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(44) [M*—thf—C,CL,0,], 446 (100) [MH*—thf—C,Cl,0,—C,;H,,]; elemen-
tal analysis calcd for C;H,sClyOsPd (858.58): C 41.97, H 3.29; found: C
42.27, H 3.43.

5: The diethyl ether complex 4a (86.1 mg, 0.10 mmol) was dissolved in dry
degassed pyridine (1 mL) and stirred at room temperature for 30 min. The
solution was filtered through a glass frit and the filtrate was diluted with dry
degassed pentane (30 mL) before being cooled overnight at about —15°C.
The obtained brown crystals were collected on a glass frit and dried under
vacuum at room temperature for 48 h. The yield was 76.7 mg (75.6%):
m.p. 99.2-99.5°C (decomp); '"H NMR (300 MHz, CDCL;): 6 =1.16-1.32 (m,
1H), 1.34-1.46 (m, 1H), 1.54-1.80 (m, 3H), 2.71 (d,/ =3.8 Hz, 1 H), 2.75 (d,
J=3.8Hz, 1H), 3.00 (d, /=102 Hz, 1H), 4.03 (s, 2H), 725 (dd, /=178,
42 Hz,4H), 767 (tt,J=17.8,1.5Hz, 1H), 8.51 ppm (d, /=4.2 Hz, 4H); MS
(FAB) m/z (%) 541 (34) [M*—3Py—C(Cl,0,], 446 (100) [MH"—3Py—C,
CLO,—C;Hy,]; elemental analysis caled (%) for C,H;ClgN;OsPd
(1023.78): C 48.10, H 3.45, N 4.10; found: C 47.93, H 3.41, N 3.91.
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Direct Assembly of Large Arrays of Oriented
Conducting Polymer Nanowires**

Liang Liang, Jun Liu,* Charles F. Windisch, Jr.,
Gregory J. Exarhos, and Yuehe Lin

Recently, oriented carbon nanotubes, and nanowires of
semiconductors, oxides, and metals have attracted wide
attention. However, there have been few reports on the direct
growth of oriented polymer nanostructures such as oriented
polymer nanowires. Oriented conducting polymer nanostruc-
tures will be very useful for many applications,['* which range
from chemical and biological sensing and diagnosis to energy
conversion and storage (photovoltaic cells, batteries and
capacitors, and hydrogen-storage devices), light-emitting
display devices, catalysis, drug delivery, separation, micro-
electronics, and optical storage.

Several methods, which include electrospinning!**l and
polymer-templated electrochemical synthesis,®! have been
used for preparing conducting polymer nanofibers. Highly
porous, conducting polymer films based on techniques such as
dip coating on porous supports have been widely investigated
for separation and sensing,”] but the random pore structures
and misalignment of the polymers are not ideal for high
efficiency and faster kinetics. Controlled orientation is more
critical for applications such as in light-emitting and micro-
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electronic devices. To date, oriented conducting polymer
nanostructures, including oriented polypyrrole or polyaniline
nanorods or nanotubes, were mostly obtained with a porous
membrane as the template.®3] Recently, Gao et al.l'l used
oriented carbon nanotubes as the template to deposit a thin
polyaniline-polymer coating on the surface of the carbon
nanotubes electrochemically. In the templated approach, the
dimensions and the morphology of the polymer structures are
defined (or limited) by the porous support. The formation of
arrays of oriented polymer rods or tubes involves carefully
etching away the membrane without disturbing the conduct-
ing polymer structure. Published results indicate that oriented
structures were only obtained for rods and tubes with a large
diameter.™ Etching away the membrane supports for nano-
rods or tubes with a diameter smaller than 100 nm caused the
polymer to collapse into structures without preferred orien-
tation.["]

Herein, we report the direct electrochemical synthesis of
large arrays of uniform and oriented nanowires of conducting
polymers with a diameter much smaller than 100 nm, on a
variety of substrates (Pt, Si, Au, carbon, silica), without using
a supporting template. Compared with membrane-templated
synthesis, it is easier to prepare oriented conducting polymer
nanostructures on complicated surfaces (such as on a micro-
electrode surface) through direct electrochemical deposition,
therefore opening up new opportunities for designing devices.
We first observed that if polyaniline were deposited under a
galvanostatic current density of 0.08 mA cm~2, a value higher
than that reported in the literature (0.017 mAcm=™2, for
example),l') polyaniline nanoparticles, rather than continuous
films, were observed on the substrate under our experimental
conditions. We hypothesized that we could use these polyani-
line particles as the nucleation sites to grow extended polymer
nanostructures by adding a second or a third deposition step
with a reduced current density. Therefore, we designed a
three-step electrochemical deposition procedure. In the first
step, a large current density was used to create the nucleation
sites on the substrate. The initial stage was followed by
continued polymerization with reduced current density. A
typical procedure involves electrochemical deposition in an
aniline-containing electrolyte solution, by using the substrate
as the working electrode. This process involves: 0.08 mA cm—2
for 0.5 h, followed by 0.04 mA cm~2 for 3 h, which was then
followed by another 3 h at 0.02 mA cm~2. The stepwise growth
produced uniform, oriented nanowires on a variety of flat and
rough surfaces. The amount of aniline polymerized is esti-
mated to be 1.1x103mmol monomercm=2 (0.1 mg
aniline cm~2) for the first step, 4.5 x 10~ mmol monomer cm—2
(or 0.42 mgem—2) for the second step, and 2.2 x 103 mmol
monomercm~2 (or 0.21 mgem=2) for the third step, respec-
tively.

