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The self-assembly of colloidal nanoparticles has made it possible to bridge the nanoscopic and macroscopic
worlds and to make complex nanostructures. The nanoparticle-mediated assembly enables many potential
applications, from biodetection and nanomedicine to optoelectronic devices. Properties of assembled
materials are determined not only by the nature of nanoparticle building blocks, but also by spatial positions
of nanoparticles within the assemblies. A deep understanding of nanoscale interactions between
nanoparticles is a prerequisite to controlling nanoparticle arrangement during assembly. In this review, we
present an overview of interparticle interactions governing their assembly in a liquid phase. Considerable
attention is devoted to examples that illustrate nanoparticle assembly into ordered superstructures using
different types of building blocks, including plasmonic nanoparticles, magnetic nanoparticles, lanthanide-
Received 24th April 2020 doped nanophosphors, and quantum dots. We also cover the physicochemical properties of nanoparticle
DOI: 10.1039/d0cs00436g ensembles, especially those arising from particle coupling effects. We further discuss future research
directions and challenges in controlling self-assembly at a level of precision that is most crucial to
rsc.li/chem-soc-rev technology development.
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1. Introduction

Self-assembly is a ubiquitous phenomenon in nature. This
process is characterized by a spontaneous organization of
discrete building blocks into highly ordered superstructures.
Typical examples include the formation of quaternary
membrane structures with lipids and protein synthesis on
ribosomes.'™ Self-assembled superstructures exhibit specific
functionality and serve indispensable functions in regulating
metabolism. A laudable goal for researchers in biology, chem-
istry, and neurosciences involves understanding how nature
accomplishes self-assembly in complex systems, in order to
apply similar techniques in completely different contexts.>™
Moreover, owing to large differences in the properties of
biomolecules and nanoparticles, the emergence of complex
nanoparticle superstructures with unusual properties can meet
many technological needs, such as photovoltaics and energy
storage devices.'*™?

Advances in nanoparticle synthesis offer versatility in
building-block selections, in terms of size, shape, and compo-
sition, for ordered nanoparticle superstructures.**** Under-
standing nanoscale interaction forces in a liquid phase can
be greatly facilitated using particles of uniform size and
shape.>'® Knowledge of interparticle interactions underpins
rational control over nanoparticle self-assembly and facilitates
the construction of superstructures suitable for wide applica-
tions, including molecule sensing, tandem catalysis, high-
density data storage, and optoelectronic devices."” >

Interparticle interactions at nanoscale include van der
Waals attraction, electrostatic and steric forces, molecule-
dipole effect, hydrogen bonding, depletion, and -capillary
action. In this review, we start with a brief introduction to
types of nanoscale forces, emphasizing key mechanisms that
control self-assembly of nanoparticles. We then discuss self-
assembly strategies for preparing nanoparticle superstructures.

Xiaogang Liu received his BE
degree in Chemical Engineering
from Beijing Technology and
Business University, China. He
received his MS degree in
Chemistry from East Carolina
University and completed his
PhD at Northwestern University.
He then carried out postdoctoral
work at MIT for two years before
Jjoining the National University of
Singapore in 2006. Currently, he
sits as an Associate Editor for
Nanoscale and serves on the
editorial boards of Research, Chemistry — An Asian jJournal,
Advanced Optical Materials, Journal of Luminescence, and Journal
of Physical Chemistry Letters. His research encompasses areas
including nanostructured catalysis, optical nanomaterials, optoge-
netic neuromodulation, and X-ray imaging.

Xiaogang Liu

This journal is © The Royal Society of Chemistry 2021

Chem Soc Rev

e_\‘:’\og\cal senso,

o
e
Q

]

" Solvent

£ "

2 Evaporation
Ad

Fig. 1 Schematic illustration of strategies used for self-assembly. Self-
assembly studies usually involve three steps: (i) preparation of uniform
nanosized building blocks, such as spherical particles, cubes, plates, rods,
and wires; (ii) spatially controlled arrangement of these nanoparticles on
the basis of competition of multiple nanoscale forces; (iii) exploring
potential applications of the assemblies for biological sensing, drug deliv-
ery, therapeutics, and energy conversion devices.

Furthermore, we highlight recent advances in nanoparticle-
ensemble-based self-assembly and associated properties result-
ing from interparticle interactions (Fig. 1). The relevance of
this emergent field is discussed in terms of recent applications
in biomolecule sensing, drug delivery, and energy conversion.
Adopting a multidisciplinary research approach is necessary for
a better understanding of interparticle interaction principles
and extended applications of assembled nanoparticles.

2. Nanoscale forces

Self-assembly of nanoparticles is an important type of aggregation
in which thermodynamics or other constraints induce spontaneous
organization of nanoparticle building blocks into ordered, macro-
scopic structures. Aggregation behavior is an outcome of competi-
tion between multiple nanoscale forces, including van der Waals
forces, electrostatic effects, steric repulsion, molecular dipole inter-
actions, and hydrogen bonding (Fig. 2).>* In addition, depletion
attraction and capillary forces may also come into play, especially
during solvent evaporation in the presence of additives.”*

2.1 van der Waals forces

van der Waals forces arise between isolated atoms, molecules,
and even surfaces as a result of fluctuations of electronic clouds
within individual components. They exist in all molecules
and particles and include three forms of interactions, such as
dipole-dipole interactions or Keesom forces, induction or
Debye forces, and London dispersion forces.>® Dipole-dipole
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Fig. 2 Schematic illustration of four major types of nanoscale forces, including
electronic effects, steric repulsion, depletion, and capillary attraction.

interaction involves electrostatic attractive or repulsive interactions
between two polarized molecules due to the inherent difference
in their charge distributions.”® Induction forces involve charged
or polar molecules with permanent dipoles that induce charge
redistribution on neighboring molecules with no dipole
moments. London dispersion forces are the weakest intermo-
lecular force arising in molecules without permanent dipoles.
Fluctuations of electron clouds induce temporary changes in
charge distribution and instantaneous multipoles in adjacent
molecules.?” Notably, London dispersion forces between nano-
particles do not extend over long distances, and their strength
depends on a set of parameters, including chemical composi-
tion, shape, and geometry of interacting nanoparticles, as well
as interparticle distances. van der Waals forces between nano-
particles can be estimated by a simple pairwise summation
method. In this method, the forces are considered as summa-
tion interactions of atom pairs located within the two particles.
Pairwise results can be expressed by eqn (1):
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where n is the number of atoms per unit volume in the two
interacting particles, Cyqw is a constant describing the inter-
acting species and the surrounding medium, r; and r, are the
diameters of the two particles, and d is the distance between
two particles. Notably, the abovementioned equation is
only suitable for evaluating van der Waals forces between two
isotropic nanoparticles. In the case of non-spherical nano-
particles, van der Waals forces may become anisotropic due
to the presence of non-homogenous distributions of Coulomb
repulsion. For example, rod-shaped nanoparticles tend to pack
densely side-by-side during drying-mediated assembly. This
arrangement occurs because side-by-side attraction interac-

tions are stronger than end-to-end interactions.?® In essence,
van der Waals forces between pairs and groups of adjacent
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nanoparticles are mostly attractive and non-negligible. For
example, van der Waals forces have been demonstrated to
account for the synthesis of a three-dimensional (3D) MnO,
framework through the use of an ice-templating approach.?® In
this study, the birth and growth of ice crystals allow MnO,
nanoparticles to be squeezed close to one another, significantly
increasing van der Waals interactions. The strength is typically
one to two orders of magnitude higher than thermal energy
(ksT).>° However, they become repulsive when the environ-
ment’s dielectric constant falls between that of the two nano-
particles in solution.””

2.2 Electrostatic force

Electrostatic forces are either attractive or repulsive interactions
between neighboring particles. For nanoparticles, interaction
strength is governed by three factors: potential energy contribu-
tion, entropic contribution, and the change in chemical potential
energy.*" Its value can be estimated by eqn (2):

: 1( 1
Uy = ioj (E-D)dv = 7J opydA + 7J pody 2
2), 2) 4 2)y

where ¢, is the dielectric constant, E is the electric field, and D is
the electric displacement. Electrostatic interactions are easily
influenced by pH, electrolyte and ion strength, due to screening
effects of the charge on nanoparticle surfaces.**** In some cases,
an additive can lead to aggregation of nanoparticles in solution.
For example, Grzybowski and co-workers reported the formation
of loosely packed, diamond-like crystals via co-assembly of
positively charged Ag nanoparticles and negatively charged Au
nanoparticles.*® In addition to nanoparticles, other additives
such as DNA strands also mediate assemblies owing to their
strong electrostatic and coordination interactions with diverse
nanoparticles.*®

2.3 Steric force

Steric hindrance usually refers to the repulsive force that occurs
between two neighboring nanoparticles coated with polymers
or small molecules. When ligand-protected nanoparticles
approach each other, the interpenetration of surface ligands
can lead to solvent molecule displacement and increased
surface free energy. The strength of steric repulsion depends
on a set of factors, including ligand density, ligand molecular
weight, and ligand solubility in a given solvent. The steric
effect can significantly improve the stability of nanoparticle
dispersions.®” Controlling ligand density on the surface of
two interacting particles presents a practical means to
regulate steric interactions for non-ionic ligand-protected
nanoparticles.*®*° In addition, steric repulsive forces can
empower nanoparticles to resist attractive interactions intrin-
sically and to maintain colloidal stability.*® For example, a
steric polymer layer imparts long-term colloidal stability to
ferromagnetic cobalt nanoparticles in a wide range of organic
solvents, despite the presence of attractive magnetic forces
between the nanoparticles.**

This journal is © The Royal Society of Chemistry 2021
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2.4 Dipole-dipole interactions

Dipole-dipole interactions occur when two dipolar molecules
interact with one another through space. Dipole moments can
exist on nanoparticle surfaces because of the noncentrosym-
metric distribution of surface charges. Let us consider nonlocal
dipoles as two opposite point charges on opposite sides of a
nanoparticle. Nanoscale dipole-dipole interactions can be
described by Coulomb’s law using eqn (3).
C qmYn
e — (3)

where r,,,, is the distance between the two point charges, m and
n. g, and g, represent the magnitude of charges on opposite
ends of the nanoparticle, ¢, is vacuum permittivity, and ¢ is the
dielectric constant of the particle’s surface.*” In addition to
intrinsic dipole moments of nanoparticles, modifications of
molecules with permanent electric dipole moments can also
contribute to dipole-dipole interactions. In some cases, this
energy is adequate to drive nanoparticle self-assembly. Electric
dipoles of gold nanoparticles could be induced by coating them
with azobenzene molecules in cis-isomer form.*> Molecular
dipole-dipole interactions are tunable using a beam of light,
providing a useful strategy for controlling assembly and dis-
assembly of gold nanoparticles.

2.5 Hydrogen bonding interactions

Hydrogen bonding interactions usually occur when a hydrogen
atom bonded to an electronegative atom approaches a nearby
electronegative atom. A single hydrogen bond is weaker than an
ionic bond (or covalent bond), but slightly stronger than
van der Waals forces. Typical hydrogen bonds have energies
of 2-10 kgT, depending on the nature of the solvent.***> The
strength of hydrogen bonding interactions between nano-
particles is determined by the density of surface anchoring
groups (-OH, -COOH or -NH,). In certain instances, these
groups can form islands on nanoparticle surfaces.’® Sun et al.
demonstrated that hydrogen bonding could be harnessed to
regulate pH-dependent reversible assembly and disassembly of
Au nanorods for many cycles.”” In a separate study, Etgar et al.
developed a simple toolbox to couple PbSe nanocrystals with
superparamagnetic y-Fe,O; nanoparticles by taking advantage
of hydrogen bonding interactions.*® To test the approach,
the researchers coated PbSe nanocrystals with NH;" groups
and 7y-Fe,O; nanoparticles with polyhedral silsesquioxane
ligands. The functionalization of magnetic nanoparticles with
luminescent quantum dots yielded a hybrid system with dual
functions of luminescence for imaging and carrier capability
for drug delivery.

