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We have demonstrated that the intrinsic nanometer length scales of two-dimensional molecular assemblies can be
exploited to electrodeposit metal nanostructures with regular spacing and orientation. We observed evidence for
preferential deposition of metals into parallel lines on Au(111) surface with a periodicity of 4.5 nm as determined by the
hemimicelles formed by sodium dodecylsulfate. The preferential deposition of metals in molecular templates was
achieved under optimal electrode potentials and ionic concentrations. The observed metal structures provide insight into
the interactions between metal atoms, organic functional groups as well as the aqueous environment. Understanding
and tailoring these interactions will lead to more precise control and new strategies for nanoscale placement and for

connecting organic molecules to metal nanostructures.

Introduction

There has been intense interest in studying and controlling self-
assembled structures of organic molecules on surfaces.' ™
Through deliberate molecular design, assembly strategies, as well
as the aid of real space characterization techniques such as
scanning probe microscopy, self-assembled structures formed
by molecular adsorbates are being developed with increasing
levels of sophistication.'™ An interesting question is whether
these two-dimensional (2D) molecular adlayers, which are one to
a few molecules thick and have controllable lateral arrangements,
can function as templates to pattern metal structures in the surface
plane. Compared to typical self-assembled templates that are
inherently bulk structures and offer little or no control over the
lateral arrangement of the nanostructures produced,™ the 2D
adlayers can produce nanostructures not only of desired dimen-
sions but also with precise lateral arrangements according to the
spatial registry of the adlayers. Metals have been deposited onto
diblock copolymer and organic nanotube templates to grow
nanowires perpendicular to a surface.”® Molecules can also direct
the growth of nanostructures aligned along the surface. Self-
assembled multilayers have been shown to function as resists that
result in metal structures with gaps precisely defined by the sizes of
the resist molecules.”'® Biopolymers such as proteins and DNA
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have been used to either nucleate electrodepostion'" or to block
electrodepostion in select sites.'> Mao and co-workers produced
copper sulfide wires in the presence adlayers through reaction
between copper ions and hydrogen sulfide gas.'> However, the
real space growth dynamics of the nanostructures in molecular
scale templates remained unexplored. Hence, the nanoscale
interaction between metal atoms and organic molecules remained
largely unknown. Such interactions become more important as
the requirements for precision in nanofabrication approaches the
atomic scale. We demonstrate a new approach that utilizes the
molecular scale features of 2D self-assembled structures to
pattern electrodeposited metals and allows in situ visualization
of the atomic scale process.

The present work focuses on the surface aggregates derived
from a surfactant molecule.'*'> The hydrophobic chains of
sodium dodecylsulfate (SDS) aggregate on surfaces to form
hemicylinders, exposing the hydrophilic head groups to the
aqueous environment (Figure 2A) even at concentrations
below the bulk critical micelle concentration (8 mM).'® SDS
molecules in the first surface layer lie flat to form rows with a
head-to-head, tail-to-tail configuration (Figure 2A)."” The unit
cell of the ordered structure is 4.4 nm long and 0.5 nm wide.'”
The sulfate head groups are about 0.8 nm apart.'” It was found
that SDS hinders Cu electrodeposition on Au electrodes.'®
With ex situ electron microscopy and X-ray diffraction, Choi et
al. found that electrodeposited ZnO in the presence of SDS
formed layered structures.'” However, the techniques they used
could not unambiguously determine the structures of surfac-
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tant molecules in the layered structures, and the precise role of
the surfactant molecules remains uncertain.'® Because of the
limited interfacial control employed, more elaborate struc-
tures, such as one-dimensional wires oriented along the sur-
face, were not formed under those conditions. In this work, we
use in situ scanning probe microscopy to directly investigate
the dynamic electrodeposition processes in the presence of SDS
hemimicelles. We have determined the conditions that allow
the 2D molecular assemblies to template electrodeposited
metal nanostructures. We have found that the deposition of
metal nanostructures follows a nucleation and growth mechan-
ism. Our study demonstrates that, in order to achieve the
desired nanoscale placement in the physisorbed template, the
stability of the molecular template must be maintained by
careful control of the electrode potential. In addition, we have
found that kinetic control can be utilized to limit the deposition
of metal atoms to preferential sites. The observed metal
structures provide insight into the interactions between metal
atoms, organic functional groups, and the aqueous environ-
ment. An interdigitated bilayer structure of SDS is proposed
to form on top of the electrodeposited silver nanowires.
Understanding and tailoring these interactions will lead to
more precise control for atomic scale patterning as well as
new strategies to connect organic molecules to metal nano-
structures.