The polyaniline films prepared by the above method appear
to be fairly uniform by visual inspection. The color is intensely
black and nonreflective. The morphology of the film was
examined under a field emission-scanning electron micro-
scope (SEM). When viewed from an angle perpendicular to
the surface at a low magnification (Figure 1a), the film
appears to contain uniform white dots all across the surface.
At a higher magnification (Figure 1b), it is revealed that the

3666 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 1. SEM micrographs of oriented polyaniline on Pt: a) low magni-
fication face-on; b) high magnification face-on; c) tilted view, low magni-
fication; d) tilted view, high magnification.

white dots are actually the tips of uniform nanowires, mostly
oriented perpendicular to the substrate. The diameters of the
tips range from 50 nm to 70 nm. There are also some thin
filament structures, approximately 20 nm in diameter, at the
base of the oriented nanowires. When the sample is tilted, the
morphology and the orientation of the nanowires are clearly
revealed (Figure 1c and d). The oriented nanowires are fairly
uniform in length and diameter, but the diameter is slightly
smaller at the tip position than at the base position. From from
the tilt angle (about 40°), the nanowires are estimated to be
0.8 um in length.

To investigate how the oriented nanowires were formed, we
examined a sample after the first step (0.08 mA cm~2 for 0.5 h)
(Figure 2a). At this stage the polymer was deposited on the

Figure 2. Growth stages of polyaniline on Pt: a) polyaniline particles after
0.5h at 0.08 mAcm2; b) polyaniline particles and fibers after 3 h at
0.08 mA cm2.

surface as small particles about 50 nm in diameter. If the
electrochemical deposition was extended for several hours
under the same current density (0.08 mA cm~2), a much higher
density of polymer was deposited (Figure 2b), but long,
oriented nanowires were not observed. In addition, thick-
branched polymer fibers of hundreds of nm in diameter began
to form at many locations. Only when the current density was
successively reduced were uniform and oriented nanowires
formed (Figure 1). We suggest that the nanowires are formed
by the following mechanisms (Figure 3a): 1) nucleation on the
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Figure 3. Schematic illustration of the nucleation and growth of polyani-
line nanowires, a) on a flat substrate, and b) on a colloidal particle.

substrate at a high current density, and 2) continued nuclea-
tion and growth at the low current density.

Understanding how the oriented nanowires are formed
suggests useful approaches to control the orientation of the
polymers. We first deposited a monolayer of closely packed
silica spheres on the substrate and expected that the polymer
nanowires would grow with an orientation perpendicular to
the particle surfaces (not to the substrate surface; Figure 3b).
To illustrate how the polymer grows from the silica particles,
we show the results in an area where the particles were not
closely packed. Figure 4a shows the surface roughness
induced by the presence of silica particles, which follow the
contours of the individual particles. The radial growth of the
polymer wires around the particles is clearly illustrated.
Figure 4b shows the morphology of the polymers across the
edge of the silica monolayer. Close to the edge where there
are no silica particles, the polymers are oriented vertically, but
on top of the silica particles the polymer orientation is
disrupted and randomly connected. In the area occupied by a
monolayer of densely packed silica spheres, the radial growth
of polymer nanowires overlap and form 3D-interconnected
polymer networks (Figure 4c and 4d). Such morphologies

Figure 4. Interconnected conducting nanofibers with colloidal silica.
a) Radial growth of the nanowires from single silica particles; b) the
morphology of nanofibers on the edge of the colloidal silica monolayer;
c) top view of the interconnected nanofibers; d) tilted view of the oriented
nanofibers.
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may be useful for applications such as active filtration
membranes.

