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It is well-known that the wettability of a solid surface by a
liquid is governed by two factors: a chemical component and a
geometric component of the solid surface.[1] Super liquid
repellency is crucially important in daily life and in industry.
Several kinds of super water- or oil-repellent surfaces with
contact angles larger than 1508 have been realized by a
combination of chemical and geometric approaches.[2–12] The
main approach for the chemical factor is a coating of
fluorinated compounds with low surface energy, whereas the
geometric factor is governed by the formation of fractal or
rough surface structures.

In nature the leaves of some plants, such as the lotus, show
super water repellency only by the geometric factor.[13] The
surface of the leaf is geometrically a fractal, but chemically is
a wax composed mainly of fatty acid esters and alcohols. The
legs of water striders also show super water repellency by the
geometric factor only.[14]

The alkylketene dimer (AKD) surface, which geometri-
cally is a fractal with a dimension of 2.29 but chemically is just
a wax, is only one artificial super water-repellent surface with
a large contact angle, in this case 1748.[2, 3] A series of studies
on the AKD fractal structures provide much insight into the
theoretical origins of the super water repellency that occurs in
nature in plant leaves or insects. The AKD surface, however,
has the drawback of poor durability from the standpoint of
practical applications. The AKD surface is environmentally
weak, mainly because it is soluble in organic solvents and its
melting point is as low as 67 8C.[3] Therefore, creation of

environmentally stable super water-repellent surfaces which
do not contain any fluorinated compounds but are geometri-
cally rough or fractal structures is crucially significant, from
both the academic and practical aspects.

Conductive polymers have attracted great attention
because of their unique electrical properties and the easy
synthesis of film-shaped products coupled with good thermal
stability.[15–17] Therefore, the synthetic methods are well-
established.[18,19] Conventionally, conductive polymers are
electrochemically synthesized as films with various surface
features according to the reaction conditions.[19] Therefore, in
principle, conductive polymer films with a fractal structure or
rough morphology are easily synthesized by simple optimi-
zation of the reaction conditions. Kossmehl et al. reported
poly(2,2’-bithienyl-5,5’-diyl) (PBT) layers, which were syn-
thesized by an electrochemical method and showed super
water repellency and good thermal stability.[20, 21] Herein, we
report on super water-repellent poly(alkylpyrrole) films
(contact angle larger than 1508), which showed excellent
environmental stability to both temperature and organic
solvents or oils.

The electrochemical polymerization of alkylpyrrole was
performed in a beaker by using two electrodes (Figure 1; see

Experimental Section). Figure 2 shows the poly(alkylpyrrole)
film that was electrochemically synthesized with 1-n-octa-
decylpyrrole and sodium p-toluenesulfonate as monomer and
electrolyte, respectively. “Needle”-like poly(alkylpyrrole)
structures grew perpendicularly to the surface of the indium
tin oxide (ITO) electrode. Thousands of the poly(alkylpyr-
role) needles, which were approximately 5 mm in diameter
and 40 mm in length, were arrayed in an orderly manner on
the surface of the ITO electrode. The needle-shaped array is
similar to an array of polyacrylonitrile nanofibrils previously
reported by Feng et al.[8] However, these nanofibril arrays
were fabricated by using a template. The surface of the array
of polyacrylonitrile nanofibrils showed super water repel-
lency, with a contact angle larger than 1508. Martin et al. first
reported the template-guided electrochemical synthesis of an
array of polypyrrole microtubes by using a porous poly-

Figure 1. a) Chemical structures of monomeric alkylpyrrole, sodium
p-toluenesulfonate electrolyte, and the polymer produced; b) setup of
the electrochemical synthesis (WE = working electrode, CE = counter
electrode).
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carbonate membrane as a template.[22] In the work described
herein, the poly(alkylpyrrole) array grew without any tem-
plate and, on close inspection, the single needle-like poly-
(alkylpyrrole) structures may be microtubes (arrows in
Figure 2). Qiu et al. previously reported that microtube-like
polypyrrole is formed in the electrochemical polymerization
of pyrrole without template materials.[23] Recently Yan et al.
also independently reported the formation of polypyrrole
microtubes during the electrochemical polymerization of
pyrrole without a template.[24–26] However, in these two cases,
the microtubes do not array in an orderly and dense fashion,
and the diameters and lengths are much larger than those
reported herein.[22–25] Therefore, we believe that our work is
the first to show an array of needle-like or capped microtubes
of conductive polymer that was electrochemically synthesized
without a template. The features of the array indicate that it
should show super water repellency in principle, as in the case
of polyacrylonitrile nanofibrils.[9] Furthermore, the array
should show high stability to heating and organic solvents,
because conductive polymers normally consist of long-range-
conjugated aromatic rings which are thermally stable and
poorly soluble in the usual organic solvents.[19]

Actually, the surface of the poly(alkylpyrrole) film
showed super water repellency with a contact angle larger
than 1508 (right inset of Figure 2). The surface of a cross
section of the poly(alkylpyrrole) film was subjected to a
preliminary analysis by a box counting method,[2, 3] and was
found to be a fractal with a dimension of 2.23 (left inset of
Figure 2).

