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Abstract: Template-synthesized conductive polymer microwires and Au nanowires have
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Abstract
Template-synthesized conductive polymer microwires and Au nanowires
have been used as building blocks to self-assemble supramolecular
architectures. In the conductive polymer case, biotin/streptavidin chemistry was
used to self-assembly latex spheres onto the ends of the conductive polymer
" microwires. In the Au case, thiol bhemistry was used to self-assemblé colioidal

Au nanoparticles onto the ends of the Au nanowires.




There has been considerable recent interest in using chemical
interactions to self-assemble particles and structures - on the nm to mm scale -
into organized assemblies. Natan’s group has used various chemical and
biochemical strategies to self-assemble colloidal Au particles onto surfaces 1.2,
Mirkin’s group used thiol linkers to bind colloidal Au particles to single-stranded
oligonucleotides; these nanoparticles were subsequently self-assembled into a
polymeric network by addition of the complementary oligonucleotide 34. Thiol
linkers have also been used to attach Au nanoparticles to Fullerene pipes 5.
Whitesides’ group has used hydrophobic interactions to self-assemble mm-
scale objects into a variety of highly organized structures 6.

To date, template-synthesized 7.8 micro- and nanostructures have not
been self-assembled in this way. Template-synthesis is a general and versatile
method for preparing micro- and nanomaterials; this method entails
synthesizing the desired material within the pores of a microporous template
membrane. The membranes employed have cylindrical pores, with
monodisperse diameters (nm to microns), that extend through the entire
thickness of the membrane. Because of the cylindrical pore geometry,
corresponding cylindrical micro; and nanostructures are obtained. These may
be high aspect-ratio solid nanowires ¢, hollow nanotubules 19, smaller aspect-
ratio nanoplugs 11, and even pancake-like nanostructures with aspect ratios
less than unity 2. Micro- and nanostructures of these types composed of
metals, semiconductofs, electronically conductive polymers, carbons, and other
materials have been prepared 78,

These micro- and nanostructures should be useful as building blocks for

self-assembly of supramolecular architectures. We have recently taken the first

steps toward using template-synthesized materials in this way. We have shown



that template-synthesized polymeric and metallic micro- and nanowires can be.
self-assemblled with commercially available colioidal particles to prepare
colloid/wire supramolecular assemblies. The results of these investigations are
described here.

We show, first, that biotin/streptavidin chemistry can be used to self-
assemble latex particles onto the ends of templaté-synthesized conductive
polymer microwires (Figure 1). The template membrane employed was a
commercially available (Poretics) polyester filter with 600-nm diameter pores.
The conductive polymer microwires were deposited into the pores of this
membrane using an electropolymerization method 3. This method yields both
the microwires in the pores and a surface polymer film, which was removed by
polishing the surface with alumina powder. ‘The microwires were composed of
poly[N-(2-aminoethyl)-bis(2-thienyl)pyrrole] (poly(AEPy)) 14 (see Figure 1),
which was chosen for this application because it has available amine groups.
These amine groups were reacted via amide coupling to yield biotinylated
microwires. This was accomplished by simply immersing the microwire-
containing membrane into a 1 mM solution of D-(+)-biotin-N-
hydroxysuccinimide in N,N-dimethyl formamide.-

| The latex particles employed were commercially available (Spherotech)
streptavidin-coated polystyrene (900-nm diameter). These streptavidin-coated
particles were self-assembled to the ends of the biotinylated microwires by
simply immersing the microwire-containing membrane into the latex suspension
and allowing the coupling reaction to proceed for 12 hours. The membrane
was then removed from the suspension and rinsed extensively with water.

Figure 2A shows that this approach does, indeed, yield’ microwire/latex
supramolecular assemblies. The inset shows a higher magnification image,

which demonstrates that the latex particles are attached to the ends of the



poly(AEPy) microwires. Counting the latex particles in images Iiké Figure 2A,
shows fhat there are approximately 1.3x107 particles cm® of membrane area.
This may be compared to the pore density which is 3x10’ cm'z. Membranes
treated in the same way, but omitting the biotinylation step, show no surface-
bound latex particles (Figure 2B).

