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Self-assembly of inorganic nanoparticles into mesoscopic or macroscopic nanoparticle assemblies is an
efficient strategy to fabricate advanced devices with emergent nanoscale functionalities. Furthermore,
assembly of nanoparticles onto substrates may enable the fabrication of substrate-integrated devices,
akin to atomic crystal growth on a substrate. Recent progress in nanoparticle assembly suggests that
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ordered nanoparticle assemblies could be well produced on a selected substrate, referred to as soft
epitaxial growth. Herein, recent advances in soft epitaxial growth of a nanoparticle assembly are
presented, including the assembly strategies, the choice of substrate and the epitaxial modes.
Perspectives are also discussed for the material design based on substrate-integrated soft epitaxial
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1. Introduction

Crystallization is ubiquitous in nature arranging atoms, ions,
molecules or macromolecules into three-dimensional periodic
structures. Similarly, assembly of nanoparticles is usually
analogous to the crystallization of atoms, which represents
a practical approach for the fabrication of mesoscopic
as well as macroscopic materials with emergent nanoscale
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functionalities.'™ The last two decades have witnessed

tremendous progress in the assembly of nanoparticles into
highly ordered nanoparticle superlattices.®" Different from
individual nanoparticles or the disordered counterparts,
ordered nanoparticle superlattices show collective optical,
electrical and magnetic properties arising from the electronic
coupling effect between neighbouring nanoparticles with
engineered interparticle distances.'>™®

Nanoparticles synthesized in a non-polar phase are
commonly coated with monolayer organic ligands."”*® Therefore,
the forces that direct the nanoparticle assembly are also
determined by the surface organic coating layer other than the
entropy, including hydrogen bonding, electrostatic forces, steric
repulsion, van der Waals attraction, hydrophobic interactions,
magnetic dipolar interactions, and depletion forces.”'*>* To
understand the forces between nanoparticles, manipulation of
the nanoparticles as “artificial atoms” assembled into a designed
structure and realization of their functions are the ultimate
goals for nanoparticle assemblies. Hence, determining the
crystal growth principles from atomic crystals is required
to design and fabricate nanoparticle superlattices with increasing
complexities.>***

At the atomic and molecular scales, epitaxial growth (EG) is
an efficient strategy for producing new materials for specific
device fabrication.>*’ The chemical vapour deposition (CVD)
method is commonly used to grow an epitaxial layer on a
single crystal substrate, and the as-grown layer is usually
single-crystalline.”®*°  Furthermore, liquid-phase epitaxial
growth (LPG) methods have been widely used in the preparation
of high-quality semiconductor single crystal thin films since it is
a growth process at or close to thermodynamic equilibrium.>®
Three typical epitaxial growth modes at the atomic scale have
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Fig. 1 Schematic illustration of three different modes in atomic epitaxial
growth.

been prepared, including the Frank-van der Merve (F-vdM)
mode, Stranski-Krastanow (S-K) mode and Volmer-Weber
(V-W) mode, as illustrated in Fig. 1.>**> The F-vdM mode
demonstrates the layer-by-layer epitaxial growth; the S-K model
is layered growth followed by island growth; the V-W mode is
dominantly island growth. The growth mode is determined by
the competition of the interaction between an epitaxy atom and
the substrate and the interactions between epitaxy atoms.
Besides, the lattices misfit degree of substrate and adlayer is
also an important factor for epitaxial growth.??

Inspired by the atomic epitaxial growth, the nanoparticles
could also be used as the epitaxial “artificial atoms” for the
creation of desired nanoparticle superlattices, which is referred
to as soft epitaxial growth, SEG.** From the perspective of
self-assembly, the study of nanoparticle superlattice SEG will
promote the understanding of interactions at the nanoscale.
The weak interaction of multiple objects including the inter-
action between neighbouring nanoparticles, and between
nanoparticles and a substrate compete in the process of soft
epitaxy growth, generating different epitaxy modes. From the
perspective of material design, SEG directed nanoparticle
assemblies as well as the new interface created between the
nanoparticle superlattice material and the substrate material
will bring new properties and functions. From the perspective of
physical properties, understanding the electron (photoelectron)
and energy transfer between the nanoparticle superlattice and the
substrate material will be helpful for the design of new photo-
electric devices, including photocatalysts, photodetectors, etc.

