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was dried only to about 30 % of its weight before the crosslinking step. A
drop of 1 M MgSO4 was added for the crosslinking, and after about 15 min
the electrode was equilibrated with aqueous 0.25 M MgSO4 for at least 2 h.
The PPy was grown on the polymer gel as described above. The unswelled
PEDOT-PSS/PPy electrode was prepared by electropolymerizing pyrrole on
an uncrosslinked PEDOT-PSS-coated electrode from acetonitrile solution
containing 0.25 M pyrrole and 0.1 M LiClO4 at a constant potential of
0.85 V vs. an Ag/AgCl electrode. The PPy-coated electrode was prepared
by growing PPy on a gold electrode under the same conditions as in the case
of PEDOT-PSS/PPy electrodes.

The electrochemical cell in the supercapacitor geometry for the cyclic
voltammetric and the chrono-potentiometric studies was a two-electrode
set-up, with two identical electrodes face to face and parallel, in aqueous
1 M Na2SO4. For the swelled-polymer electrodes, i.e., in the cases where
high power-density was applied the electrodes were at a fixed separation of
1 mm, whereas in other cases, the distance was about 1 cm. The cells were
in ambient atmospheric conditions. The chrono-potentiometric studies of
galvanostatic charging±discharging were carried out in the potential range
of 0 V to 0.8 V. For calculation of the energy and power densities, the first
discharge curve after equilibration of the cell at 0.8 V was analyzed, and the
dry mass of the polymeric material on a single electrode was considered.
The mass of the PEDOT-PSS was determined from the weight of the disper-
sion of known concentration that was applied to the electrode. The mass of
PPy was calculated from the coulomb of charge passed for its electropoly-
merization, assuming 2.25 electrons per pyrrole unit are needed for the poly-
merization of PPy at 25 % doping level.
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Polythiophene Nanowires**

By Thomas Bjùrnholm,* Tue Hassenkam,
Daniel R. Greve, Richard D. McCullough,
Manikandan Jayaraman, Steve M. Savoy, Chris E. Jones,
and John T. McDevitt

Devices based on conjugated polymers are becoming
commercially available in the form of light emitting
diodes,[1] proto-type electronic polymer circuits of conju-
gated polymers are presently being demonstrated to work[2]

and lasers are being developed.[3] All these applications
make use of the polymer samples as solution cast thin films.
Since the electronic and optical properties of the films
are inherently related to their local structure, it is vitally
important, for the performance of the devices, to achieve a
greater control of the self-assembly process that takes the
polymers from a disordered state in solution into a semi-
ordered solid state. The desire to make nanometer scale de-
vices for future electronic applications further emphasizes
the need for such nanoscale control.

Here we report on the formation of polythiophene nano-
wires. The work is a continuation of previously reported
studies[4] of Langmuir-Blodgett (LB) films of amphiphilic
polythiophenes which are substituted by alternating hydro-
philic and hydrophobic side groups along the backbone
(1 see Fig. 1A). Langmuir films of 1 form readily, and iso-
thermic compression (Fig. 1B) leads to densely packed
monolayers in which the polythiophene backbones are
p-stacked parallel to the water surface as indicated in
Figure 1A. The stacking of the polymers is highly ordered.
Adjacent polymers of 1 are displaced one thiophene unit
along the backbone, thereby allowing the alkyl chain of
one polymer to fill the void space between the alkyl chains
on the adjacent polymer.[4] From X-ray diffraction data,
the domain size of the highly ordered p-stacked polymer
has been estimated to be 6 nm in the stacking direction.[4]

The average length of the polymers is £ 40 nm (i.e. £ 50 re-
peat units).[4,5]

As described below, monolayers of 1 spontaneously fold
into wire-like structures when compressed beyond the col-
lapse point on the LB-trough. These wires are microns long
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with nano-scale cross sections. Bundles of the ªnano-wiresº
can be manipulated to fill the gap between gold electrodes
and they are shown to be highly conducting in the doped
state at room temperature as well as at low temperatures
(~ 50 K).

