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elf-assembly involves the spontaneous

formation of complex structures from

simpler objects due to their interac-
tion forces. In biology, self-assembly is more
commonly referred to as molecular recogni-
tion, while in metallurgy, it leads to crystal-
lization of atoms into solids. On the micro-
scale, polymer beads can form colloidal
crystals,' > and macromolecules such as
tobacco mosaic virus can form liquid crys-
tals. On the nanoscale, small particles can
pack into ordered lattices.*”” Figure 1 shows
an image of a three-dimensional ordered
lattice or nanoparticle crystal formed from
manganese oxide nanoparticles. Block co-
polymers can also form self-organized struc-
tures when like blocks phase segregate.? In
this Perspective, we discuss recent develop-
ments in nanoparticle self-assembly, the
collective behavior of the self-assembled
structures of magnetic nanoparticles, and
the future challenges in this field.

There are several similarities in self-as-
sembly on different length scales. The mono-
dispersity of the atomic, molecular, or par-
ticle building blocks enables them to form
highly ordered structures. These building
blocks can move easily and have time to
sample different configurations in order to
minimize their free energy. It is unsurprising
that self-assembly so often occurs in a liquid
medium.

There are also significant differences that
depend on the length scale of the self-or-
ganizing entities. On the micrometer scale,
most self-assembly studies have used aqu-
eous dispersions of spherical polymer or
silica beads that are charge-stabilized. Pro-
vided that the surface groups (e.g., sulfonates)
are evenly distributed over the particle sur-
face, and the electric field generated by a
particle is isotropic. The balance between elec-
trostatic repulsion and van der Waals attrac-
tion leads the particles to form ordered arrays.
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ABSTRACT This Perspective describes recent progress in the development of functional

magnetic nanoparticle assemblies. After describing the formation of two- and three-dimensional

particle arrays in terms of the size-dependent driving forces, we focus on magnetic nanoparticle

arrays. We discuss how the self-organized structure can modify the magnetic behavior, relative to

that of isolated particles. We highlight an important development, described in this issue of ACS

Nano by Kostiainen and co-workers, who have demonstrated not only the novel aqueous self-

assembly of magnetic particles but also controlled and reversible disassembly. Finally, we explore

two inter-related future directions for self-assembly of magnetic nanoparticles: the formation of

more complex, hierarchical structures and the integration of self-assembly with fabrication

techniques for electronic devices.

Two-dimensional structures are frequently
used after drying to form close-packed ar-
rangements. Three-dimensional arrays can
be dried or dispersed in liquids as colloidal
crystals. In colloidal crystals, the edge-to-edge
separation between particles can be tuned
homogeneously by adjusting the salt con-
centration to change the electrostatic repul-
sion force. It can be shifted inhomogeneously
by applying a magnetic field gradient if the
colloidal particles are magnetic.’

On the nanometer scale, most self-assem-
bly studies have used surfactant-coated par-
ticles dispersed in organic solvents. The pri-
mary forces leading to self-assembly are iso-
tropic steric repulsion due to the surfactant
coatings, plus van der Waals attraction of
the particle cores. Nothing fundamental pre-
cludes self-assembly of aqueous dispersions
of nanoparticles, but it is much more challen-
ging to control the surface charge uniformity.
Without this, collisions between particles lead
to irreversible agglomeration and the forma-
tion of poorly ordered structures.

To create ordered three-dimensional ar-
rays of surfactant-coated nanoparticles in
organic solvents, the dispersion is destabi-
lized through the slow diffusion of a poorly
coordinating solvent.'® Figure 2 shows a com-
parison of the small-angle X-ray scattering
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Figure 2. Small-angle X-ray scattering patterns of nanoparticle crystals showing a
face-centered cubic structure assemblies prepared from surfactant-coated 8.5 nm
Fe nanoparticles. Rapid solvent evaporation generates a disordered assembly,
while slow growth leads to fcc packing into nanoparticle crystals. Reproduced with
permission from ref 11. Copyright 2005 Institute of Physics.

