to the active site of BPEs in a micro-space. The mechanism of the fiber formation is discussed. The
linear growth of the PEDOT microfibers was demonstrated to be useful for application in circuit wiring.
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INTRODUCTION
Conducting polymers composed of z-conjugated aromatic moieties
have interesting optoelectronic properties arising from electronic
communication through the polymer main chain.? Electrochemical
polymerization (or electropolymerization) of aromatic monomers
such as pyrrole, thiophene and their derivatives is a promising method
to obtain conducting polymers as deposited films on a working
electrode (anode); monomers undergo anodic oxidation to the radical
cation form, followed by radical coupling and deprotonation
repeadedly.>* For device applications and functional surfaces, it is
important to control the morphology of these conducting polymers,
and thus the fabrication of micro- or nanofiber (wire) conducting
polymers has been often performed using templates such as porous
membranes and seeds.”®

Recently, we demonstrated the facile and template-free synthesis of
conducting polymer microfibers composed of poly(3,4-ethylenediox-
ythiophene) (PEDOT) on bipolar electrodes (BPEs) by using oxidative
electropolymerization of 3,4-ethylenedioxythiophene (EDOT) and the
sacrificial reduction of benzoquinone (BQ) to hydroquinone
(Figure 1a).” In a low concentration of a supporting electrolyte, a
conducting material such as a metal wire behaves as a BPE when a
sufficient voltage is applied between the driving electrodes outside of
the BPE.'*"12 The solution potential distribution generated in the
electrolyte induces a potential difference at the interface of the solution
and the metal wire, which is large enough to perform anodic and
cathodic reactions on both sides of the wire (Figure 1b). Thus, the
termini of a gold wire are platforms for the initial deposition of
PEDOT. The highly conductive PEDOT acts as part of the BPE, and
subsequent propagation of PEDOT deposition occurs in a dendritic
manner owing to the diffusion-limited electrolytic system. Application
of alternating current (AC) voltage also contributes to successful fiber

formation. Furthermore, the gold wires can be bridged with PEDOT
propagated until the opposing tips connect.

We investigated the synthesis of linear PEDOT fibers by using a
micro-space to surround BPEs to limit the monomer supply to the
active sites of the BPEs (Figure 1c). The control of fiber morphology
(one-dimensional growth) is of importance for applications in organic
devices.

EXPERIMENTAL PROCEDURES

Materials

All chemicals and dry acetonitrile were obtained from commercial sources and
used without further purification unless otherwise noted. Gold (Au) wires,
platinum (Pt) plates and glass plates were purchased from commercial sources.

Instruments
AC power was supplied to the driving electrodes using a NF Corporation
(Yokohama, Japan) EC1000SA AC power source. Optical microscope observa-
tions were conducted using an Olympus (Tokyo, Japan) SZX10, and scanning
electron microscopy observations were performed using a Shimadzu (Kyoto,
Japan) SS-550.

Estimation of potential difference between anodic and cathodic
poles of BPE

The minimum potential value to drive Au wires as BPEs (AVj,,) can be
estimated from the difference between the oxidation and reduction potentials of
the corresponding species, Eoy and Eyeg.'

Avmin = |on - Ered‘

In this system, the oxidation of EDOT and the reduction of BQ occurred at
both poles of the BPE. The AV ,;, was estimated using the onset potentials as
measured by linear sweep voltammetry.

AV in = |Eox — Erea| = 133 V — (=049 V)| = 1.82 V
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Figure 1 (@) Schematic of the electrochemical setup for
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This work: Linear PEDOT fibers using a micro-space
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(AC)-bipolar electrolysis, including oxidative polymerization of

3,4-ethylenedioxythiophene (EDOT) and sacrificial reduction of benzoquinone (BQ) with Au wires as bipolar electrodes (BPEs) set between driving Pt
electrodes. (b) Schematic illustration of the principle of bipolar electrochemistry: the potential difference at the electrode/solution interface varies across the
length of BPEs according to the potential gradient applied to the solution; thus, the overpotential (AVgpg) can drive redox reactions at both sides.
(c) Ilustration of the setup for this work, using a glass cover on top of BPEs to form a micro-space.
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Figure 2 Cell configuration and definition of parameters for the equations. A
full color version of this figure is available at Polymer Journal online.