2.6 Depletion attraction

In a dispersion of large and small particles, depletion force is
an attractive force between large particles and arises from
increased osmotic pressure of the surrounding solution. The
depletion attraction results from an entropic effect, that is,
the overlap of the bound volumes of large particles gives rise
to more volumes accessible by small particles. In a colloidal

This journal is © The Royal Society of Chemistry 2021
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system, nanoparticles are treated as large particles, whereas
small particles refer to additives, such as solutes and
molecules.*>*® When large nanoparticles approach each other
nearby, additives cannot enter spaces between nanoparticles
due to a size mismatch. Under such conditions, osmotic
pressure triggers formation of particle aggregates. The magni-
tude of the depletion force is on the order of 4-12 kg7, capable
of inducing assembly of colloidal particles with relatively low
curvature, such as nanorods or nanocubes.’'* For instance,
the depletion force has been harnessed to guide assembly of
CdSe/CdS nanorods into close-packed, hexagonally ordered
monolayer arrays.*’

2.7 Capillary force

Capillary force is a special type of interaction acting on particles
through fluid interfaces. This attractive force arises from the
overlap of menisci formed around separate particles. The effect,
which can be attractive or repulsive, can cause aggregation and
ordering of particles on a rather wide length scale. Well-ordered
2D arrays of nanoparticles or submicrometer particles tend to
form on surfaces of desirable substrates through dip coating.
This process involves immersing the substrate in a precursor
solution and then lifting it vertically out of the solution at a
controlled speed. The magnitude of capillary action is about
100 kgT. Such a force is strong enough to enable side-by-side
alignment of anisotropic nanoparticles, such as CdS nanorods,
into ordered 2D or 3D assemblies by elegant control of solvent
evaporation from their concentrated dispersion.>*

3. Self-assembly involving multi-type
nanoparticles

With rapid developments in inorganic nanoparticle synthesis,
electronic, optical, and magnetic properties of nanoparticles
can be precisely modulated by harnessing quantum confine-
ment effects. These physical properties are also sensitive to the
coupling effect provided by neighboring similar or dissimilar
building blocks. Precise control over nanoscale forces regulates
self-organization of adjacent nanoparticles, thus allowing pre-
designed nanoparticle superstructures to be constructed. This
ability not only adds flexibility to produce assemblies with
desirable properties, but also provides insight into physical
origins of coupling effects.

According to differences in spatial arrangements of building
blocks, nanoparticle assemblies, in general, can be divided
into two classes: those with periodic or quasi-periodic ordered
superstructure and short-range polymeric nanoparticles. In
this section, we summarize the self-assembly of a diversity of
nanoparticles into long- or short-range ordered assemblies,
based on collective interactions of the nanoscale forces
mentioned above. Due to space limitations, we will focus
on the following four nanoscale building blocks: plasmonic
nanoparticles, quantum dots, magnetic nanoparticles, and
lanthanide-based nanoparticles.

Chem. Soc. Rev,, 2021, 50, 20742101 | 2077
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3.1 Plasmonic nanoparticles

Advances in colloidal synthetic chemistry benefit plasmonic
nanoparticle synthesis (e.g,, Au and Ag) with controlled
morphology, such as spheres, rods, wires, plates, polyhedrons,
pyramids, and branched-shaped particles.’® Tailorable plasmo-
nic properties of these nanoparticles make it possible to
customize them for specific applications.”® Also, thiol chains
of various lengths have been used to cover noble metal
surfaces, effectively rendering metal nanoparticles inert to
oxidation and ideal for facet-specific functionalization. This
ability allows control over multiple nanoscale forces affecting
nanoparticles. Taken together, these factors underpin remark-
able development in driving nanoscopic self-assembly of plas-
monic nanoparticles for widespread applications.'”*”*® In this
section, we review self-assembly of plasmonic nanoparticles with
particular emphasis on nanoscale-specific interparticle forces.
Depletion attraction plays a vital role in regulating Au
nanoparticle assemblies. One of the earliest examples was
demonstrated by Kumacheva and co-workers, who carried out
controlled self-assembly of Au nanorods by changing water
content in organic solvents.”® To achieve this, the researchers
first modified Au nanorods with CTAB (cetyltrimethylammo-
nium bromide) on their sides and polystyrene (PS) ligands on
their ends. By elegantly controlling the level of osmotic pres-
sure, the as-modified Au nanorods could be assembled into
rings, nanochains, bundles, and nanospheres (Fig. 3). In addi-
tion, other morphologies such as vesicles, rafts, dimers, tri-
mers, and frameworks are possible using similar strategies.>®
The limitation of this strategy lies in the fact that binary ligand
distribution on nanoparticle surfaces needs to be precisely
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controlled because the relative volumes of hydrophobic-to-
hydrophilic domains and relative interactions of the two
domains with solvent molecules play a pivotal role in determ-
ing the size and shape of resulting aggregates. Currently, such a
control over the ligand distribution only limits to noble nano-
particles that promote facet-specific bonding of thiol groups to
nanoparticle surfaces.

Electrostatic interaction provides a valuable tool to control
self-assembly of metal nanoparticles, especially for those
capped with ionic molecules or polymers. The utility of electro-
static interaction-based strategies is based on adjusting
the strength of attraction by controlling ionization and deioni-
zation of surface ligands. Xia et al. reported reversible self-
assembly of Au nanoparticles capped with a pH-sensitive
ligand, poly([2-(dimethylamino)ethyl]methacrylate) (PMDA).%°
In this study, protonation of surface-tethered polymers gradu-
ally reduced interparticle electrostatic repulsion. As a result, the
average number of Au nanoparticles in each chain assembly
could be varied between 2 and 8.

Changes in precursor solution, such as pH, may also alter
intermolecular hydrogen bonding. The dual actions of electro-
static and intermolecular interactions allow 1D nanoparticle
chains to form. Sun et al. demonstrated the feasibility of using
mercaptopropionic acid-modified Au nanorods for end-to-end
nanorod assembly.?” To achieve this feat, the authors needed
to increase the pH of the colloidal solution above the isoelectric
point. By comparison, Au nanorods capped with mercaptoun-
decanoic acid yielded a mixture of products via end-on or
side-on attachment, which could be attributed to poor facet
selectivity of the capping molecule.*®°*

Br Br-/
N’VWVV\//\/\/\/\/\/\/ N
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CTAB bllayers

(b)

(e)

Fig. 3 Self-assembly of polymer-tethered Au nanorods in mixed solvents. The building blocks of Au nanorods were modified with CTAB (cetyl-
trimethylammonium bromide) along their sides and polystyrene molecules at their ends. SEM images of self-assembled nanorod structures: (a) rings, (b)
aggregated nanorod bundles, (c) chains, (d) bundled nanorod chains, (e) nanorod nanospheres. Scale bars are 100 nm. Insets show corresponding
schematic diagrams of nanorod assemblies. (Reproduced with permission from ref. 59, copyright 2007, Nature Publishing Group.)
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Fig. 4 (a) Schematics of toxin detection via using side-by-side and end-
to-end Au nanorod assembilies. Insets show representative TEM images. (b)
Schematics of formation of regiospecific Au nanoparticle assemblies.
Insets show representative TEM images of end-, side-, and satellite-
assemblies, respectively. (Reproduced with permission from ref. 62 and
68, copyright 2010, Wiley-VCH Verlag GmbH & Co. KGaA, and copyright
2011, American Chemical Society.)

Compared with intermolecular hydrogen bonding, biomole-
cular recognition, such as antibody-antigen interaction and
sequence-specific DNA hybridization, can achieve more specific
binding of plasmonic nanoparticles during assembly. There
is strong evidence that the high selectivity of biomolecular
recognition enables robust analytical platforms for molecular
detection. Kotov’s group explored unique optical properties of
Au nanorod assemblies for ultrasensitive and selective sensing
of environmental toxins (Fig. 4a).®* The researchers found
that it was possible to control Au nanorod assemblies through
side-on or end-on attachment by surface antibody coating and
the optimization of antibody-antigen interactions. A challenging
issue of this strategy for practical utilization is how to control
antibody-antigen interactions site-specifically at the ends of nanor-
ods. This would provide improved sensitivity due to enhanced
surface plasmon resonance in the presence of the analyte.

Through judicious selection of plasmonic nanoparticles
and DNA linkers with specific sequences, one can control
spacing and periodicity of nanoparticle building blocks within
a macroscopic or polymeric structure. Typical morphologies
include multimeric network, chiral pyramid, chain, 2D and 3D
superstructures.®*~®®
to study complex assemblies of Au nanoparticles and nanorods
(Fig. 4b).°® Their work revealed distinct regiospecificity result-
ing from anisotropic interactions of the constituents. Based
on three types of assembled structures formed (end, side, and
satellite isomers), the researchers presented the first proof-of-
concept, real-time probing of the local organelle environment
in living cells.

Xu et al. innovatively used DNA oligomers

This journal is © The Royal Society of Chemistry 2021
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Notably, achieving spatially controlled arrangement requires
not only sequence-specific DNA hybridization, but also facet-
selective DNA modification of Au nanorods. An exemplary work
on chiral pyramid synthesis was reported by Alivisatos et al.,
who modified four sizes of Au nanoparticles with distinct, but
complementary single-stranded DNA sequences and then per-
formed DNA hybridization (Fig. 5a).°° This strategy also endows
superlattices with great flexibility in stoichiometry control. In a
parallel development, Gang and co-workers reported that Au
nanorods, modified with flexible DNA chains along their sides,
could undergo head-to-head arrangement to yield 1D ladder-
like ribbons (Fig. 5b).”°

As an added benefit, DNA-mediated assembly allows one
to switch nanoparticle assembly configuration by changing the
environmental conditions.”" Transformation of hexagonally
ordered 2D Au nanoparticle arrays to a weakly ordered network
has been accomplished by Gang and co-workers.””> They found
that DNA complementarity upon increasing ionic strength is
an essential factor affecting electrostatic repulsion between
negatively charged Au nanoparticles (Fig. 5c). Rigid DNA scaf-
folds are ideal templates for controlling the 3D arrangement
of Au nanoparticles. For example, DNA origami was utilized by
Liedl’s group to construct plasmonic nanohelices that display
circular dichroism and optical rotatory dispersion effects in
solutions (Fig. 5d).”®

Functionalization of metal nanoparticles with DNA strands
provides a versatile route toward the assembly of highly ordered
nanostructures and hierarchical materials. Despite limitless
opportunities, a key challenge to DNA-mediated self-assembly
lies in the understanding of the fundamental principle of self-
assembly and the structure-property correlation. Computer
modeling and molecular simulation techniques may provide
a much-needed solution, allowing access to a level of detail that
is inaccessible in traditional experimental investigations,
mostly because of the high complexity of interactions at nan-
ometer dimensions.

To produce high levels of structural complexity, great efforts
should be devoted to high-quality nanoparticle synthesis with
delicate control over morphology and surface functionalization.
Moreover, new strategies have been developed to impart nano-
particle building blocks with anisotropic regioselectivity. Site-
specific functionalization of plasmonic nanoparticles has a
special significance because of its ability to control bonding
directionality and the coupling strength between nanoparticle
building blocks. Access to plasmonic superlattices with tailored
size, geometry and composition will promote structure-func-
tion relationship studies, important in fields spanning mole-
cular sensing and optoelectronics.