The electrochemical properties of different morphologies
deposited on Pt plates were investigated by cyclic voltamme-
try using Hg/HgCl, as the reference electrode in 1m HCIO,
and at a sweep rate of 50mVs~. Figure5 shows the
voltammograms of samples corresponding to the vertically

-0.3 -0.1 0.1 0.3 0.5
E/IV —»

Figure 5. Cyclic voltammograms of different polyaniline morphologies:
a) oriented polymer nanowires on Pt; b) interconnected polymer fibers on
Pt with silica spheres; ¢) polymer deposited without stepwise control of the
current density.

oriented nanowires (see Figure 1), samples deposited at
constant current density (see Figure 2b), and interconnected
nanofibers deposited with colloidal silica (see Figure 4). All
samples demonstrated electrochemical activity, which is
characterized by the typical reduction and oxidation respons-
es.l”181 However, the oriented nanowires have considerably
higher redox current than the interconnected nanofibers,
which in turn have a higher redox current than the samples
prepared with a constant current. The difference in the redox
currents reflects the effective active surface areas that are
accessible to the electrolytes. Apparently, the oriented nano-
wires have the highest effective surface area, which is
desirable for high efficiency and sensitivity of many devices.

In summary, we were able to deposit directly large arrays of
oriented conducting polymer nanowires on a variety of
substrates without a porous membrane support. This is a very
novel approach for synthesizing oriented polymer nanostruc-
tures and we believe that it will have great potential for
microsensors and other microelectronic and optical devices.

Experimental Section

Oriented nanowires on Pt and other substrates: A Pt plate was washed
thoroughly with ethanol and dried in air. The Pt foil was further rinsed in a
1 wt.% sodium dodecyl sulfate (SDS) solution to improve the wetting
behavior with water and dried in air. Electrochemical deposition of
polyaniline was performed by immersing the Pt plate into the aqueous
solution containing 0.5M aniline and 1.0M perchloric acid (HCIO,). The
effective area of the immersed Pt plate is 4.5 cm?. Polyaniline was grown
from the surface of the platinum plate by redox polymerization using an
EG&G Princeton Applied Research Model 273 potentiostat/galvanostat
controlled by a personal computer with EG&G Princeton Applied
Research Model 270 electrochemical software. A one-compartment cell
was used with another platinum plate as the counter electrode. The same
instrument was used for the voltammetry measurements. Besides Pt, other
substrates, including Ti, Au, Si, were investigated and yielded similar
results.
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Preparation of polyaniline with a monolayer of colloidal silica: To control
the morphology of the polymer, a monolayer of close packed colloidal silica
(0.5 um diameter standard silica spheres obtained from Duke Scientific,
Palo Alto, California) was first deposited on the Pt substrate. After the Pt
plate was rinsed with the SDS solution, a droplet of a colloidal silica
solution containing 0.4 wt. % silica particles was placed on the Pt substrate.
The SDS treatment improved the wetting behavior of the silica colloidal
solution and allowed the droplet to spread over the whole surface of the Pt
plate. The excess solution was removed from the substrate by positioning
the Pt plate vertically to allow the excess water to flow off. After drying, the
Pt plate with the silica particles was heated in an oven at 110°C for 0.5 h.
Electrochemical deposition of polyaniline was conducted using the same
procedure.
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A New Generation of Air Stable, Highly Active
Pd Complexes for C—C and C—N Coupling
Reactions with Aryl Chlorides**

Anita Schnyder, Adriano F. Indolese,*
Martin Studer,* and Hans-Ulrich Blaser

Palladium-catalyzed coupling reactions such as the Suzuki
coupling, the Heck reaction, and the Buchwald-Hartwig
amination or arylation of ketones are now standard trans-
formations in both academic and industrial laboratories.[
While simple palladium salts are excellent catalysts for
reactive substrates, such as aryl iodides, activated aryl
bromides, or aromatic diazo compounds, the less reactive
but commercially very interesting aryl chlorides require
palladium catalysts activated and stabilized by additional
ligands. A crucial factor for a successful catalyst is the choice
of the right ligand, most frequently an electron-rich, bulky
tertiary phosphane, and in recent years a number of very
effective ligands have been developed for the reactions
mentioned above.?

However, these customized phosphanes are usually expen-
sive and their synthesis can be difficult, often involving
multistep syntheses using air-sensitive substances. An inter-
esting alternative could be secondary phosphanes, many of
which are available in bulk quantities at a relatively low price.
Even though their application in transition-metal catalysis is
rare,’l we recently found that secondary dialkyl phosphanes
such as HP(tert-butyl), and HP(adamantyl), can indeed be
applied successfully for the palladium-catalyzed Heck reac-
tion even with notoriously unreactive, electron-rich aryl
chlorides.

This result encouraged us to investigate other palladium-
catalyzed reactions (Scheme 1) using a combinations of
palladacycles and secondary phosphanes. Palladacycles have
recently been described as versatile catalyst precursors for a
number of coupling reactions®! and they can be regarded as
stable, easily accessible aryl palladium species. Catalyst
libraries with high diversity could readily be prepared with
this strategy since a wide variety of palladacycles and
secondary phosphanes are available.
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