The photograph of the top view of the Langmuir trough
shown in Figure 2A reveals the formation of visible
threads running parallel to the barrier across the Langmuir
trough. The threads form when the monolayer of 1, for ex-
ample, is compressed beyond the collapse point. These
structures are readily transferred to solid substrates by hor-
izontal dipping of the substrate into the surface covered by
threads. Optical microscopy reveals considerable texture in
these threads showing that they are formed by bundling of
smaller structures (Fig. 2B). Viewed under crossed polar-
izers, it is evident that the polymer threads possess some
structural orientation along the thread's long-axis as seen
in Figure 2C; the bundles of wires lying parallel to the
polarizer appear dark, whereas other bundles appear light.
A dichroic ratio of 1.4 is typically measured by polarized
UV-vis spectroscopy favoring a polymer backbone align-
ment along the direction of the thread. By transferring the
threads to a mica surface it is possible to image them by

atomic force microscopy. The AFM micrograph permits
visualization of the size of the smallest structures in the
threads as shown in Figure 2D. The AFM reveals the
formation of wires which are microns long, exhibiting
widths of only 60 nm and heights of 10±15 nm. In some
cases, the wire can divide into two separate wires illustrat-
ing their soft liquid crystal-like nature (Fig. 2D).

Collapse of the monolayer is accompanied by some loss
of local order, as observed by comparing the X-ray diffrac-
tion from an intact monolayer to the diffraction from the
monolayer collapsed into wires.[5] When pressurized be-
yond the collapse point, the monolayer presumably folds
into multilayer structures in which the crystalline domains
forming the monolayer are almost randomly packed, with
only a 40 % excess of domain alignment along the wire di-
rection, as estimated from the dichroic ratio of 1.4. The
height of the wire measured by atomic force microscopy
(~10 nm, Fig. 2D) roughly corresponds to five stacked
monolayers. The width measured to ~60 nm corresponds to
the average polymer length. Taken together, these observa-
tions would suggest that the wires consist of disrupted elon-
gated crystalline domains, with the polymer strands prefer-
entially oriented along the long axis of the wire.
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Fig. 1. A) Molecular structure of the amphiphilic
polythiophene derivative used in the present
study (1). B) Typical Langmuir-Blodgett iso-
therm of 1.
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The electrical resistance of bun-
dles of wires placed between two
gold electrodes (Fig. 3B) has
been measured from room tem-
perature down to 4.2 K. The
room temperature conductivity of
the undoped wires is less that
10±5 S/cm, in agreement with the
expected semi-conducting/insu-
lating nature of the neutral poly-
mer. When the sample is exposed
to vapor from an iodine crystal,
the conductivity changes by more
than six orders of magnitude,
reaching a value of s = 40 S/cm
(r » 2.5 ´ 10±4 W). Interestingly,
between room temperature and
250 K, the wires display a nega-
tive temperature dependence of
conductivity. The apparent metal-
lic behavior could be due to dif-
ferences in iodine vapor pressure,
at the temperatures in question.
A more detailed investigation is,
however, needed in order to de-
termine the exact nature of the this behavior. Below 250 K,
a weakly activated resistivity was observed (Fig. 3). The
rather low activation energy (see below) results in a consid-
erable residual conductivity at temperatures comparable to
the critical temperature of high temperature superconduc-
tors (~100 K). In future studies, the wires will be combined
with the high Tc superconductors in an effort to search for
the organic polymer proximity effects.[6,7]

In order to compare the transport properties of the poly-
mer wires with those of other conjugated polymers, the
temperature dependence of the resistivity was analyzed
further. In Figure 3, the resistivity versus temperature
curves from cool-down and subsequent warm-up of the
same sample are shown. Following the method recently re-
viewed in the Handbook of Conducting Polymers,[8] the
conducting polymer wires were characterized with respect
to the metal-insulator transition through the reduced acti-
vation energy W defined as follows.[8±10]

W � ÿ dlnr
dlnT

(1)

In Figure 3 (inset), W is shown to be a decreasing func-
tion of temperature indicating that the nanowires are in the
insulating regime close to the critical regime.[8] In the insu-
lating regime the dominant type of conduction is the vari-
able range hopping (VRH).[8,11±13] The solid line through
the experimental data in Figure 3A has been fitted with the
VRH model given by Equation 2.

