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N anostructured materials often exhib-
it properties which are unusual for bulk
materials of the same composition.!"
When the size of nanostructures shrinks
below a certain threshold, for example,
they may behave as quantum dots, that
is, as zero-dimensional systems in which
the charge carriers are confined in
atomic-like potentials.’!!. To harness
nanoscale properties for applications,
one must be able to control the size of
the nanostructures as well as their
assembly into macroscopic structures
(such as arrays or films).!
Noble-metal nanoparticles exhibit
unique electronic and optical properties
that are critically related to their size
and shape.[®! Solution-based syntheses of
metal nanoparticles exploit the chemical
reduction of metal salts in the presence
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of functional surfactant molecules,
which wrap a full monolayer around
the nanoparticle core, preventing coa-
lescence.” This molecular monolayer
has a protecting function and deter-
mines the nature of the interactions
between the particles and their environ-
ment, hence controlling their solubility
in different media, for example.” Long-
chain thiols are the most widely used
surfactant molecules, particularly for
gold nanoparticles. Their self-assembly
on metal surfaces is based on the
formation of a covalent metal-sulfur
bond (ca. 50 kcalmol™") and of attrac-
tive van der Waals interactions between
the hydrocarbon chains, the strength of
which scales with the length of the chain
(ca. 1.5kcalmol™ per methylene
group).”’) On flat metallic surfaces, these
interactions lead to the formation of
highly ordered self-assembled monolay-
ers (SAMs),™ which were first ob-
served, and most extensively studied,
on gold surfaces (predominantly Au-
(111)).

A very similar architecture is gener-
ally presumed for SAMs on gold nano-
particles, although conventional wisdom
and experimental observations suggest
that molecule-surface interactions,
which depend on the crystallographic
orientation of the surface facets, will be
particularly weak at the vertices of the
nanoparticle polyhedron.1-13

The functionality of the molecules
composing the SAM at the nanoparticle
surface is the key factor defining almost
every application of metal nanoparti-
cles. Although the strongly reductive
conditions used for the synthesis of
nanoparticles set stringent limitations
on the insertion of functional groups in
the thiol ligands, practically any func-
tionality can be introduced into the

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

nanoparticle by subsequent ligand-ex-
change reactions.!"/

Covalent and strong noncovalent
interactions between molecules attach-
ed to nanoparticles have been used to
engineer various nanostructures, includ-
ing mono- and multilayers, and nano-
composites with conducting polymers or
oligomers.®! Also, gold nanoparticles
have been used as “multivalent” cores to
build organic dendritic structures.
However, the isotropic character of such
binding poses a problem for the bottom-
up fabrication of more complex nano-
particle-based architectures.

Several groups have investigated
monofunctionalized nanoparticles
linked to multidentate molecules with
established directional interactions that
control the assembly of the nanoparti-
cles. The required monofunctionalized
nanoparticles have been prepared
through reaction with a functional thiol
bound to a solid support.' This ap-
proach is commonly used in the appli-
cation of gold nanoparticles as electrode
interfaces in molecular junctions. Using
the high-fidelity interaction between
DNA strands employed as ligands, lin-
ear, cyclic, and discrete branched arrays
of monofunctionalized gold nanoparti-
cles have been fabricated."” ") Howev-
er, the “monovalent” nature of mono-
functionalized nanoparticles renders
them spectator pendant groups, rather
than building blocks in these nanoen-
gineering endeavors.

Recent work by Stellacci’s group
showing that surface curvature plays a
key role in molecular self-assembly*2
opened new perspectives in this field.
This group performed detailed scanning
tunneling microscopy (STM) investiga-
tions, which suggested that, below cer-
tain nanoparticle dimensions, surface
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curvature drives a crystallization process
in which ordered alternating domains of
two different thiols can form. An STM
image of an individual nanoparticle with
evident ripples, presumably due to alter-
nating domains of longer molecules (1-
octanethiol (OT)) and of shorter mole-
cules (3-mercaptopropionic acid
(MPA)) is shown in Figure 1. Although
the phase separation of dissimilar li-

Figure 1. STM topographic image of a gold
nanoparticle coated with a 2:1 molar ratio of
OT and MPA (on a gold foil). The ripples that
run vertically result from the ordered-phase
separation of the two ligands. Raised domains
of OT alternate with domains of MPA. Repro-
duced from reference [21] with permission.

gands in SAMs is a well-known phe-
nomenon, such a high degree of order-
ing of thiols in parallel rings (resembling
the latitude lines on a globe;
Scheme 1a,b) has not been seen on flat
surfaces.