3.2 Quantum dots

Quantum dots are typically semiconducting nanocrystals
that possess high photostability, size-dependent emissions,
and high extinction coefficients. These features have made
quantum dots the material of choice for applications in next-
generation optoelectronics and light-emitting display.”*”®
Facile synthesis of quantum dots with various shapes via wet

Chem. Soc. Rev,, 2021, 50, 2074-2101 | 2079
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(a) Schematic illustration of the synthesis of DNA—Au nanocrystal pyramids and their corresponding TEM images. (b) Representative TEM images

of ribbon-like nanorod assemblies using thiolated DNA linkers of variable lengths (DH, L33, L100, and L200), showing similar assembly morphologies, but
different interparticle spacings. (c) Schematic illustration of the assembly of DNA-functionalized Au nanoparticles at positively charged interfaces. In the
absence of salt, the electrostatic repulsion between DNA chains dominates interactions. However, an attractive interaction between nanoparticles was
switched on due to DNA hybridization in the presence of monovalent salt. (d) Schematic representation of the assembly of DNA origami gold
nanoparticle helices and TEM image of the resulting product. (Reproduced with permission from ref. 69, 70, 72 and 73, copyright 2009, 2013, 2014, and

2012, American Chemical Society, and Nature Publishing Group.)

chemistry adds another dimension in developing self-assembly
strategies. The resulting self-assembled structures could be
furnished with delocalized charge carriers, increased charge
transport, and unique optoelectronic properties.”®”®* These
assemblies can reach micrometer sizes through control of
conditions under which quantum dots are assembled.?**?
3.2.1 Self-organization process in solution. Dipole-dipole
interparticle interactions are an important class of nanoscale
forces governing self-assembly of quantum dots. This type of
interaction not only exists in in situ synthesis, but also in post-
synthesis.®*°? For example, Murray and coworkers reported the
importance of adjusting dipole-dipole interactions in shape-
controlled synthesis of PbSe quantum dot assemblies. These
shapes include straight, helical zigzag, helical, branched, and
tapered nanowires, as well as single-crystal nanorings. They
predicted the largest magnitude of dipole moment along the
(100) direction of constituent PbSe nanoparticles, driving
oriented attachment and subsequently nanoparticle fusion
along the same crystal facets (Fig. 6a).”* Another interesting

2080 | Chem. Soc. Rev,, 2021, 50, 20742101

development was reported by Tang and co-workers, who
achieved self-assembly of CdTe nanocrystals into free-floating
particulate sheets. They reported that strong dipole interac-
tions between nanoparticles are the major driving force for the
self-organization process leading to a collective state of nano-
particles (Fig. 6b).>> This work was considered a major revela-
tion regarding the mechanism of superparticle growth that
resembles closely assembly of surface layer (S-layer) proteins.
For nanoparticles with uniform size or morphology,
self-assembly generally occurs via a strong non-equilibrium
process and terminates with highly ordered structures. This
mechanism is known as self-limiting growth in which a combi-
nation of electrostatic repulsion and van der Waals interactions
comes into play.”® Tang, Glotzer, Kotov and colleagues pio-
neered the self-limiting growth strategy for synthesis of mono-
disperse CdSe superparticles (Fig. 6¢ and d).** Banin et al
reported another excellent demonstration of self-limiting
assembly for ZnSe nanorod dimers (Fig. 6€).”’> Nanorods
were first prepared by self-assembly and oriented attachment

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 (a) SEM image of solution-grown PbSe nanowires. The inset shows
the corresponding TEM image. (b) TEM image of 2D CdTe nanoparticle
superstructures. Left and right insets show a schematic illustration of the
nanosheet model and corresponding HRTEM image, respectively. (c and d)
SEM images of colloidal CdSe superstructures. The inset in d shows TEM
imaging of the superstructures. (e) HAADF-STEM imaging of ZnSe nanorod
dimers. (Reproduced with permission from ref. 94, 95, 82 and 93, copy-
right 2005, 2006, 2011, and 2014, American Chemical Society, American
Association for Advancement of Science, and Nature Publishing Group.)

of individual ZnSe nanoparticles. Optimization of attractive van
der Waals forces and charge-pairing interactions then led to
loosely bound nanorod pairs. In both cases, products have high
structural uniformity comparable to that of cellular adhesion
complexes, collagen fibres and viral capsids formed via self-
assembly of proteins. This structural feature is an outcome of
the fact that the driving force, namely van der Waals inter-
action, is gradually offset through interparticle electrostatic
repulsion, allowing the self-assembly process to cease under
thermodynamic equilibrium conditions.

3.2.2 Colloidal single-crystalline superparticles. Hydropho-
bic van der Waals interactions in an aqueous phase between
surfactant molecules and capping ligands can result in thermo-
dynamically defined, interdigitated bilayer structures.”” By
harnessing this molecular effect, Li and co-workers demon-
strated a general, robust approach to preparing a broad range
of superparticles, including CdS, PbS, and Bi,S;.°® Anisotropic
interparticle interactions seem to dominate for non-spherical
nanoparticles as building blocks. For example, Cao’s group
reported the growth of hexagonal closely packed superparticles
from dodecyl trimethylammonium bromide-capped CdSe/CdS
nanorods along the c-axis of the nanorods.” Introducing
repulsive solvophobic interactions between in situ formed
superparticles and ethylene glycol solvent molecules further
transformed the superparticles into round structures (Fig. 7a).
In a follow-up study, Cao and colleagues found that anisotropic
interactions between CdSe/CdS nanorods could be kinetically
introduced during assembly, promoting formation of single-
domain, needle-like superparticles with parallel alignment of
constituent nanorods.'®°>'®" Furthermore, these needle-like
superstructures could be unidirectionally aligned on a solid,
patterned substrate and further transformed into macroscopic
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Fig. 7 (a and b) Schematic illustrating the synthesis of cylindrical disks and
needle-like superparticles using CdSe/CdS nanorods as building blocks.
Insets show TEM images of corresponding superparticles. (c) Schematic
representation of a lateral alignment of superparticles into unidirectional
line patterns on a solid substrate. (d) SEM image of laterally aligned,
needle-like superparticles inside a line-patterned SisN4 substrate. (e)
polarization angle-dependent photoluminescence intensity measurement
(380 nm excitation). (Reproduced with permission from ref. 100, copyright
2012, American Association for Advancement of Science.)

freestanding polymer films (Fig. 7b-e). The needle-like super-
structures exhibited strong linearly polarized photolumines-
cence, rendering them potentially suitable as optoelectronic
devices, such as light-emitting diodes.

3.2.3 Closed-packed superstructures. Capillary attraction
has a profound impact on self-assembly of close-packed semicon-
ductor superstructures through slow solvent evaporation.'®*™%%
Notably, a set of parameters, such as the nature of the ligand on
nanoparticle surfaces, particle shape, solvent evaporation rate, and
the substrate of choice, can influence interparticle distances within
close-packed superstructures.'” Interparticle distance affects opti-
cal and electronic properties of resultant superstructures as well as
the performance of superparticle-based devices.''***

Urban et al. reported that solvent nature impacts capillary
attraction and subsequently influences the pathway of PbTe
nanoparticles to be arranged.'™ In their study, they showed
that using trichloroethylene as the solvent densely packed
nanocrystal superlattices formed, whereas chloroform resulted
in densely packed glassy films. Hanrath et al. revealed that
nanocrystal-substrate interactions could drive PbSe nanoparti-
cle crystallization and form materials with controlled crystal
symmetry, stoichiometry, and dimensionality."*® In contrast, a
plain substrate only yielded polycrystalline aggregates with
indistinct crystal boundaries. Although it is relatively straight-
forward to design systems with good nanocrystal-substrate
interactions, growth of close-packed superstructures on differ-
ent substrates is more challenging. Alivisatos et al. highlighted
the importance of kinetic control on orientational order and
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(a)

Fig. 8 (a—c) TEM imaging of self-assembly of CdSe nanoplatelet building
blocks. Scale bars: 100 and 20 nm for b and c, respectively. (d) High-
magnification TEM imaging showing the stacking of nanoplatelets within a
superparticle. (e) Schematic illustration of hierarchical structures of super-
particles. (f) Schematic representation of the self-assembly of Au-tipped
CdSe nanorods. (g and h) TEM images of Au-tipped CdSe nanorods and
the close-packed nanorod array. The inset shows a magnified image (scale
bar: 50 nm). (i and j) SEM images of nanorod bundles. (Reproduced with
permission from ref. 117 and 118, copyright 2013 and 2009, American
Chemical Society.)

reported that with gentle heating, unprecedented vertical
control (96% per cm?®) over CdS nanorod self-assembly could
be achieved on a wide range of substrates such as ITO,
PEDOT:PSS, and Si;N,.**

Mixing a nanoparticle solution with an antisolvent, in which
the product is sparingly soluble, may lead to close-packed
superparticle supersaturation and solidification. This process
is known as antisolvent crystallization. Dubertret and co-
workers achieved antisolvent crystallization of micrometer-
scale, needle-like superparticles by adding traces of ethanol
to a cyclohexane dispersion containing CdSe nanoplatelets
(Fig. 8a-e)."'” Highly oriented perpendicular alignment
of nanoplatelets rendered the superparticles with polarized
light emission properties."** This technique was also used for
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rod-like nanostructure assembly. For example, Kumacheva’s
group realized side-by-side assembly of Au-tipped CdSe
nanorods with a controllable and scalable size distribution
(Fig. 8f-j)."'® Hydrogen bonded groups could be introduced
to Au tips to improve assembly durability.

While self-assembly of spherical, rod-shaped, and platelet-
like nanoparticles has advanced significantly during the past
decade, nanoparticle assembly with high geometric complexity
has made limited progress due to inadequate structural
stability in the absence of orientational order. Morphology-
dependent steric restrictions become prominent during
self-assembly process.'*®"*> Morphological diversity in nano-
particles can help create more complex materials by mimicking
molecule-level reactions. Exciting work was reported by Manna
and co-workers, who successfully controlled self-assembly of
octapod-shaped CdSe/CdS nanocrystals by balancing interpar-
ticle van der Waals forces and particle-solvent interactions."”®
They found that the octapod-shaped CdSe/CdS nanoparticles
were initially self-organized into linear chains due to the stronger
octapod-octapod interactions relative to octapod-solvent interac-
tions (Fig. 9). The chains continued to interact with each other
and finally transformed into ordered 3D superstructures in
solution."° Notably, when depositing on flat substrates to induce
nanoparticle-substrate interactions, the octapods preferentially
assembled into a 2D square lattice with limited free rotation
freedom of the octapod constituents.'**>*

A major challenge in studies of self-assembly of nonsphe-
rical nanoparticles is associated with the difficulty of predicting
product morphologies. Shape-anisotropy may dominate the

e -~
“if100 nm S

Fig. 9 (a) Schematic synthesis of octapod-shaped CdSe/CdS nanocrystal
chains via self-assembly. (b and c) 3D images of a single octapod and an
assembled octapod chain reconstructed from STEM imaging. (d) A close-
view of the nanocrystal assembly. (e and f) TEM images showing simple
square lattices and binary square lattices of the samples, obtained via
solvent evaporation of octapod dispersions. Insets showing simulated
patterns of superlattice structures. (Reproduced with permission from
ref. 120 and 123, copyright 2011 and 2012, Nature Publishing Group and
American Chemical Society.)
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self-assembly process either spontaneously or in the presence
of an external field. Currently, theoretical simulations only
provide limited structural information with energetically more
favorable arrangements and are unable to predict kinetically
controlled assemblies. For example, the ratio of high-index
facet to surface area becomes larger when shape anisotropy
of the building blocks increases. Consequently, extra calcula-
tion parameters are required to characterize the nature of
sub-component interactions dominated by high-index facets.
To this regard, one would expect a vast increase in the config-
urational degrees of freedom of complex nanoparticles, thereby
making simulation algorithms challenging.