Methods

An Au(111) single crystal disk (Monocrystals Co., Richmond
Heights, OH) was used as the substrate. The electrochemical cell
was made of Teflon. An O-ring (Chemraz, Ace Glass) was used to
prevent the leakage of the surfactant solution. A silver wire was
used as the quasi reference electrode. The potential is quoted
against SCE. A platinum wire was used as the counter electrode.
AFM images were obtained with a PicoScan SPM system
(Molecular Imaging) with oxide sharpened Siy;N; AFM tips
(Digital Instruments). The cantilever with a nominal spring
constant of 0.06 N/m was selected for imaging. The tips were
cleaned in hot piranha solution (1:3 H,O, (J.T.Baker, CMOS™)
and H,SO, (J.T.Baker)) prior to imaging. Images were acquired
mainly in the deflection mode, which is more sensitive to the
contour of the electric double layer force and yields superior
resolution of SDS surface aggregates.'*'> Topographic mode
images showed similar basic features, but the resolution was
poorer. Scanning tunneling microscopy (STM) images were
obtained with the same SPM system. Electrochemically etched
tungsten tips insulated by polyethylene were used. A bipotentio-
stat (Molecular Imaging) was used to control the sample and tip
potential independently.

All chemicals, including SDS (Fluka, >99%), sodium per-
chlorate monohydrate (Fluka, puriss grade), and silver perchlo-
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Figure 2. (A) Proposed model of hemicylinders of SDS on Au
(111)."* (B) AFM image of Au(111) in a 10 mM SDS solution
containing 1 uM AgClO,; Image size: 80 x 80 nm?; electrode
potential: 0.3 Vgcg. Elongated islands (arrows) were observed to
grow along the surface hemicylindrical structures.

rate monohydrate (Aldrich, 99.999%) were used as received. Ten
millimolar SDS solution was used within 24 h after preparation to
minimize the effect of slow hydrolysis in aqueous solution.?
No additional supporting electrolyte was used.

Results and Discussion

Potential Dependent Structures of SDS at the Electro-
chemical Interface. As a control experiment, we studied the
stability of the SDS at different electrode potentials, free of silver
jons. In agreement with Burgess et al.,'” atomic force micro-
scopy (AFM) images suggest that the highly ordered stripes are
only present within a certain potential range (Figure 1). The
ordered structure disappeared at potentials below —0.3 Vgcg,
presumably because the sulfate ionic headgroups experience
repulsion from the surface charge, leading to desorption of
SDS molecules. Above 0.35 Vgcg, the structures become
more disordered. It was suggested that the SDS may start
to form a condensed bilayer, in which the hydrocarbon
chains in two molecular layers are placed next to each other,
with the sulfate groups exposed to the surface and the electro-
lyte, respectively.!”!® This is assumed to be a consequence of
increased attraction between the substrate and sulfate head-
groups as well as the hydrophobic effect of the hydrocarbon
chains.'”!8

Electrodeposition of Silver in the Presence of SDS. After
1 uM AgClO, was added to the 10 mM SDS solution, islands
appeared in addition to stripes due to the hemicylinders
(Figure 2B). The islands were clearly elongated along the
direction of hemicylinders. The apparent widths of the islands
were about 5—10 nm, limited by AFM resolution. It is to be
noted that such features appear at a potential above the reduc-
tion potential of 1 uM Ag™, calculated to be ~0.19 Vgcg
according to the Nernst equation. The underpotential deposi-
tion of silver on gold is well established. Because of the strong
interaction between silver and gold, silver can form a limited
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