(2)

The data of Figure 3 is found to fit nicely with Equa-
tion 2 using an a = 0.5. This value of a deviates from the
a = 0.25 which is expected and observed for homoge-
neously doped polymer films in which conduction takes
place by activated hopping between localized states.[11] The
observed value of a = 0.5 is actually more typical for granu-
lar metals,[8,11] thus indicating that the conductivity of the
wires has the same characteristics as that of ªmetallic
islandsº connected through insulating disordered regions.

Fig. 3. A) Resistivity vs. temperature curves from cool-down and subsequent
warm-up of a bundle of wires placed between gold electrodes, separated by
a 50 mm gap. The line fitted to the data points is the theoretical curve given
by Equation 2. B) The inset shows the reduced activation energy W as a
function of temperature. Data points for every DlnT » 1 is plotted, to give a
better overview, as suggested in [8].

In summary, we have prepared for the first time, nano-
meter size threads of a conjugated polymer by collapsing

Fig. 2. A) Photograph of the top view of Langmuir trough with collapsed monolayer of 1. B) Optical microscope
picture of bundles of polythiophene wires crossing the gap (dark grey) between gold electrodes (light grey).
C) Optical microscopy picture of bundles of polymer wires of 1 in crossed polarized light. D) Atomic force
micrograph of single polymer nanowires of 1. The threads are approx. 60 nm wide and 10±15 nm high.



a monolayer of amphiphilic polythiophene on a LB
trough. The wires exhibit a room temperature conductivity
of 40 S/cm, which is higher than any previously reported
conductivity from a single component LB-film derived
sample.[14] X-ray diffraction experiments showed that the
wires were less ordered than the monolayer from which
they were formed and the conductivity of 40 S/cm can
hence be regarded as being a lower estimate of the con-
ductivity in the highly ordered local domains of the LB
films of 1. The intrinsic conductivity of these domains is
presently under investigation.[15]

Experimental

Samples of polymer 1 were obtained from synthesis as described earlier
[4]. A Lauda LB-trough was used to fabricate Langmuir films on a pure
water subphase (Milli-Q filtered) [4]. Polarized optical microscopy pictures
of the wires were obtained with a Nikon Optiphot microscope equipped
with crossed polarizers. The dichroic ratio was derived from the absorption
spectra obtained in a Perkin Elmer UV/VIS/NIR lambda 9 spectrometer
equipped with polarizers. Images and cross-sections of the wires were re-
corded with a Nanoscope IIIa AFM from Digital Instruments working in
contact mode. Analysis of the cross section of the wires including deconvo-
lution of tip and thread structure using a tip radius of curvature of approxi-
mately 30 nm, show that the threads shown in Fig. 2D are approx. 60 nm
wide and 10±15 nm high. The cross section of the bundles of wires used for
conductivity measurements was obtained by analyzing the data from the
AFM. The four probe technique was used for the D.C. conductivity mea-
surements. The electrical contacts were fabricated on the substrate prior to
nano-wire transfer, by evaporating gold on the substrate through a mask.

Received: March 1, 1999
Final version: June 11, 1999

±
[1] J. H. Burroughes, D. C. C. Bradley, A. R. Brown, R. N. Marks, K.

MacKay, R. H. Friend, P. L. Burn, A. B. Holmes, Nature 1990, 347,
539.

[2] C. Drury, C. M. J. Mutsaers, C. M. Hart, M. Matters, D. M. de Leeuw,
Appl. Phys. Lett. 1998, 73, 1108.