3.2.4 Binary nanoparticle superlattices. Nanoscale forces
that involve self-assembly of nanoparticles of two different sizes
into a binary nanoparticle superlattice are much more complicated

Chem Soc Rev
to characterize.">® Murray and co-workers led the pioneering effort
on strategies for different binary nanocrystal superlattices using
various combinations of nanosized building blocks.*¢1111267128
They found that electrical charges on sterically stabilized nano-
particles determined the stoichiometry of resulting binary nano-
particle superlattices. They developed more than 15 different binary
superlattices with various packing symmetries, such as NaCl, CuAu,
AlB,, MgZn,, MgNi,, CuzAu, Fe,C, CaCus, CaBs, and NaZn;z
(Fig. 10)."">"” Additional interactions, including entropic force,
van der Waals, steric, and dipolar effects contributed significantly
to stabilization of binary nanoparticle superlattices. As expected,
controlling relative molar ratios of nanoparticles provides an
additional tool to regulate stoichiometry of superlattices. For
example, an increase in component concentration in the mixture
transformed the stoichiometry from AB, to AByz."*"'*°

Fig. 10 TEM images of self-assembled binary superlattices from two types of nanoparticles, corresponding unit cell models, and electron diffraction
patterns. (a) PbSe (7.2 nm) and Pd (3.0 nm) nanoparticles. (b) PbSe (5.8 nm) and Ag (3.4 nm) nanoparticles. (c) PbSe (5.8 nm) and Pd (3.0 nm) nanoparticles.
(d) Fe,O3 (13.4 nm) and PbSe (5.8 nm) nanoparticles. (e) PbSe (6.2 nm) and Pd (3.0 nm) nanoparticles. (f) PbSe (5.8 nm) and Ag (3.4 nm) nanoparticles. (g)
PbSe (5.8 nm) and Pd (3.0 nm) nanoparticles. (h) PbSe (7.2 nm) and Au (5.0 nm) nanoparticles. (i) Fe,Oz (13.4 nm) and Au (5.0 nm) nanoparticles. (j) PbSe
(5.8 nm) and Pd (3.0 nm) nanoparticles. (k) PbSe (5.8 nm) and Pd (3.0 nm) nanoparticles. () TEM image of a quasicrystalline superlattice self-assembled
from Fe,Os (13.4 nm) and Au (5 nm) nanoparticles. (Reproduced with permission from ref. 112 and 127, copyright 2006 and 2009, American Chemical
Society and Nature Publishing Group.)
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Although exquisite control of interparticle interactions
for the synthesis of binary nanoparticle superlattices can be
achieved, phase segregation may occur to some extent when
there is a marked difference in attractive forces of nanoparticles
of different sizes. This leads to the formation of nanoparticle
aggregates in addition to binary superlattices, making it impos-
sible to conclusively evaluate structural properties in thin-film
or powder forms. Despite the challenges, binary nanoparticle
superlattices have the potential to enable a variety of novel,
3D dynamic structures, suitable for exploring the principles
of single nanoparticle-based elementary reactions.

3.3 Magnetic nanoparticles

Magnetic nanoparticle assembly depends heavily upon mag-
netic dipole interactions exerted by individual building blocks.
Even without applying an external magnetic field, magnetic
nanoparticles tend to align their magnetic dipole moments
in a head to tail manner to form a nanoparticle chain or ring-
like configuration due to anisotropic magnetic interactions
(Fig. 11a).">°"** Despite the high directionality of magnetic
interactions, such assembled patterns are not readily observable
using TEM because thermal agitation may destroy assembled

Fig. 11 (a) Nanochains formed from Co nanoparticles in the absence of a
magnetic field. (b) 2D superlattices assembled from small FezO4 nano-
cubes. (c) Linear FezO4 chains in a polymer matrix, forming a 1D crystal
with unique colors (d) Helical ribbons obtained from FezO4 nanocubes in
the presence of a magnetic field. (e) SEM images of structures (in d)
highlighting the same chirality of the assembled structures. (f) "Saturn-
rings” assembled from a mixture of paramagnetic particles and non-
magnetic particles dispersed in ferrofluid. (g) Microtubes assembled from
magnetic Janus colloids with various types of packing. (h) Assembly of
non-magnetic particles onto patterned substrates in a ferrofluid environ-
ment. (i) One magnetic swimmer that transports a red blood cell under
varying magnetic fields. (Reproduced with permission from ref. 132, 138,
143, 147, 148, 150, 152 and 153, copyright 2007, 2007, 2009, 2014, 2009,
2012, 2012, and 2005, American Chemical Society, National Academy of
Sciences, USA, Nature Publishing Group, and American Association for
Advancement of Science.)
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structures, especially under weak magnetic interactions.”® In a
simple model where only magnetic nanospheres are considered,
the magnitude of magnetic interactions between two magnetic
nanospheres can be expressed by eqn (4):

roMEZ
//L =

- @
where r is the radius of magnetic nanoparticles, M is the
saturation magnetization and ¢ is the separation distance
between two nanoparticles.”*> From eqn (4), nanoparticles with
larger diameters favor dipole-induced assembly. For example,
Butter et al utilized this principle to study assembly of Fe;O,
nanoparticles with sizes from 2 to 8 nm."** They found that only
nanoparticles larger than 7 nm assembled into chain-like struc-
tures. However, for Fe;O, nanoparticles substantially larger than
7 nm, dominant magnetic dipole interactions also led to rapid
particle aggregation.

Apart from 1D chain-like structures formed in solution or
deposited on substrates,**>**® monodisperse magnetic nano-
particles can also assemble into 2D or even 3D large-area
superlattices by slow evaporation of concentrated magnetic
fluid droplets. To obtain such close-packed superstructures,
small (<20 nm) nanoparticles with weak magnetic interactions
are typically chosen as superlattice building blocks (Fig. 11b)."*"**®
However, the use of small, “weak” magnetic building blocks
weakens the idea of creating superlattices with strong magnetic
responses which are important for applications as high-density
magnetic storage materials and permanent magnets. To solve
this problem, a controlled post-assembly annealing process
is commonly employed to enhance the ferrimagnetism
of assembled nanostructure while maintaining the original
2D frameworks.

For magnetic nanoparticle assembly, it is essential to main-
tain a delicate balance between multiple interactions, including
van der Waals forces, electrostatic interactions, and magnetic
dipole-dipole interactions. Despite the utility of simulations
for self-assembly modeling, experimental details in terms of
nanoparticle concentration, surfactant molecules, and solvent
evaporation dynamics, to name a few, still require careful
tuning. To minimize such complications, an external magnetic
field is often applied to provide additional controllability for
magnetic nanoparticle assembly.

Upon applying an external magnetic field, magnetic nano-
particles tend to align their magnetic moments in parallel
with the external field. In addition, if the applied field is
non-uniform in space, magnetic nanoparticles would be driven
to places where the local magnetic field reaches its maximum.
These two fundamental rules and the rapid response of
nanoparticles to external magnetic stimuli provide enormous
possibilities for accurately constructing nano-assemblies and
for remotely controlling their dynamics with ease.

In the absence of an external magnetic field, magnetic
nanoparticles can form nanochains and rings. However,
their morphologies and chain lengths are random and unpre-
dictable, preventing reproducible results and utilization for
further applications. In contrast, recent works have shown that
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by applying an external magnetic field to a magnetic colloidal
solution, nanoparticles assembled into perfect 1D photonic
crystals comprising periodically alternating phases of different
refractive index.***° The diffractive colors of these photonic
crystals are governed by Bragg’s law'*"'*
by changing the inter-particle distance. Due to their superb
stability and fast responsiveness, these magnetic nano-
assemblies have been used for smart painting, information
display, and magnetic nanomixing (Fig. 11c)."**"*¢

In addition to linear assemblies, more complex structures,
such as helical, chiral nanobelts (Fig. 11d and e), 3D nano-
flowers and Saturn ring-like particles (Fig. 11f), have also been
prepared using magnetic nanoparticles.’*”'*® To add control
over assembled structures, magnetic nanoparticles can be
modified into patchy or Janus colloidal motifs using a template
before assembly.'*® For example, silica particles with hemi-
spherical nickel coatings could lead to various micro-tubular
structures that were interchangeable in a predictable manner
(Fig. 11g)."*° In another report, Fe,Oz-containing asymmetric
nanoparticles assembled into chiral structures, resembling the
chirality typically expected for small asymmetric molecules.'*"
It should be noted that the magnetic field-guided strategies are
not limited to magnetic nanoparticle building blocks. They can
also be extended to non-magnetic components. A prerequisite
of such non-magnetic assembly is the confinement of
non-magnetic building blocks in ferrofluids. As such, an exter-
nal magnetic field can exert forces on magnetic particles in
ferrofluids, while simultaneously exerting counteracting forces
on non-magnetic components and directing their assembly
(Fig. 11h).">*

Despite the versatility of magnetic-field-guided assembly,
many studies focus only on static structures formed at equili-
brium. Since magnetic nanoparticles can be controlled remo-
tely on demand, it is possible to construct small, soft robots
capable of locomotion, object capture, and transportation. A
classic example of the demonstration is microscopic artificial
swimmers reported by Dreyfus et al. In their work, a flexible,
magnetic filament carrying a red blood cell swam like a sperm
cell under a time-changing magnetic field (Fig. 11i).">* Following
their pioneering work, other delicate motors and robots have been
successfully engineered, based on magnetic components such as
artificial bacterial flagella and biomimetic cilia.">* "’

Unlike non-magnetic counterparts, magnetic nanoparticles
can be readily assembled into 1D linear chains, 2D monolayer
sheets, and 3D cuboids in the presence of an external magnetic
field. An alternating magnetic field can maintain the super-
structures out of equilibrium and regulate time-dependent
and transient behaviors. While the properties of magnetic
superstructures at equilibrium are fairly well understood,
out-of-equilibrium magnetic superstructures pose a challenge.
The intrinsic directionality of magnetic dipole interactions may
render difficulty in the creation of complex reconfigurable
colloidal assemblies from relatively simple components in
the presence of strong interparticle magnetic interactions.
For certain applications, site-specific interactions often fail to
mediate self-assembly of magnetic nanoparticles into a target

and can be tuned
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hierarchical structure due to difficulties in realization of site-
specific surface modifications.