As shown in Figure 1, self-assembly was done on poly(AEPy) microwires
that were embedded within the pores of the template membrane. An alternative
strategy would be to dissolve the template membrane and do the self-assembly
on the liberated microwires. This method was not used because these
microwires are undoubtedly biotinylated along their entire length. As a result,
there would be no reason to expect that the latex particles would self-assemble
to only the ends of the microwires. This would, however, be possible if a
strategy for masking the sides of the microwires could be developed ‘such that
only the amine sites on the endé were available for self-assembly.

We have developed such a strategy, which is based on the concept of
concentric-tubular microstructures described previously by this lab 15. A
polyester template membrane (1 um-diameter pores) was first exposed to an
electroless gold plating solution to deposit hollow Au microtubules within the
pores °. These gold tubules were then used as the electrodes to
electropolymerize poly(AEPy) microwires within the Au tubules. This yielded
composite microstructures consisting of an outer tubule of Au surrounding an
inner microwire of poly(AEPy). Note that now the sides of the microwires are
masked by the outer Au tubule and are not available for streptavidin binding.

. After preparation of these concentric-tubular microwires, the microwire-
containing membrane was attached to a Cu-tape surface and immersed into
hexafluoroisopropanol to dissolve the membrane. This yielded an ensemble of

the liberated Au-coated microwires that protruded from the Cu surface like the



bristles of a brush. This ensemble was then immersed into the biotinylafion'
solution and then into the latex suspension. A scanning electron micrograph -of
this assembly is shown in Figure 2C. As anticipated, the latex particles are self-
assembled to only the ends of these concentric-tubular microwires.

While the self-assembled structures described thus far-have dimensions
in the micrometer regime, there is no fundamental reasoh that this strategy
cannot be applied to much smaller nanowires émd nanoparticles. An alternative
self-assembly chemistry was used to prove this point. This entailed the use of
1,9-nonanedithiol to assemble colloidal Au particles (20 nm-diameter) to the
ends of 30 nm-diameter template-synthesized Au nanowires.

A Au film was sputtered onto one face of a polycarbonate template
membrane (30 nm-diameter pores); this film served as the working electrode for
deposition of Au nanowires within the pores of this membrane 1. The
nanowire-containing membrane was then immersed (overnight) into a 1 mM
solution of the dithiol in ethanol. This resulted in chemisorption of the dithiol
onto the ends of the Au nanowires and also onto the sputtered Au surface film.
The Au film was removed by polishing with a laboratory tissue. The membrane
was then immersed (over night) into an aqueous suspension of the colloidal Au
nanoparticles and rinsed with water. The template membrane was dissolved
away by immersion in CHCI, to yield a suspension 11 of the Au nanowire-
colloidal particle assemblies. A drop of this suspension was applied to a
‘transmission electron microscopy grid.

Figure 3 shows a transmission electron micrograph of a Au nanowire/Au
colloid assembly. Note, again, that because the nanowires were embedded
within the template when they were exposed to the colioidal-Au suspension, the
Au particles are self-assembled to only the ends of the Au nanowires. Only

about 10% of the nanowires in such images were terminated with colloidal Au



particles. However, we have as yet made no attempt to optimize the assembly
chemistry and conditions. Au-colloid-terminated nanowires were exceedingly
rare in suspensions prepared in the same way but omitting the dithio! treatment.

We have shown that template-synthesized micro- and nanostructures
can be used as building blocks for the self-aSsemny of supramolecular
architectures. It is clear, however, that we have just scratched the surface of this

interesting field.
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Figure Captions

Figure 1. Schematic diagram showing the template synthesis of the poly(AEPY)
microwires and the self-assembly, using biotin/streptavidin chemistry, of latex

particles to the ends of these microwires.

Figure 2. Scanning electron micrographs. (A). The surface of a poly(AEPy)
microwire-containing membrane after self-assembly (see Figure 1) of the latex
particles to the ends of the microwires; the inset shows a higher magnification
image of a single microwire/latex assembly. (B). The surface of an analogous
membrane treated in the same way as in A but omitting the biotinylation step.

C. Au/poly(AEPy) concentric tubular microwires after dissolution of the template

membrane and self-assembly.

Figure 3. Transmission electron micrograph of a template-synthesized Au
nanowire showing the self-assembled colloidal Au particle attached to the end

of the nanowire.
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