[3] N. Tessler, G. J. Denton, R. H. Friend, Nature 1996, 382, 695.
[4] T. Bjùrnholm, D. R. Greve, N. Reitzel,T. Hassenkam, K. Kjaer, P. B.

Howes, N. B. Larsen, J. Bùgelund, M. Jayaraman, P. C. Ewbank, R. D.
McCullough, J. Am. Chem. Soc. 1998, 120, 7643.

[5] a) N. Reitzel, D. R. Greve, K. Kjaer, P. B. Howes, R. D. McCullough,
M. Jayaraman, J. T. McDevitt, S. Savoy, T. Bjùrnholm, unpublished. b)
N. Reitzel, Master's Thesis, University of Copenhagen 1999.

[6] M. B. Clevenger, J. Zhao, J. T. McDevitt, Chem. Mater. 1996, 8, 2693.
[7] S. G. Haupt, D. R. Riley, J. Zhao, J. T. McDevitt, J. Phys. Chem. 1993,

97, 7796.
[8] R. Menon, C. O. Yoon, D. Moses, A. J. Heeger, in Handbook of Con-

ducting Polymers (Eds: T. A. Skotheim, R. L. Elsenbaum, J. R. Rey-
nolds), Marcel Dekker, New York 1998, Ch. 2, p. 27.

[9] A. G. Zabrodskii, Sov. Phys.ÐSemicond. 1977, 11, 345.
[10] A. G. Zabrodskii, K. N. Zeninova, Sov. Phys.ÐJETP 1984, 54, 425.
[11] C. O. Yoon, M. Reghu, D. Moses, A. J. Heeger, Y. Cao, T.-A. Chen,

X. Wu, R. D. Rieke, Synth. Met. 1995, 75, 229.
[12] N. F. Mott, Metal-Insulator Transition, Taylor & Francis, London 1990.
[13] N. F. Mott, E. A. David, Electronic Process in Noncrystalline Materials,

Oxford University Press, Oxford 1979.
[14] M. R. Bryce, M. C. Petty, Nature 1995, 374, 771.
[15] P. Bùggild, T. Hassenkam, T. Bjùrnholm, F. Grey, unpublished.

Electroless Deposition of Conducting Polymers
Using the Scanning Electrochemical
Microscope**

By Kai Borgwarth, Nils Rohde, Christoph Ricken,
Manfred L. Hallensleben, Daniel Mandler,
and Jürgen Heinze*

The unique electronic properties of conducting polymers
such as polyaniline, polypyrrole, and polythiophene have
attracted much attention. Possible applications including
batteries, capacitors, transistors, Schottky diodes, photovol-
taic cells, light emitting diodes, and sensors have already
been reported.[1±3] Most of these, and future microelectron-
ic devices, require high resolution patterning capabilities of
the polymers. Nevertheless, conventional micro-photoli-
thography techniques, which are widely employed in the
microelectronics industry, are not suited for the micropat-
terning of organic substances such as conducting polymers.

On the other hand, novel scanning probe microscopy
techniques have accomplished significant progress, espe-
cially in driving nanometer surface modifications.[4±6] How-
ever, while the nanochemistry carried out by techniques
such as scanning tunneling microscopy (STM) and atomic
force microscopy (AFM)[4,5] is usually a result of applying
either mechanical forces or electrical fields, the scanning
electrochemical microscope (SECM) enables surface modi-
fications to be carried out using faradaic current.[6] The
SECM approach is based on scanning an ultramicroelec-
trode (UME) close to a surface immersed in an electrolyte
solution that also contains an electroactive species. The cur-
rent measured at the UME originates from the electro-
chemical oxidation or reduction of this electroactive species
and is strongly dependent on the distance from the surface
and its electrochemical nature. Thus, scanning the UME at
a constant height can provide lateral information of the sur-
face properties.[7] On the other hand, micropatterns can be
formed in the case where the electroactive species, electro-
generated at the UME, reacts with the surface.[6] The di-
mensions of the UME, using recent advanced approaches
for UME fabrication, can be of the order of nanometers.[8]
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