3.4 Lanthanide-doped nanocrystals

Lanthanide-doped nanocrystals are a special class of building
blocks displaying unique optical and magnetic properties.'>®
Such nanoparticles exhibit two unique luminescence mechanisms,
designated photon downconversion and photon upconversion.
The latter is characterized by the ability to convert two or
more low-energy incident photons to a high-energy photon.
This feature renders lanthanide-doped nanoparticles particu-
larly suitable as nanoprobes for biological labeling and
imaging.'*'°! Unlike quantum dots, lanthanide-doped nano-
particles do not exhibit quantum confinement because elec-
trons in the 4f orbitals of lanthanide ions are localized due to
extremely small exciton Bohr radius (< several angstroms).
In addition, these lanthanide nanoparticles show a negligible
interparticle coupling effect on luminescence as a result of
electronic transitions in doped emitters. These two attributes
allow optical properties to be accurately controlled without
concerning interparticle interactions.'®

Nanoscale forces responsible for controlling assembly of
lanthanide-doped nanoparticles are almost identical to those
exerted on quantum dots. This is because both lanthanide-doped
nanoparticles and quantum dots are synthesized using similar
strategies, including heating methods and capping ligands.'®® As
a typical example, Li et al. used hydrophobic van der Waals
interactions to assemble lanthanide nanoparticle superstructures
(Fig. 12a). Using different combinations of lanthanide dopants in
nanoparticle building blocks, dual-mode luminescence could be
produced upon UV and near-infrared (NIR) excitation.'**'®> An
extended demonstration was reported by Zhang et al.,, who
prepared upconversion luminescence-encoded superparticles
by enhancing optical features of the building blocks through
control over composition and doping levels in NaYF,:Yb/Ln

Fig. 12 (a) TEM image of colloidal spheres assembled from NaYF4 nano-
particles. (b) LaFz nanoplate superlattices obtained via an edge-to-edge
assembly mechanism. (c) TEM and (d) HRTEM images of La,O,S nanoplate
superlattices. (e) TEM and (f) SEM images of 1D self-assembly of Gd,Osz
tripodal nanoplates. (Reproduced with permission from ref. 165, 168, 169,
and 172, copyright 2009, 2005, 2009, and 2013, Wiley-VCH Verlag GmbH
& Co. KGaA, and American Chemical Society.)
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(Ln: Er, Tm, Ho, Nd, Pr, Dy, and Sm) nanoparticles. In this
study, a wide color spectrum was created for multiplex immu-
noassay upon 980 nm excitation.'®®

High-temperature decomposition of rare-earth precursors
renders nanoparticle products with a surface layer of organic
ligand such as oleylamine (OA). The presence of hydrophobic
ligands on nanoparticle surfaces facilitates self-assembly via
solvent evaporation by taking advantage of depletion and
capillary attraction forces. For example, Yan’s group reported
the synthesis of OA-capped rare-earth oxide nanodisks and
their face-to-face assembly using ethanol as antisolvent.'®”
The OA capping molecules on nanocrystal surfaces extended
well in hydrophobic cyclohexane solvent to prevent particle
aggregation. They also demonstrated aggregation of rare-earth
oxide nanodisks by increasing solvent polarity. In a follow-up
work, they demonstrated edge-to-edge or face-to-face assembly
of OA-caped, triangular LaF; nanoplates by controlling the
evaporation rate of a mixed solvent. The resulting hexagonally
close-packed superstructures reached several micrometers
(Fig. 12b).'®® The same group also reported self-assembly of
organic ligand-capped La,0,S and LaOCI nanoplates into var-
ious superstructures, including nanowire- and nanorod-like
nanoplate arrays through exquisite control of capillary attrac-
tion forces (Fig. 12c and d).**%*7°

Anisotropic capillary attractive forces stemming from
non-spherical nanoparticle building blocks can also exert
orientational and positional control over ordered nanoparticle
superstructures.””*™7* An intriguing study by Murray et al.
demonstrated the assembly of tripodal Gd,0; nanoplates
into 1D nanofibril superstructures with two arms touching a
substrate and one arm aligned parallel to the substrate (Fig. 12¢
and f)."”> The as-synthesized 1D superstructures could be
further bundled to form ordered columnar or lamellar super-
structures by tiling the nanoplate building blocks.’”> Another
demonstration from the same group showed that GdF; nano-
plates can self-assemble into long nanowires through face-to-
face packing and then intertwine with shape-complementary
tripodal Gd,0O; nanoplate arrays into bundles.'”?

For faceted nanoparticle assembly, the competition between
nanoparticle shapes and interaction patchiness becomes
prominent. Interaction patchiness arises from a nonhomoge-
neous distribution of ligand molecules on exposed facets of
nanoparticles.””""”*'”> For example, NaYF, nanoparticles
in the form of spheres, rods, hexagonal prisms, and plates
can undergo shape-directed assembly upon gradual solvent
evaporation (Fig. 13). In addition, the self-assembly process
also depends on the number of nanoparticles under study.
A small volume of nanorod dispersion (15 pL) facilitated
superparticle synthesis with parallel c-axis alignment to the
substrate, while a large amount of the dispersion (40 pL) led to
close-packed superparticles with their long axes perpendicular
to the substrate.'”* Using rhombic and irregular hexagonal
rare-earth fluoride nanoplates as building blocks, Murray
et al. demonstrated that a delicate balance between entropic
and energetic effects enables long-range ordering in tiling at
the liquid-air interface.'”
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Fig. 13 (a) TEM image of a monolayer of NaYF4 nanorod superlattices.
The insets show corresponding wide-angle electron diffraction patterns
(upper right) and small-angle electron diffraction patterns (SAED). (b and c)
TEM images of a monolayer and a double-layer of nanorod superlattices.
The lower right inset is the corresponding SAED pattern. (d) TEM image of
a closed-packed hexagonally ordered array of vertically aligned nanorods.
The insets are corresponding SAWED (upper right) and SAED patterns
(lower right). (e) SEM image of a monolayer superlattice of hexagonal
NaYF4:Yb/Tm (22/0.2 mol%) nanoprisms. The upper right and lower
right insets show high-magnification SEM and TEM images, respectively.
(f) SEM image of a self-assembled superlattice of hexagonal NaYF,:Yb/Er
(20/2 mol%) nanoplates. (Reproduced with permission from ref. 174,
copyright 2010, National Academy of Sciences, USA.)

Similar to self-assembly of magnetic nanoparticles, site-
specific modification of lanthanide-doped nanoparticles for
anisotropic reactivity is challenging. By taking advantage
of strong interactions between negatively charged phosphates
of DNA and surface lanthanide ions, lanthanide-based
nanoparticle superlattices of different compositions can be
prepared.””®”® The research in this field is also motivated by
the remarkable base-pairing properties of DNA as well as by its
temperature-dependent reversible recognition properties. It is
important to note that the molar ratio of DNA-to-lanthanide-
doped nanoparticle needs to be exquisitely controlled to
regulate the configuration of DNA chains on the nanoparticle
surface. Random DNA attachment may induce undesirable
nanoparticle aggregation due to the presence of abundant
phosphates on a single DNA chain that has the ability to bind
multiple lanthanide-doped nanoparticles in solution.

4. Unique properties

Nanoparticle assemblies typically display collective properties
as characteristics of the whole system, but in some cases, they
offer surprising discoveries and new properties. Sizes, shapes,
and composition of individual particles essentially dictate
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collective behavior that may not reduce to the properties of
individual particles. On the other hand, coupling effects
induced by proximal particle interactions may lead to unprece-
dented properties and functions. As a result, rational control of
self-assembly is expected to yield new opportunities for multi-
functional nanoparticles that will find important applications
in photovoltaic and photocatalytic systems, labeling and imaging
technology, and theranostic treatment.

The degree of complexity in interparticle coupling is also
determined by nanoparticle uniformity in terms of size, shape,
and surface ligand distribution. Control of multicomponent
nanoparticle assembly is clearly a challenging task, but it
promises to yield intriguing properties. In this section, we
will introduce the properties offered by single-component
assemblies of plasmonic, semiconducting, and magnetic
nanoparticles. Following a theoretical analysis of homogenous
ensembles leading to their characteristic properties, we will
discuss multicomponent nanoparticle assembly using various
combinations of plasmonic and semiconducting nanoparticles,
as well as their associated properties.

4.1 Localized surface plasmon coupling

Surface plasmons are coherent, delocalized electron oscilla-
tions occurring on conductor surfaces. They can be resonated
upon stimulation with incident light and give rise to surface
plasmon resonance.'® Of note, when the dimension of a
conductor is reduced to the nanometer scale, a resonant
oscillation of the electrons can be trapped and propagated
along nanoconductor surfaces, giving rise to localized
surface plasmons. Localized surface plasmons of individual
nanoparticles show a strong dependence on particle size,
morphology, composition, and refractive index of the dielectric
environment.'®" For example, transformation of spherical Au
nanoparticles to nanorods led to a plasmonic band splitting into
two peaks, corresponding to transverse and longitudinal plasmon
resonance.'®

When individual nanoparticles are positioned within a dis-
tance five times smaller than the nanoparticle radius, the
coupling between localized surface plasmons becomes distinct.
Taking assembly of spherical Au nanoparticles as an example,
1D alignment of Au nanoparticles led to a new plasmonic band
owing to non-equivalent resonances of longitudinal and trans-
verse dipole polarizability.'®> Interestingly, the intensity and
red-shift of the longitudinal plasmon band increased gradually
with increasing length of the 1D nanoparticle chain. A similar
phenomenon was observed in the shape transformation of Au
nanoparticles from spherical to rod- or wire-like. In addition,
coupling signals of localized surface plasmons provide detailed
structural information of as-formed superparticles. For exam-
ple, band broadening could be attributed to the formation
of nanoparticle chains with loop, zigzag, and bifurcation
features.®* Theoretical studies based on dipole-dipole approxi-
mation verified the link of localized surface plasmons to any
specific geometrical arrangement within the assemblies.

In contrast, assembly manners of anisotropic plasmonic
nanoparticles have a profound impact on both longitudinal
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and transverse surface plasmon bands.®* For example, as Au
nanorods approached one another side-by-side, noticeable
changes in both plasmon bands occurred. In contrast, end-to-
end coupling of Au nanorods only led to a red-shift in
the longitudinal band from 700 to 900 nm while displaying
negligible changes in the transverse plasmon band.'®? In the
case of end-to-end coupling, both interparticle spacing and
relative orientations led to changes in the electromagnetic field
and associated plasmonic properties.’®® For example, Nie and
coworkers reported a 120 nm blue-shift in Au nanorod chains
by increasing the interparticle gap from 6.6 to 12.9 nm.'®

Plasmonic properties of well-separated spherical nano-
particles are well explained by Mie theory when the nanopar-
ticle radius (R) is much smaller than the wavelength (1) of
incident light (R/4 < 0.1) (eqn (5))."%°
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where N is the electron density, ¢. is the dielectric constant
of the environment, ¢ and ¢ are the real and imaginary
components of the dielectric function of bulk materials, respec-
tively. y is a factor related to the morphology of the particle.
However, the emergence of surface plasmonic coupling
of individual nanoparticles makes it challenging to predict
surface plasmonic properties of nanoparticle ensembles. To
address this issue, extended theories or methods have been
developed, including plasmonic hybridization theory, Maxwell
Garnett theory, the explicit particle method, and the finite-
difference time-domain approach.

Here, we mainly focus on plasmonic hybridization theory
for optical interpretation of plasmonic nanoparticle assem-
blies. In this theory, interactions of elementary plasmons of
the nanoparticles are regarded in analogy to molecular orbital
hybridization. Placing two spherical plasmonic nanoparticles
in proximity results in two hybridized plasmonic modes: low-
energy bonding plasmonic mode (energy) and high-energy anti-
bonding plasmonic mode (Fig. 14a and b)."®” For surface
plasmon coupling in two identical nanoparticles, the natural
alignment between the polarization direction of incident light
and the interparticle axis enables a pair of bonding-anti-
bonding modes of c-c*. Meanwhile, when the polarization
direction is perpendicular to the interparticle axis, another pair
of bonding-antibonding modes of m-n* can be generated.
Notably, © and n* are formed by the out-of-phase and in-
phase combination of these two plasmons, respectively, which
are opposite to the longitudinal polarization associated with o
and o*. Modes derived from the out-of-phase combination are
spectrally dark because of the cancellation effect of the equal
but oppositely oriented dipoles on two identical nanoparticles.
For a dimer with different sizes, all coupled plasmonic modes
from either an out-of-phase combination or an in-phase combi-
nation are dipole-active as a result of incomplete cancellation of
the dipoles. In the case of a composition-asymmetric dimer, for
example, an Au-Ag dimer, both localized surface plasmonic
bands for Au and Ag nanoparticles shifted to lower energy
regions."®® An unexpected red-shift in the surface plasmon
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Fig. 14 (a) Plasmon hybridization model for silver nanoparticle dimers. (b)
The LSPR scattering spectrum of silver nanoparticle dimers at different
polarizer angles. (c) The coupled longitudinal plasmon excitation in nanorod
dimers with side-by-side and end-to-end geometric arrangements and
(d and e) Discrete dipole approximation-simulated extinction efficiency
spectra of longitudinal plasmon excitation for gold nanorods (black: isolated
nanorod, red: dimer, and green: trimer) assembled via a side-by-side (d) and
end-to-end orientation (e). (Reproduced with permission from ref. 187 and
188, copyright 2010 and 2006, American Chemical Society.)

band of the Ag nanoparticle was ascribed to the coupling effect
between the surface plasmon mode of the Ag nanoparticle and
the Au interband absorption, as revealed by experimental and
theoretical correlations.