The electric field transmission efficiency (6), a ratio of electric field inside the
cell (e.) and the applied electric field between driving electrodes (&) is defined

as follows.!>14
g = &t
€

It follows that

Unmdg
0= dnE
and
dnE
m — 0 —_
U s

where U, is the potential difference between two microelectrodes with distance
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dm, and E is the applied voltage between a pair of driving electrodes with
distance dg (Figure 2). A potential value applied at both poles of the BPE
(AVppg) can be estimated as follows.

AVBPE =0

dppeE
dg

where dpp, is the length of the BPE. The value of AVppp was stable over the
time scale of the electrolysis.

Cell configuration

Au wires (¢p=30 pm, length =10 mm) were placed 0.5 mm apart. To form a
micro-space, a glass plate was placed on top of the Au wires, and shorter pieces
of Au wire were used as spacers to control the thickness of the micro-space.
The experimental configuration is shown in Figure lc. Pt plates (20 X 20 cm?)
were used as driving electrodes, and 50 mm of EDOT, 5 mm of BQ and 1 mm of
tetrabutylammonium perchlorate (BuyNCIOy) in acetonitrile was used as an
electrolyte.

RESULTS AND DISCUSSION

AC-bipolar electropolymerization of EDOT in micro-space

An acetonitrile solution containing 1 mm of BuyNClO4, 50 mm of
EDOT and 5 mMm of BQ was added to a bipolar electrochemical setup
equipped with a pair of driving electrodes and Au wires (¢ =30 pm,
10 mm length). At this low concentration of supporting electrolyte,
the voltage applied between the driving electrodes generates a potential
drop in the solution that can induce an interfacial potential difference
between both poles of the Au wires (BPEs) that allows redox reactions
at these poles. When applying 45V between the driving electrodes
under these conditions, the value of AVppr on the Au wires is
estimated from the equation in Figure 2 as ~ 6.4 V, which is above the
AVpin. The electro-oxidative polymerization of EDOT and sacrificial
reduction of BQ occurred simultaneously. An AC power supply



(15Hz) gives rise to iterative electropolymerization of EDOT from
both poles of BPEs and also has a key role in the specific, fiber-like
deposition of PEDOT, in combination with the effect of electrophor-
esis under bipolar electrochemical conditions.’

To control the propagation behavior of PEDOT fibers in this
system, we designed a space around the BPEs. A glass plate (1 mm
thick) was introduced to cover the BPEs with a micro-space. The space
was tuned using short pieces (1 mm length) of Au wire with a
diameter of 30 pm. The Au wires at the corners are not active as a BPE
under the electrolytic conditions owing to their short length. Figure 3
shows optical microscope and scanning electron microscopy images of

Micro-Space
(ca. 30 pm)

Figure 3 (a) Optical microscope image of poly(3,4-ethylenedioxythiophene)
PEDOT fibers bridging the 0.5 mm gap between Au wires, and (b) scanning
electron microscopy image of PEDOT fibers. A full color version of this figure
is available at Polymer Journal online.
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the PEDOT fibers obtained with this setup. PEDOT fibers grew from
the terminals of the BPEs in a similar manner to that in previous
work, but their morphology was different, that is, linear-shaped fibers
bridged the 0.5 mm gap for 30s (Figure 3a). The scanning electron
microscopy images of the fibers reveal several buds on the fibers
(Figure 3b), suggesting that under electrolytic conditions, fibers could
potentially branch into a dendritic shape, but that this morphology is
limited by the short supply of monomers around the fibers owing to
the spatial limitation imposed by the cover glass.

To further understand the effect of micro-space on controlling fiber
growth, we changed the thickness of the micro-space (D =30, 50, 80
and 100 pm). When the micro-space was thicker, small branches
appeared on the fibers (Figure 4), indicating that monomers could
approach even after formation of the main fibers. Similar behavior was
observed when the concentration of EDOT monomer was increased
(Figure 4). When a higher-frequency AC voltage was applied, fibers
with smaller diameters were obtained. A lower-frequency condition
produced fibers with larger diameters. This influence of frequency on
fiber morphology was described in our previous report.” In contrast,
the number of fibers did not vary with frequency, as only one fiber
grew from each BPE end in this system.