intensity for a nanoparticle crystal
and for a nanoparticle assembly pre-
pared by direct evaporation of a
toluene dispersion of the same par-
ticles."" At room temperature, the
drying process occurs over tens of
minutes and the particles are frozen
in with a glassy structural order.
Nanoparticle crystals are formed
over a period of weeks at room tem-
perature or over a period of hours
when the dispersion is heated, as
with the nanoparticle crystal shown
in Figure 1. Structures formed from
spherical particles tend to have
face-centered cubic or hexagonal
close-packed lattices, though body-
centered cubic packing has been ob-
served for small nanoparticles due to
entropic considerations.*'?
Two-dimensional arrays are read-
ily formed by evaporation of a sur-
factant-coated particle dispersion
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onto a solid substrate, but this leads
to arrays of varying thickness. Once
the drying front of the organic sol-
vent has passed by, the particles are
immobile, so these arrays tend to
have more structural defects. High-
quality, large-area monolayer arrays
can be formed on liquid surfaces,
where the particles are kept in the
interfacial plane by surface tension
but are mobile within the plane.”'?

The development of high-tem-
perature chemical syntheses of na-
noparticles that self-assemble into
ordered arrays has enabled more
sophisticated studies of nanoparti-
cle interactions. For example, gold
nanoparticles have a surface plasmon
resonance with a peak wavelength
that is sensitive to the local dielec-
tric environment.* Since the dielec-
tric properties of metals are very
different from those of surfactants

and solvents, when gold nanoparticles
are packed into assembilies, there is
a pronounced shift in the plasmon
peak. The shift is comparable for
nanoparticle crystals and for glassy
assemblies of plasmonic particles.

The development of
high-temperature
chemical syntheses of
nanoparticles that self-
assemble into ordered
arrays has enabled
more sophisticated
studies of nanoparticle

interactions.

In contrast, the collective mag-
netic behavior of nanoparticle as-
semblies is very sensitive to the
structural order. Small nanoparticles
made from ferro- or ferrimagnetic
materials are single magnetic do-
mains and act like tiny magnetic
dipoles. The typical 2—4 nm separa-
tions between cores mean that
interparticle coupling is almost purely
magnetostatic. The field generated
by one dipole can be either magne-
tizing or demagnetizing to another
dipole, depending on its location.
Moreover, the strength of the dipo-
lar field decays as the inverse cube
of the distance, giving rise to sub-
tle long-range effects. Magnetically
coupled regions on the order of
the structural coherence length of
~150 nm were observed for 12 nm
&-Co nanoparticles,' but domains
as large as 55 um have been ob-
served in densely packed arrays of
8 nm &-Co particles.”” With 13 nm
Fes0,4 nanoparticles in dense, highly
ordered arrays, the magnetic do-
mains are stable almost up to the
Curie temperature and then show
an abrupt phase transition to a de-
magnetized state.'® This dipolar fer-
romagnetic state was predicted many
years ago based on calculations
for arrays of point dipoles.'” With
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nanoparticle assemblies, this effect
can be realized at and above room
temperature. The frequency-depen-
dent collective behavior of nanopar-
ticles also shows large differences
relative to that of isolated particles.
An ensemble of ideal, non-interact-
ing magnetic nanoparticles is said
to be superparamagnetic above a
blocking temperature since the par-
ticles equilibrate within the mea-
surement time, and no magnetic
hysteresis is observed. This can also
be interpreted in terms of a block-
ing frequency for a fixed tempera-
ture, above which the spins appear
to be frozen. When magnetic nano-
particles interact but are not in or-
dered assemblies, the inhomogeneity
of the interactions leads to a broad
range of relaxation frequencies.'®
It remains to be seen whether or-
dered arrays in the dipolar ferro-
magnetic state will show collective
frequency-dependent responses. If
they do, such assemblies could be
designed for high-frequency appli-
cations requiring high permeability
but low eddy current losses.