The same phenomena were observed in self-assembly of Au
nanorods via end-to-end or side-by-side attachment (Fig. 14c-
e).'*® The end-to-end attachment of two Au nanorods produced
a redshift in the longitudinal plasmon band (o) relative to
isolated individual nanorods. This point is analogous to a c-
bond formation from two p, orbitals. In contrast, side-by-side
attachment of two Au nanorods yielded a blue-shifted plasmonic
band in the longitudinal plasmon mode, attributable to an
antibonding nature of the plasmon peak in analogy to that of a
n*-bond formation from p,,, orbitals. On a separate note, electro-
dynamic simulations revealed that symmetry-breaking occurs in
assembling Au nanorods with dissimilar aspect ratios via either
the side-by-side or end-to-end attachment, leading to the appear-
ance of two components in the longitudinal plasmon band."®’

Plasmonic hybridization theory also holds the promise of
quantitatively explaining or predicting localized surface plasmo-
nic properties of complex nanostructures, such as nanoshells,
nanoeggs, nanomatryushk, and nanorices.’**'%* However, it
remains challenging to accurately stimulate localized surface
plasmon resonances of a long plasmonic nanoparticle chain
due to complicated combinations of many plasmonic modes.
Moreover, challenges in precise optical characterization of the
assemblies at the nanometer level impose additional limitations
in experimental validation of theoretical calculations.

4.2 Plasmonic circular dichroism

Circular dichroism (CD) is a state-of-the-art technique for
probing the difference of molecules in the extinction of right
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194 There are two main

and left circularly polarized light.
strategies used for preparation of chiral plasmonic nanoparti-
cle ensembles showing a CD effect. One involves use of chiral
organic ligands to modify nanoparticle building blocks.'?>*%¢
The other involves placement of plasmonic nanoparticles in
a secondary architecture bearing a non-superposable mirror
image."”'°® In the latter case, interparticle plasmonic dipole-
dipole interactions can generate a surface-plasmon CD in the
vicinity of localized surface plasmon bands.

In principle, chiral ensembles can be classified as chiral
nanoparticle molecules or chiral nanoparticle polymers.
For example, Mastroianni and coworkers placed different-
sized Au nanoparticles on the tip of a pyramidal nanostructure
and further synthesized chiral Au tetramers with the help of
double-stranded DNA sequences.®® In their design, two enan-
tiomers (R and S configuration) were produced by precisely
controlling the relative spatial locations of the monomers.
However, chiral tetramer purification from the mixture was
challenging, making optical studies of the diastereomer diffi-
cult. Similarly, other complementary nanoscale forces between
biomolecules, including hydrogen-bonding and van der Waals
force, could also be utilized to construct chiral nanoparticle
assemblies."”*°"  For example, DNA-based self-assembly
allows the preparation of 1D chiral plasmonic nanostructures
with a tunable optical response.”® The colloidal solution of
assemblies exhibits well-defined CD and optical rotatory dis-
persion effects in the visible region, in good agreement with
theoretical calculations based on classical electrodynamics
(Fig. 15a-d). CD signals of synthesized plasmonic polymers
were much stronger than those of individual plasmonic mono-
mers due to plasmon coupling after nanoparticle alignment.
Left-handed or right-handed plasmonic Au nanoparticles could
be obtained in high purity by rational design of DNA scaffolds,
laying the foundation for unraveling optical difference in these
diastereomers.

4.3 Plasmon-exciton coupling

For binary component assemblies comprising plasmonic nano-
particles and quantum dots with homogeneous distributions,
interactions between the two components within a few nan-
ometers strongly impact overall properties of the ensembles.
For example, plasmon-excitation coupling has a significant
influence on optical absorption. When a quantum dot is placed
proximal to a plasmonic nanoparticle, light can be confined to
the gap between the two nanoparticles. This light confinement
leads to enhanced electromagnetic fields, thereby broadening
the absorption cross-section of the quantum dot. Indeed,
surface plasmons of noble metal nanoparticles have proven
effective in enhancing absorption and luminescence in semi-
conducting nanocrystals.***?% Exciton dynamics of quantum
dots are influenced by plasmon-exciton coupling, as evidenced
by an enhanced radiative rate along with emission quenching
of the quantum dots. In addition, emissions of quantum dots
can be transferred to proximal plasmonic nanoparticles,
accompanied by a decrease in photoluminescence intensity.
Taken together, the emission intensity of binary assemblies is

This journal is © The Royal Society of Chemistry 2021



Review Article

(a) Experiment (b)
__1.0f - - 1.0
& o5 & |524n 205
g ¥ <] &
£ o0 £ 0.0—
)
O-0.5( . 8-05
-1.0[ %0 1.0
400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm)
(c) (d)
50 545 nm 70f—c7 534 nm
B < v s | é&‘ v
g 25 )
R =
[a)
O .25
-50

500 600 700
Wavelength (nm)

500 600 700
Wavelength (nm)

(f) (9)

(e)

105 = Bare QDs| —~2° — Bare QDs

c 4 = QD-NP 320} — NP-QD-NP

§ 104 = Control

>10 \ N
@ 402} b4
8 ¥ *
£10"}/ = ] ()

0 9 10 15 0 90 180 270 360
Time (ns) Polarization

Fig. 15 Experimental (a and c) and theoretical (b and d) CD spectra of left-
handed (red line) and right-handed (blue line) helices formed by nine
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TEM images (upper) and schematic model (bottom) of Au nanoparticle—
quantum dot hybrid. (Reproduced with permission from ref. 73 and 204,
copyright 2012 and 2012, Nature Publishing Group, and American
Chemical Society.)

the sum of plasmon-enhanced emission and nonradiative
energy transfer between the quantum dot and the plasmonic
nanoparticle.

A set of parameters involving plasmonic nanoparticles and
quantum dots can affect plasmon-exciton coupling. In general,
a good spectral overlap between the excitation of quantum dots
and the plasmonic band of metal nanoparticles may lead to
strong plasmon-exciton coupling. Furthermore, the relative
location of the pair and the nature of material composition
are also essential to determine the plasmon-exciton coupling
effect. A case in point was the study of a quantum emitter after
being positioned in a plasmonic gap.>** The researchers
observed a nearly 20-fold enhancement in fluorescence inten-
sity and a three-order-of-magnitude reduction in the excited-
state lifetime (Fig. 15e-g). In a case study of binary assembly of
CdSe quantum dots and Au nanocrystals, Shevchenko and
coworkers reported that fluorescence quenching typically
occurs when the plasmonic gap is comparable to the length
of stabilizer molecules (1.5 nm).”* Silica, polymers, and
DNA molecules can be utilized as spacers to tune the size of
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the plasmon gap for optimal plasmon-exciton coupling. In
2007, Lee et al. reported that the plasmon-exciton coupling
based on an Au-modified CdTe nanowire could lead to a blue-
shift of the emission color.?°¢

4.4 Exciton migration

Exciton migration in luminescent nanoparticle ensembles is an
intriguing phenomenon and characterized by a set of changes
in optical properties, including a redshift in emission band,
fluorescence quenching, and shortened emission lifetime.
Excitons can migrate distances up to several micrometers.
Forster resonant energy transfer (FRET) is a powerful technique
for studying energy transfer between nanoparticles, with a high
spatial resolution typically in the range of 1-10 nm and without
the need for the overlapped wavefunction. A combination
of tuning interparticle distance and engineering the bandgap
of nanoparticle ensembles in a multilayer film presents an
effective way to regulate exciton migration and fabricate 2D
optoelectronic devices.”*”*%®

Using single-component, monodisperse quantum dots as
building blocks, a red-shifted emission profile in the solid-
state, relative to the solution phase, was achieved. This shift is
likely induced by a decrease in the separation distance between
the quantum dots after solvent evaporation, improving inter-
particle energy transfer.”*>'® Note that the concentration of
quantum dot building blocks can also affect optical emission
upon nanoparticle assembly because a high concentration
allows superlattices to be formed with less disordering. In
addition to exciton migration in single-crystalline superlattices,
considerable attention was paid to interparticle energy transfer
within polycrystalline fluorescent dendrites comprising CdSe/
ZnS quantum dots or rods.”?’’*'? In these two cases, energy
transfer from the periphery to the dendrite core was elucidated
by steady-state and time-resolved photoluminescence spectro-
scopy. The high quantum yield of quantum dots significantly
affects interparticle coupling and thereby the Forster radius,
leading to directional energy transfer with high efficiency.”"?

Alternatively, nanoparticle assemblies can be prepared with
different-sized quantum dots via layer-by-layer assembly. Upon
assembly, fluorescence quenching of small nanoparticles is
typically accompanied by a concomitant emission increase in
large nanoparticles. Such an optical scenario is attributed to
dipole coupling between proximal quantum dots. In pioneering
work, Kagan and coworkers reported long-range electronic
exciton transfer from small CdSe quantum dots (3.85 nm)
to their larger counterparts (6.2 nm) in close-packed solids.*"*
In their study, both interparticle distance and spectral
overlap between donor emission and acceptor absorption dic-
tated energy transfer efficiencies. When poor spectral overlap
occurred between PbS nanocrystals of two different sizes,
exciton transfer was confirmed to be relatively weak by
steady-state and time-resolved photoluminescence studies.>*’
Guo et al. reported somewhat similar results when investigating
2D film made of CdSe@ZnS core-shell quantum dots of
different size.*"®
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Directional exciton migration within multiple-layer ensem-
bles has been achieved by rational alignment of the energy
bandgap of quantum dots in different layers. A bilayer of
CdSe@ZnS quantum dots of different size was first exploited
by Klimov and coworkers as energy-gradient layered structures
to demonstrate layer-to-layer energy transfer with a 750 ps FRET
time.>'® The interlayer FRET time was further accelerated to
50 ps by Franzl et al. in a two-layered system comprising two
sets of CdTe nanocrystals (2.8 and 3.4 nm).”"” The short-
distance energy transfer led to efficiencies as high as 80%. In
an elaborate multilayered system, cascaded energy transfer was
achieved via layer-by-layer assembly of a series of CdTe nano-
crystals (1.7, 2.5, 3.2, and 3.5 nm).>'® As expected, directional
excitation energy transfer drastically enhanced the red emis-
sion in the intermediate layer, while completely suppressing
orange, yellow, and green emissions in the outer layers
(Fig. 16). It should be pointed out that cascading energy
transfer along a decreasing bandgap gradient in multi-layered
assemblies closely resembles light-harvesting in natural com-
plexes, holding great promise for applications in electronics
and optoelectronics.>"°

4.5 Interparticle dipolar interaction

Permanent magnets are characterized by a hysteresis loop that
defines how magnetization changes as a function of an applied
field.***>** As with electric dipoles, magnetic dipoles of mag-
netic materials tend to align with an applied external field.
If the axis of magnetic dipoles and the external field direction
match, the value of the magnetization reaches saturation
magnetization (M;) where potential energy is at a minimum.
Upon removal of the applied external field, the remaining
induction in the magnetic material is called remanence mag-
netization (M;). The magnitude of the external field applied in
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Fig. 16 (a) Absorbance and photoluminescence spectra of four different
sized CdTe nanocrystals used for the preparation of a layer-by-layer
assembled film. (b) Schematic illustration of the resonant energy transfer
within the device consisting of seven layers of 3.5 nm CdTe nanocrystals
(upper) and energetic positions of the highest occupied nanocrystals orbital
(HONCO) and the lowest unoccupied nanocrystal orbital (LUNCO)in the
resulting nanoparticle film (below). (c) The cascaded energy transfer within a
layer-by-layer assembled film using quantum dots of different size (upper)
and the corresponding energy levels within the resulting nanoparticle film.
(Reproduced with permission from ref. 218, copyright 2004, American
Chemical Society.)
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the reverse direction to bring the magnetization of the sample
back to zero is called the coercive field.