Mechanism
A proposed mechanism for the linear growth of PEDOT fibers in a
micro-space is described in Figure 5. The basic principle is identical to
our previous report. PEDOT clusters are formed at the edges of the
BPEs, followed by the sequential deposition of clusters in a fiber-like
manner owing to the electrophoretic effect of the charged (p-doped)
PEDOT under the influence of the AC external electric field. The buds
on the PEDOT fibers are active sites for further electropolymerization.
However, in the present study, access to EDOT monomer at the active
sites of the PEDOT fibers is limited owing to the micro-space around
the BPEs. After the EDOT monomer is consumed during bipolar
electropolymerization, the local concentration of monomer near the
generated fibers is too low to allow further branching, but there is still
enough EDOT surrounding the terminus of the fibers; consequently, the
PEDOT fiber propagates linearly without branching in the micro-space.
After the formation of the linear PEDOT fiber from the edge of the
Au wire with a micro-space, further electropolymerization was
conducted without a cover glass so that monomers were accessible
to the PEDOT fiber and BPE from all directions. In this situation,
additional PEDOT fiber branches propagated from the buds as well as
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Figure 4 Optical microscope images of linear poly(3,4-ethylenedioxythiophene) fibers grown from the tips of Au wires, with increasing micro-space thickness
and 3,4-ethylenedioxythiophene (EDOT) concentration. A full color version of this figure is available at Polymer Journal online.
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Figure 5 Possible mechanism for linear poly(3,4-ethylenedioxythiophene)
(PEDOT) fiber formation in alternating current-bipolar electropolymerization
in a micro-space with a glass cover. A full color version of this figure is
available at Polymer Journal online.

(1) Linear PEDOT fiber with a micro-space

.25 mm
——
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(2) Branched PEDOT fibers after the removal of a glass cover
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S

Figure 6 Schematic illustration and optical microscope images of poly(3,4-
ethylenedioxythiophene) (PEDOT) fibers prepared sequentially; (1) linear
PEDOT fiber formed in a micro-space; and (2) PEDOT branches propagated
after removal of the glass cover. A full color version of this figure is available
at Polymer Journal online.

from the terminus of the trunk, resulting in a dendritic morphology
(Figure 6). This result supports the fiber formation mechanism
discussed above, in which the feeding (diffusion) of monomer has a
key role in determining the morphology of PEDOT fibers.

Circuit wiring

We have previously reported the potential use of PEDOT fibers
propagated from BPE terminals for circuit wiring, namely the selective
connection of Au wires along the direction of the electric field.
However, dendritic fiber growth is not directly suitable for connecting
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Figure 7 (a, b) Schematic illustrations of the two setups for wiring

bipolar  electrodes (top) and optical microscope imaging of
poly(3,4-ethylenedioxythiophene) networks after polymerization (bottom).
A full color version of this figure is available at Polymer Journal online.

BPEs. In this context, linear fiber growth using a micro-space was
applied to circuit wiring. The setup for this experiment was prepared
as shown in Figure 7, and the external electric field was applied to
BPEs from different directions. The linear PEDOT fibers propagated
only from the terminals of the activated BPEs, resulting in the
successful connection of Wy and W, (Figure 7a). For the conventional
dendritic fibers, the tips of the fibers from Wy reached to W; and W,
when the gaps of the BPEs were maintained at 0.5 mm. The finely
controlled line of the PEDOT fibers connecting the desired BPEs has
advantages for circuit wiring applications. When the external electric
field was applied from the opposite direction, connection of W1/W3
and W,/W, was achieved with the linear PEDOT fibers (Figure 7b).

CONCLUSION

We have demonstrated that the AC-bipolar electropolymerization of
EDOT in a micro-space produces PEDOT fibers with a one-
dimensional morphology from both edges of the Au wires used as
BPEs. In this situation, the micro-space around the BPEs and
generated PEDOT fibers effectively limited access to EDOT monomer
from the side of the fibers, but allowed access at the fiber terminus,
leading to the formation of linear PEDOT fibers. This method can
connect BPE wires with linear PEDOT fibers and control the growth
direction using an external electric field, which is a more effective
method than current dendritic growth methods for producing PEDOT
fibers. The rapid and selective wiring of conductors with organic
microfibers is of potential interest for applications in organic devices.
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