The unexpected behavior was then
topologically described in terms of the
hairy-ball theorem: on a sphere covered
in fur, it is not possible to brush all the
hairs flat without creating two diametri-
cally opposed singularities, known as
poles.”! In other words, the formation
of a two-dimensional ordering is topo-
logically possible only if two “poles” or
defects are present at opposite ends of
the nanoparticle. The singularities ap-
pear as single thiol molecules that stick
out. Unlike the molecules in the rings,
the molecules at the poles are weakly
stabilized by their neighbors, as recently
suggested by molecular-dynamics simu-
lations,” and are easier to displace by
ligand-exchange reactions.

The latest report from Stellacci’s
team builds elegantly on this concept,”®
as they succeeded in replacing the thiol
molecules at the poles with longer-chain
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Scheme 1. a) Side view and b) top view of a rippled gold nanoparticle. Two polar defects allow
the alternation of parallel rings of the two thiol ligands OT (yellow) and MPA (red). c) Polymer-
ization of the carboxy-functionalized nanoparticles with DAH. See text for details. Reproduced

from reference [25] with permission.

“handles” carrying carboxylic acid
groups at their outer ends. The poles
are, thus, exploited as reactive sites to
bind a functional ligand, which acts as a
“thread” that can bind the gold clusters
with strong covalent bonds, as shown in
Scheme 1c.

This procedure adds a new function-
ality to the nanoparticles, which now
behave as divalent molecules and can be
bound to other molecules or particles in
two distinct directions. The nanoparti-
cles are effectively transformed into
molecular building blocks. The car-
boxy-functionalized nanoparticles were
polymerized through classical amide-
bond formation with either 1,6-diami-
nohexane (DAH) or O,0’-bis(2-amino-
ethyl)octadeca(ethylene glycol) (EG-
DA), yielding chains of varying lengths.
In essence, by functionalizing the nano-
particles with suitable chemical handles,
Stellacci and co-workers were able to
polymerize “nanoparticle monomers”
into chains of more than a dozen units.
The resulting “strings-of-pearls” were
thoroughly characterized by transmis-
sion electron microscopy (TEM). The
statistical distribution of distances be-
tween the particles was found to be
relatively broad because of the polydis-
persity of the nanoparticles, the confor-
mational flexibility of the linkers, and
the geometrical arrangement of the
linked nanoparticles (Figure 2).
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The development of such regioselec-
tive chemistry on nanomaterials can
open the door to a large variety of
structures, which can be accessed
through classical approaches of supra-
molecular chemistry. Although there are
examples of the regioselective function-
alization of one-dimensional nanomate-
rials,® including the asymmetric func-
tionalization of carbon nanotubes,”” the
selective functionalization of zero-di-
mensional nanomaterials (nanoparti-
cles) is more surprising. The gold nano-
particles are rendered the equivalent of
divalent molecules, although the extent
of the regioselectivity of the functional-
ization as well as the “regiochemical”
stability of the disubstituted nanoparti-
cles should be the subject of future
studies. Using more rigid linkers and
ligands (for example, aromatic mole-
cules) to connect the nanoparticles may
allow complex and well-defined nano-
structures with tailored architectures to
be constructed from these building
blocks. These findings are of great
interest to the broad community of
scientists who work on the self-assembly
and functionalization of nanoparticles.
For them, the ability to control such
structures is critical. As the concept
presented herein relates to surface cur-
vature and topology in general, it is also
likely to influence the future develop-
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Figure 2. a) Distribution of interparticle distances in nanoparticle chains with DAH (blue) or
EGDA (red) linkers. The interparticle distance is clearly correlated to the type of linker. Insets:
TEM images of the corresponding nanoparticle chains (scale bars: 20 nm). b) A possible
geometrical arrangement of linked nanoparticles that could result in the measured interparticle
distance (gray line) being smaller than the linker length. c) The conformational freedom of
EGDA that results in the broad distribution of interparticle distances observed for this type of
linker. Reproduced from reference [25] with permission.

ment of the chemistry of other types of
nanoparticles.
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