Assemblies of magnetic nanoparticles will impart new
collective properties due to interparticle dipole interactions.
Anomalous magnetic properties can be discovered by measur-
ing magnetization as a function of an external magnetic field or
temperature. For example, in the study of magnetic behaviors
of cobalt nanoparticle assemblies, their geometrical arrange-
ment was found to have a significant impact on magnetic
properties.”*>*?° The coherent anisotropy in disordered assem-
blies led to a greater energy barrier relative to ordered super-
structures, resulting in a broader zero-field-cooled (ZFC)
peak (Fig. 17a). In addition, a high coercive field and a slow
rate of saturation were also observed in self-assembled, mag-
netic nanoparticle superstructures with a high-level structural
ordering (Fig. 17b).?*772%°

The shape and packing density of magnetic nanoparticle
assemblies also influence the magnetic properties of the resul-
tant superparticles. For example, magnetic y-Fe,O; nanocrys-
tals tend to self-assemble into long wires or homogeneous films
in the presence of surfactants. When applying field direction
along the long axis (x-direction) of the wire, the remanent
magnetization was increased compared to that obtained along
the short axis (y-direction).*” In contrast, no changes were
recorded in the magnetization curve for homogeneous films
(Fig. 17c). This phenomenon suggests that 1D magnetic wires
resemble single, elongated particles and their cooperative
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Fig. 17 (a) ZFC curves of amorphous aggregates (red) and supercrystals
(black). (b) M versus H curves of disordered (black line) and ordered

(red line) 3D assemblies. Inset: Enlargement of the low-field region. (c)
SEM images of shaped y-Fe,Os nanocrystals coated with (i) citrate ligand
to form a tubular morphology and (ii) with decanoic acid to form a thin
film. Magnetization curves at 3 K of the tubes, recorded with different
alignments. (d) ZFC/FC curves recorded for 14.3 nm FezO4 nanoparticles
(olive), 7.2 nm FesO4 nanoparticles (red), and the resulting film of AB13-type
nanoparticle superlattice (blue). (Reproduced with permission from
ref. 227 and 230, copyright 2007 and 2010, American Chemical Society.)
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response is more sensitive to the magnetic field than that of
discrete nanoparticles. In 2010, Murray and coworkers reported
magnetization measurements of a binary AB,3; superlattice
comprising two types of Fe;O, nanoparticles of different size
as a function of temperature (Fig. 17d). The binary superlattice
exhibited a single-phase-like transition, which is different from
phase-separated, stoichiometric nanoparticle mixtures.>*°

Current research on optical, electronic and magnetic char-
acterizations of nanoparticle superlattices lays the foundation
toward a better understanding of structure-property correla-
tions. This understanding will help tackle the self-assembly of
nanoparticles into superstructures where complexity emerges
from the interplay of particle interactions and the competition
of force due to solvent interactions. As characterizations of
nanoparticle superlattices are typically performed in ensemble
forms, reliable data need to be acquired from highly uniform
samples. This is because that subtle variations in defects or
impurities in superlattices can lead to substantial changes in
their properties.*! In fact, this is somewhat akin to doping of
foreign atoms, such as P and As, into atomic lattices of host
materials, such as Si. To determine the properties of isolated
individual superparticles, single-particle characterization tools
or techniques need to be developed.

5. Emerging applications

Nanoparticle assemblies displaying unusual properties are
likely to find important applications in biosensing, drug deliv-
ery, therapeutics, energy conversion devices, and nanoelectro-
nics. Apart from intrinsic properties possessed by individual
nanoparticle building blocks, new properties acquired during
assembly can be utilized to sense or probe a variety of analytes,
such as metal ions and biomolecules.

5.1 Biological sensing

Mirkin and colleagues pioneered the application of plasmonic
nanoparticle assembly for DNA sequencing.®®>** This technol-
ogy is based on hybridization of DNA strands tethered on the
surface of Au nanoparticles with target oligonucleotides. DNA
sequence hybridization induces a colorimetric change in the
colloidal solution, which is readily detectable by the naked eye.
Since its discovery in 1996, this colorimetric method has been
widely used for biomolecular detection, environmental pollu-
tant screening, and understanding of biological processes,
including DNA hybridization, bending in transcription com-
plexes and cleavage at moderate temperatures.>** In addition to
utilization of aggregation-induced color changes, variations in
interparticle distance through precise design of surface chem-
istry can create optical sensors for analytical applications.
One outstanding example was reported by Alivisatos and
co-workers, who studied kinetics of DNA hybridization using
a “molecular ruler” based on plasmon coupling of gold and
silver nanoparticles.>** When biotin-modified, single-stranded
DNA(ssDNA)-functionalized Au nanoparticles were added to a
solution of streptavidin-coated Au or Ag nanocrystals, scattered
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colors changed from blue to blue-green, or green to orange,
indicative of Au-Ag or Au-Au dimer formation (Fig. 18a and b).
Upon addition of complementary DNA strands to the Au-Au
dimer solution, a blue-shift of the light-scattering spectrum was
observed (Fig. 18c). The authors ascribed this phenomenon to
double-stranded DNA (dsDNA) formation. dsDNA has much
stiffer framework than ssDNA, driving dimer dissociation to
form separated Au nanoparticles.>**

As already described in previous sections, plasmonic gaps
or hotspots can be engineered by controlling interparticle
distances between plasmonic nanoparticles. Formation of
plasmonic hotspots enables five to eight orders of magnitude
of signal enhancement in surface-enhanced Raman scattering (SERS)
as a result of large electromagnetic field enhancement.>3* 237
The size match between the plasmonic gap and cellular orga-
nelle and the ease of achieving strong scattering intensity with
SERS make it possible to perform real-time investigation of the
organelle environment in living cells. A proof-of-concept work
was demonstrated by Kotov and co-workers,*® who made three
types of assemblies using Au nanoparticles and nanorods by
selective modification of nanorods with DNA oligomers. After
incubation of Au assemblies with HeLa cells at 37 °C under 5%
CO, for 12 h, they observed strong SERS signals from intracel-
lular, unsaturated lipids in the mitochondria.®®

Photoluminescence changes of assemblies of semiconduc-
tor and metal nanoparticles are also applicable to molecular
sensing through exciton-plasmon interactions. For instance,
assemblies of amine-terminated Au nanorods and carboxyl-
terminated CdTe@CdS quantum dots showed a high FRET
efficiency and induced emission quenching of the quantum
dots.”*® Upon addition of 2,4,6-trinitrotoluene (TNT) mole-
cules, the preformed assemblies disassociated due to TNT
complexation by quantum dots, giving rise to a switchable
luminescence response (Fig. 18d and e).>*® In another example,
Kotov and coworkers designed superstructures comprising
CdTe nanowires and Au nanoparticles connected by polyethy-
lene glycol (Fig. 19a-c).>°® The altered distance between the
CdTe nanowire-Au nanoparticle couple, enabled by modulat-
ing the interaction between antibodies (aB) incorporated in the
polyethylene glycol molecular backbone and added antigens
(aG), imparted a noticeable emission wavelength shift due to
exciton diffusion in CdTe nanowires.

Since 2010, CD plasmonics has emerged as a new detection
method for probing chiral bioactive molecules and optical
materials.”” For example, in 2012 Tang’s group demonstrated
reversible changes in plasmonic CD responses by taking advantage
of temperature-dependent assembly and disassembly of Au nanor-
ods with DNA strands (Fig. 19d-g).>*° After Au nanorod assembly,
changes in the intensity and line shape of plasmonic CD signals
are more distinct than in UV-vis absorption spectra. Therefore, this
CD-based analytical platform offered an ultra-sensitive capacity for
DNA detection with a detection limit of 75 nM.51239241

5.2 Drug delivery and therapy

In nanomedicine, site-specific delivery and controlled release of
drugs by nanocarriers remain a major challenge as drug efficacy
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Fig. 18 Color effect based on an assembly of DNA-functionalized gold and silver nanoparticles: (a) the color changed from blue for single silver particles
(upper left) to blue-green for particle pairs (upper right). Single gold particles appear green (bottom left) and gold particle pairs exhibited orange (bottom
right). Inset: Representative transmission electron microscopy image of a particle pair. (b) Representative scattering spectra of single particles and particle

pairs for silver (top) and gold (bottom). (c) The spectral shift between a gold

particle pair connected with ssDNA (red) and dsDNA (blue). (d) Schematic

illustration of the FRET-based operating principle for Au nanorod-quantum dot assembly. (e) Evolution of emission spectra of Au nanorod-quantum dot

assemblies with increasing TNT analyte. (Reproduced with permission from
American Chemical Society.)

is usually determined by non-specific cell and tissue biodistri-
butions of the loaded drugs. Released drugs are rapidly
metabolized or excreted from the body. Self-assembled nanos-
tructures are attractive as promising theranostic tools for drug
delivery and therapy because they are sensitive to external
stimuli. A well-documented example was reported by Duan
et al., who assembled plasmonic vesicles from Au nanoparticles
and amphiphilic polymers for cancer-targeted drug delivery.>*>
Their study suggests that an acidic intracellular environment
can lead to a hydrophobic-to-hydrophilic transition in hydro-
phobic brushes, enabling triggered intracellular drug release.

Implementation of nanoparticles for targeted delivery and
controlled release of therapeutic agents in endocytic organelles
could be achieved through assembly and disassembly of
plasmonic nanoparticles with a hollow cavity under different
pH conditions.”** In addition, due to a strong interparticle
plasmonic coupling, self-assembled plasmonic vesicles
showed different plasmonic properties and greatly enhanced
SERS intensity compared to single gold nanoparticles. Thus,
disassembly of vesicles in endocytic organelles led to dramatic
changes in scattering properties and SERS signals, serving
as independent optical and spectroscopic feedback for cargo
release from the vesicles.
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Photosensitive entities have added benefits to nanoparticle
assemblies for clinical applications. NIR-responsive systems
have previously shown promise of reduced damage to
tissues and improved tissue penetration in drug delivery and
therapy.>***> One notable strategy is to add NIR-absorbing
plasmonic nanoparticles to assembled nanocarriers. Upon NIR
irradiation, the light can be converted into heat. This in situ
heat generation could trigger the release of chemotherapeutic
molecules from the nanocarriers. For instance, when Au nanor-
ods loaded with doxorubicin were irradiated by NIR light,
the light-to-heat transduction elevated the temperature in the
vicinity of the Au nanorods and induced DNA dehybridization
on nanoparticle surfaces, triggering the release of doxorubicin
molecules.***>*

Nie and co-workers applied a multifunctional theranostic
platform based on photosensitizer-loaded plasmonic vesicles
for in vivo cancer imaging and treatment.>*® The vesicular archi-
tecture composed of a monolayer of Au nanoparticle assemblies
showed strong absorption in the range of 650 to 800 nm. By
encapsulating photosensitizers, this platform showed a dual
imaging and therapeutic capability.”*® In 2013, this strategy was
used by the same group to prepare biodegradable plasmonic
vesicles for photoacoustic imaging and photothermal therapy.>*
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(a) Schematic illustration of aG-aB interaction in molecular spring assemblies comprising Au nanoparticles and CdTe nanowires. (b) TEM

imaging of as-formed Au—-PEG-aB—-PEG-nanowire structures. (c) The reversible emission wavelength shift of the peak: 1, attachment of a nanoparticle
to a nanowire; 2, after adding 20 plL streptavidin; 3, after adding free aB to the media; 4, after adding 20 pL anti-streptavidin. (d) The reversible plasmonic
CD and (e) corresponding UV-vis absorption spectra of DNA-modified Au nanorods at 20 °C (black line) and 60 °C (red line). (f) CD intensity at 512 and
750 nm, (g) CD intensity as a function of cycle numbers at 20 °C (black dots) and 60 °C (red dots). (Reproduced with permission from ref. 206 and 239,
copyright 2007 and 2012, Nature Publishing Group and American Chemical Society.)