In this issue of ACS Nano, Kostiai-
nen et al. report both the controlled
assembly and the reversible disas-
sembly of nanostructures based on
artificial ferritins.'® Artificial ferritins
are a fascinating model system for
self-assembly because they enable
small nanoparticles to be prepared
with both a steric coating and a
polar surface, so that they form
stable dispersions in water.?® Crys-
tallization is accomplished by the
addition of salt to change the thick-
ness of the electrostatic double layer
surrounding the particles and shift
the balance of interaction forces. In
their assembled form, the structural
order is relatively short-range, but
even so, dipolar ferromagnetic be-
havior is observed up to 400 K for
8 nm Fe30,/y-Fe,03 particles, with
4 nm edge-to-edge separation. The
corresponding isolated particles are
superparamagnetic. The ability to
form and to disperse a nanoparticle
crystal in water would be essential
for any biological application using
a nanoparticle assembly. A magnetic
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nanoparticle assembly would be
easier to guide within the body
because the ratio of magnetic to
viscous drag forces is higher than
for isolated nanoparticles and be-
cause Brownian motion effects are
reduced.?’ While photostimulated
dispersion may not be suitable for
in vitro drug delivery applications,
Kostiainen and co-workers have
shown that techniques for controlled
disassembly are also important.

OUTLOOK
CHALLENGES

Nanoscale self-assembly is a large
field, and there are sure to be excit-
ing developments in many different
directions. In this Perspective, two of
the important challenges are singled
out: hierarchical self-assembly and
the ability to integrate self-assembled
structures with electronics.

Mother Nature is an expert in
hierarchical self-assembly, which
extends from the molecular to the
cellular level and beyond to whole
organisms and populations of spe-
cies. In comparison, nanoscience is
at a fairly rudimentary stage of hier-
archical self-assembly. Binary lattices
of nanoparticles with long-range
order have been prepared.® There
have been efforts to guide the as-
sembly of submicrometer particles
with patterned templates.?? These
approaches aim for highly ordered
and mainly two-dimensional struc-
tures. Biomimetic materials synthesis
targets more complex, three-dimen-
sional structures such as artificial
collagen®® and bone.** The work
of Kostiainen et al. shows that en-
gineered biomimetic materials can
be combined with nanoparticle self-
assembly, taking advantage of the
strengths of each.

AND FUTURE

Nanoscience is at a
fairly radimentary stage
of hierarchical self-

assembly.

VOL.5 =

Hierarchical self-assembly will be
needed to integrate self-assembled
structures with electronics, but
there are many other issues to ad-
dress, as well. Breakthroughs such
as the discovery of the quantum
Hall effect and giant magnetoresis-
tance required high-quality samples
with crystallographic orientation and
epitaxial interfaces. Electronic con-
nections to single nanomagnets
were essential for the demonstration
of spin-polarized current-induced
switching and current-induced
microwave generation in a nano-
magnet.> However, in self-assembled
structures, there is little control over
the crystallographic orientation. Self-
organized arrays are formed from
superparamagnetic particles; if the
magnetic moments were blocked,
chains would be formed instead.
Therefore, arrays with a high degree
of crystallographic orientation can-
not be formed by self-assembly of
spherical particles in a magnetic
field. Faceted particles such as mag-
netic nanocubes are a possible solu-
tion to the orientation problem,
provided they are single-grained.*®
A greater challenge is the attach-
ment of electrical leads since, with
an organic surfactant coating, both
the nature of the electrical contact
and the surface or interface quality
could vary from particle to particle.
Even if electrons tunnel onto and off
of a nanoparticle, the non-unifor-
mity of the tunnel barriers would
be limiting for many applications.
One possible solution is to use
self-assembled nanoparticle mono-
layers as an etch mask for a multi-
layer thin film. Figure 3 shows an
antidot array etch mask, though dot
arrays have also been prepared.”’
Such nanomasks combine the small
feature size, high density, and poten-
tial low costs of self-assembly pro-
cesses and can be used with exist-
ing pattern transfer techniques
such as reactive ion etching. Arrays
of holes can be etched using an
antidot etch mask and then back-
filled, or the surfactant surrounding
the nanoparticle monolayer can
be removed to form a dot array

NO.8 = 6081-6084 =

ACH AN

WWww.acsnano.org

dAILDddS5ddd

6083




Figure 3. Scanning electron microscopy image of an antidot lattice prepared from
surfactant-coated 12 nm iron oxide nanoparticles, following aluminum deposition

and particle removal.

whose pattern is transferred into the
underlying thin film by etching. Pro-
vided the thin film stack has conduc-
tive layers at the top and bottom, it is
possible to make good electrical con-
nections to the etched nanopillar array.
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