The reaction conditions such as concentration and molar
ratio of the reactants, applied voltage, reaction time, and
working electrode significantly influence the surface struc-
ture, that is, the water repellency of the poly(alkylpyrrole)
film. Detailed results will be reported elsewhere.

The influence of treatment temperature on the wettability
was systematically investigated to evaluate the thermal
stability of the films in terms of contact angle to water
(Figure 3). The contact angle of the film was nearly constant

even when the temperature was increased. The inset of
Figure 3 shows the effects of the treatment time at 80 8C on
the film. Similarly, the contact angle of the film was also
nearly constant when the treatment time was increased.
Poly(alkylpyrrole) is one of the conductive polymers that
usually consist of aromatic rings and conjugated p bonds on
the main polymer chain. Therefore, the polymer has enough
thermal stability of chemical composition in the experimental
range of temperature and treatment time. The needle-like
shape of the poly(alkylpyrrole) structures may also have high
thermal stability, similar to the case of polypyrrole micro-
tubes.[26] We consider that the high thermal stability of the film
in terms of contact angle can be explained by the thermally
stable chemical and geometric factors (see Supporting
Information).

Similarly, the influence of treatment with organic solvents
and oils on the wettability was systematically investigated to
evaluate the durability of the films to these substances in
terms of contact angle to water. Figure 4 shows the effects of
various organic solvents and oils on the water repellency of
the film. The contact angle of the film did not change even
after treatment. On the basis of the dark color of the film, the
poly(alkylpyrrole) could be a doped conductive polymer,
which usually consists of conjugated p bonds with p electrons
that are delocalized on the main polymer chains.[19] Doped
conductive polymers are normally insoluble in any organic
solvents.[19] Therefore, the film has sufficient durability of
chemical composition and morphology when treated with
organic solvents and oils. We consider that the durability of
the film in terms of contact angle can also be explained by the
highly stable chemical and geometric factors.

Figure 2. Scanning electron microscopic (SEM) image of the super
water-repellent poly(alkylpyrrole) film (scale bar: 15 mm). Left inset:
SEM image of the cross section of the film (bar: 15 mm). Right inset:
digital camera image of a water droplet on the film (bar: 500 mm). The
synthetic conditions were as follows: 1-n-octadecylpyrrole/p-toluene-
sulfonate (10:1 molar ratio); 1-n-octadecylpyrrole (0.005 moldm�3);
reaction time, 60 min; applied voltage, 22.5 V; working electrode,
ITO glass.

Figure 3. Thermal stability of the super water-repellent poly(alkylpyr-
role) film treated at various temperatures for 2 h. The inset shows the
thermal stability of a film treated at 80 8C for various treatment times.
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In conclusion, we have succeeded in the electrochemical
synthesis of super water-repellent poly(alkylpyrrole) films
with a contact angle larger than 1508. The SEM images show
that the surface of the film consists of a perpendicular
alignment of thousands of “needle”-like poly(alkylpyrrole)
structures. On the basis of a preliminary analysis by a box
counting method, the surface was considered to be a fractal
with a dimension of 2.23. In contrast to AKD, the super water-
repellent poly(alkylpyrrole) films had excellent environmen-
tal stability to both heating and organic solvent treatments in
terms of the contact angle to water. These results may be of
considerable significance as both fundamental and industrial
guiding principles. Moreover, the feature of the film which
consists of a vertical alignment of needle-like conductive
polymer can be extended to nanotechnological or biotechno-
logical applications, such as electronic devices[22] and sub-
strates for cell culture.[27]

Experimental Section
Synthesis of poly(alkylpyrrole) films: The electrochemical synthesis
was performed in a two-electrode cell containing an acetonitrile
solution of alkylpyrrole and sodium p-toluenesulfonate, by using a
constant-current generator (Yokogawa programmable DC source) at
room temperature (Figure 1). The alkylpyrrole chosen was 1-n-
octadecylpyrrole. Synthesis was carried out under the following
conditions: working electrode, ITO glass; 1-n-octadecylpyrrole
(5 mmol) ; sodium p-toluenesulfonate (0.5 mmol); applied voltage,
22.5 V; reaction time, 60 min. The films obtained were extensively
washed with acetonitrile to eliminate reactants, and finally dried
overnight at room temperature under reduced pressure. The reaction
conditions were optimized in terms of contact angle of the film to
water by changing the concentrations and molar ratios of alkylpyrrole
and sodium p-toluenesulfonate, and the applied voltage, time, and
working electrode.

Environmental stability of the films in terms of contact angle:
Thermal stability was evaluated by treating the films at various

temperatures for 2 hours. After the thermal treatments the contact
angles were measured at room temperature. The treatment at 80 8C,
however, was carried out for various treatment times. The durability
to organic solvents or oils was evaluated by immersing the films in an
organic solvent and then drying at 80 8C under a reduced pressure.
The oils were placed on the films, which were then washed with
acetone and finally dried as above. The contact angle was measured
on the dried films.

SEM and contact angle measurements: Scanning electron micro-
scopy (SEM) of the films was carried out with a field-emission SEM
(Hitachi S-5200) after covering them with a thin layer of sputtered
alloy of gold and palladium. The contact angles of the films to water
droplets (� 1 mm in diameter) were measured with an optical contact
angle meter (Kyowa DropMaster) at room temperature and humidity.
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