After completion of their therapeutic function, biodegradable
vesicles disintegrated into smaller discrete units and under-
went rapid clearance (Fig. 20).

(a)

Photothermal
’( E -

GoldNanovesicles Individual Subunits

(€) —~ (d)
3| ones BGVs
g 800 nm
©
& | | ¥
o
17
Q
<
400 600 800 1000

Wavelength (nm)

Fig. 20 (a) Schematic representation of multifunctional plasmonic vesi-
cles for in vivo photoacoustic imaging and photothermal therapy with
improved clearance after the dissociation of the assemblies. (b) 3D
electron-density mapping of a broken biodegradable gold vesicle (BGVs,
upper) and TEM image of individual vesicles (bottom) with a size of 193 nm.
(c) UV/Vis/NIR spectra of gold nanoparticles and BGVs. (d) TEM image of
the disassembled gold subunits from BGVs after treatment at 100 °C for 10
min. (Reproduced with permission from ref. 249, copyright 2013, Wiley-
VCH Verlag GmbH & Co. KGaA))
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Such assemblies, showing potential to use NIR light in
theranostic applications, are based on utilization of lanthanide-
doped upconversion nanoparticles as light converters. These
nanoparticles hold promise to combine two or more incident
photons into one UV or visible photon.>**>*> An example has
been demonstrated by Lu et al., who reported target recognition
via the interaction between DNA-modified upconversion
nanoparticles and Au nanoparticles based on a self-assembly
strategy.'”” Furthermore, DNA-modified upconversion nano-
particles can be used for DNA delivery and targeted imaging
of cancer cells.

In addition, recent studies have attempted to create efficient
drug delivery systems by combining magnetic nanoparticles
with an external magnetic field. Such stimulus-responsive drug
release systems could provide site-specific drug targeting and
retention with a magnetic field gradient by concentrating the
magnetic nanocarriers at target cells or tissues.”>>°® As an
added benefit, self-assembled magnetic superstructures have
shown improved magnetic responsiveness compared to indivi-
dual nanoparticles, enabling ease of regulation of the nanocar-
riers by an external magnetic force. For example, assembly of
magnetic nanoparticles and anticancer drugs in amphiphilic
polymers has been reported by Huh, Haam, and co-workers.>*
Therapeutic antibody-decorated superstructures showed ultra-
sensitive targeted detection by magnetic resonance imaging
(MRI) in in vitro and in vivo models (Fig. 21a). Moreover, the
composite superstructures indicated excellent synergistic effects for
inhibition of tumor growth.>> In a parallel investigation, magne-
tothermally responsive doxorubicin-encapsulated supramolecular
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magnetic nanoparticles (Doxc=SMNPs) have been designed
by Cheon, Tseng, and coworkers as a unique on-demand
drug delivery/release system.>*” These self-assembled magnetic
assemblies consisting of Zn, 4Fe, O, superparamagnetic nano-
particle, polymer, and anti-cancer drugs, could be preferentially
accumulated at the site of a tumor. More importantly, these
magnetic nanoparticles could convert the radiofrequency of an
external alternating magnetic field (AMF) into heat, allowing
on-demand stimulus-responsive drug release from the supra-
molecules (Fig. 21b and c).

5.3 Energy conversion devices

The advent of large-scale structures through nanoparticle
assembly paves the way toward device fabrication for advanced
energy conversion. Currently, superlattices for energy conver-
sion applications are based on controlled emulsion assembly of
preformed nanoparticles into 3D superlattices, followed by
annealing at high temperatures.”®® The annealing treatment
transforms surface ligands to conductive carbon coatings on
nanoparticle surfaces, improving electron transport efficiency
and suppressing nanoparticle aggregation.>**2¢

In 2015, Zheng et al. reported the synthesis of monodisperse
oleic acid-protected CoMnO nanoparticles and performed
micellization of the nanoparticles in hexane in the presence
of squalane (1 wt%). Subsequent annealing at 550 °C under
an argon atmosphere in the presence of urea for 2 h led to
the formation of 3D interconnected CoMnO@N-doped
carbon nanoparticle superlattices.’®®> The resulting superlat-
tices showed high electrocatalytic activity toward water splitting
in KOH (1.0 M), as evidenced by an onset potential at 1.46 V (vs.
RHE) for the oxygen evolution reaction and by an overpotential
of 71 mV at 20 mA cm? for the hydrogen evolution reaction.
Similar strategies have been used by Yang and Dong et al.
to develop Fe@carbon superparticles as electrocatalysts for
denitrification using oleic acid-protected Fe;O, nanoparticles
as the building blocks. With such electrocatalysts, the removal
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capacity was estimated to be as high as 1816 mg N g~ ' Fe with a
nitrogen selectivity up to 98% in the presence of 100 mg L™
nitrate.”®® On a separate note, controllable etching of metal
oxide nanoparticles within the treated superlattices allows
developments of highly ordered single-atom electrocatalysts
for oxygen reduction reaction and mesoporous few-layer
graphene frameworks for lithium-ion batteries.”®*>%

For energy conversion, the performance of nanoparticle
superlattice-derived catalysts can be further enhanced by
geometric arrangement of the nanoparticles. Close-packed
nanoparticles can block mass transport and hinder molecular
interactions at catalytic sites. To address this issue, the
Dong group reported an interesting method toward fabrication
of freestanding, carbon-coated hollow Mn;O, nanoparticle
superlattices.’®® They first assembled a monolayer of oleic
acid-capped MnO nanoparticles into porous anodized
aluminum oxide (AAO) templates. The MnO nanoparticle-
functionalized AAO template was subjected to controlled
annealing and etching in KOH (6.0 M), resulting in hollow
Mn;O, tubular monolayer superlattices (h-Mn;O,-TMSLs)
(Fig. 22a-e). Their high performance in oxygen reduction was
supported by the onset potential at ~0.91 V (vs. RHE) and the
5.7 mA cm~ > diffusion-limiting current density in the rotating
disk electrode polarization curve (Fig. 22f and g). Furthermore,
the electrocatalysts showed an average electron transfer number
of 3.91, which is higher than that of the controls, including MnO-
TMSLs and solid Mnz;0,-TMSLs counterparts (s-Mn;O,-TMSLs)
(Fig. 22h). In addition to high catalytic activity, h-Mnz;O,-TMSLs
displayed better long-term catalytic stability than state-of-the-art
Pt/C catalysts under identical conditions (Fig. 22i).

Alternatively, the performance of nanoparticle superlattices
for energy conversion applications can be improved by
controlling the composition of constituting nanoparticle
building blocks. Recently, Dong and coworkers reported that
binary CoFe,0,-Fe;0, nanocrystal superparticles with a carbon
layer show better lithium storage than their single-component

This journal is © The Royal Society of Chemistry 2021
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superlattices.”®’ Also, the binary nanoparticle superlattices also
showed better lithium storage than those physically mixed
binary samples. After 500 catalytic cycles, the binary super-
lattices retained a high capacity of ~800 mA h g~ relative to
630 mA h g~ for the physically mixed samples. Mechanistic
studies suggest that the improved performance is attributed to
more open space accessible in the carbon-coated binary nano-
particle superlattices than that of their single-component coun-
terparts. The open space not only enables better mass transport
but also alleviates volumetric changes in superlattices, main-
taining the structural integrity of the anode materials during
repeated lithiation and delithiation.

5.4 Other applications

Besides the above-mentioned applications, effects of nanopar-
ticle assembly can be harnessed to develop other technological
applications. Taking magnetic nanoparticles as an example,
magnetoresistive devices could be fabricated by assembling a
mixture of Fe;O, and FePt nanoparticles into 2D membranes.
The magnitude of magnetoresistance showed a dependence on
the stoichiometry of binary assemblies. AlB,-type membranes
exhibited higher magnetoresistance values than icosahedral-
AB,;-type equivalents.® In a separate study, multifunctional
assemblies of magnetic and metal nanoparticles were used
for protein separation.>®® With the help of Au nanoparticles,
proteins could be easily adsorbed to the metal part of Au-Fe;0,
hybrids. With the help of an external magnetic field, the
hybrids with adsorbed proteins were easily separated from
the fluid phase.

6. Conclusion and perspective

In this review, we attempted to highlight recent advances in
inorganic nanoparticle assembly. Assemblies described in this

This journal is © The Royal Society of Chemistry 2021

review exhibit variations in structures, depending on the nature
of nanoparticle building blocks and different strategies
applied. There is a large resemblance between nanoparticle
self-assembly and atom- or molecule-level reactions. Nanoscale
forces are the most important parameters determining the
direction, strength, and length of nanoparticle bonds within
the assemblies. Nanoparticle bonding is not only affected by
intrinsic attributes of nanoparticle monomers, but also by
experimental conditions, including concentration, tempera-
ture, and solvent polarity. These provide versatile tools to
control the self-assembly process, while rendering additional
challenges to reproduce experimental results.

Compared to the controllability of reactions at the atomic
or molecular level, research in nanoparticle self-assembly is
still at an early stage. One of the most challenging tasks is the
lack of a general and effective method to equip nanoparticle
monomers with directional reactivity. If this goal can be
achieved, additional controllability may be acquired by control-
ling cross-sections of nanoparticle reactants based on collision
theory. An alternative method is learning from biosystems
capable of generating complex molecular assemblies from a
collection of individual molecules.

With nanoparticle reactants in reserve, understanding the
thermodynamic and kinetic factors that dictate self-assembly
behavior provides insights into the development of superstruc-
tures with desirable macroscale properties. As complementary
tools, multiscale computational simulation comprising differ-
ent theoretical characters may reveal quantitative correlations
between geometric structures and physical/chemical properties
of nanoassemblies under study. Specifically, when combining
density functional theory and molecular dynamics with the
finite element approach, one could predict the morphology
and mechanical properties of a given assembled nanocompo-
site. Meanwhile, the development of robust modeling methods
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that capture effects of the nanoparticle’s structural anisotropy
could enable the construction of superstructures with high-level
complexity and programmability. Additionally, the identification
of descriptors that physically capture the interaction between
sub-components could guide the high-throughput assembly of
nanoscale building blocks. To this end, machine learning-based
artificial intelligence has been employed as a resource-accessible
technique for the direct search of physically essential descriptors,
thus enabling a fast prediction of structure-property correlation
in predesigned superstructures.>*’

With an increasing trend toward nanotechnology commer-
cialization, the ability to successfully translate nanofabrication
methods from a laboratory to an industrial setting becomes
increasingly important. When compared with top-down
lithography-based nanofabrication, bottom-up self-assembly
approaches offer obvious advantages, such as low-cost, scalable
synthesis, and elimination of complex instrumentation.
However, precise control of interparticle spacing and creation of
large-scale, defect-free nanoparticle arrays remain formidable
challenges and require considerable future effort. Once these
issues can be resolved, assembly strategies can be readily imple-
mented into existing manufacturing infrastructure, offering a
viable option for next-generation device fabrication.
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