Similar to atomic epitaxial growth, the misfit degree of the
substrate and epitaxial adlayer is the key factor that determines
the epitaxial growth efficiency and structures.”” The lattice
misfit degree is commonly modulated by adjusting the inter-
actions between epitaxial nanoparticle and substrate, including
the van der Waals interactions, the electrostatic interactions,
the hydrogen bond and coordination bond, etc. When the
attractive force between the nanoparticles and substrate is
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overwhelming, the nanoparticles would be kinetically trapped
onto the substrate irreversibly, generating a loose-ordered
grown layer of nanoparticles. This always happens in electro-
static force or coordinating interaction directed layer-by-layer
nanoparticle assembly.>**®> When the interaction the between
nanoparticles and substrate is much weaker than that of
neighbouring nanoparticles, self-sorted assembly is dominant.
Therefore, a well-ordered epitaxial nanoparticle assembly can
be initiated only when the attraction between the nanoparticles
and substrate matches the interaction between nanoparticles.
Unlike atomic epitaxial growth, SEG directed nanoparticle
assemblies to some extent tolerate the misfit because of
the softness of nanoparticle surface coating agents. The nano-
particle could squeeze their coating layer for the fitting of an
adlayer to the substrate.

In this perspective, we start with a brief introduction to
nanoparticle assemblies, emphasizing the role of soft coating
agents in controlling the self-assembly of nanoparticles.
We then discuss self-assembly of nanoparticles on diverse sub-
strates, highlighting recent advances in building nanoparticle
superlattices from SEG strategies.

2. Nanoparticle self-assemblies

Organic surface coating agents tethered on inorganic nanoparticle
cores promote the colloidal stability of these nanoparticles and
make them good candidates for self-assembly, forming long range
ordered superlattices.>® From a thermodynamic point of view, the
self-assembly of a large number of particles in a closed system at
equilibrium can be regarded as an optimized process to reduce
the Helmholtz free energy (F). The free energy F of the system is
determined mainly by the internal energy (U) and the entropy
(5).*” Different from micro-particles that are assembled driven
by entropy, the internal energy of nanoparticles is remarkably
influenced by their surface coating agents, which makes the self-
assembly of nanoparticles more sophisticated. For example, when
Au and Ag nanopatrticles were passivated by HS(CH,);,COO Na*
and HS(CH,),;NMe;"Cl~ ligands, respectively, they had negative
and positive charges in polar solvent, promoting the attractive
electrostatic forces between nanoparticles during assembly.’
Moreover, the controllable assembly of nanoparticles can be
accurately realized to construct a variety of superlattice structures
through the grafting of single stranded DNA molecules on the
nanoparticles and complementary base pairs between DNA
molecules.**™*!

When the nanoparticles are coated with monolayer alkyl
coatings, the self-assembly behaviour will be modulated by
these coatings, which could be demonstrated through the
optimal packing model, OPM:**

Refr 30\

where R, R and L are the nanoparticle inorganic core radius,
the effective nanoparticle radius and the length of the coating
agents. The softness of the ligand shell can be described by the
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ratio of L/R: (1) when the L/R < 0.6-0.7, the nanoparticle
contact as hard spheres and form face centre cubic (FCC) or
hexagonal close packed (HCP) structures; (2) when the L/R >
0.6-0.7, the interdigitation between ligands becomes long-
range and can interact directly with chains belonging to its
second nearest neighbours, favouring the formation of a body
centre cubic (BCC) structure.*”™** In addition, other examples
have shown that nanoparticle concentration, surface ligand
coverage, solvent type, evaporation rate and assembly methods
may have influences on the crystalline structures of super-
lattices made from nanoparticles. Furthermore, the assembly
of non-spherical nanoparticles is more complex due to the
additional interparticle interactions due to a particle’s local
curvature and shape, termed as chemical patchiness. For example,
one-dimensional chiral tetrahelices, two-dimensional quasi-
crystalline structures and three-dimensional BCC structures
have been discovered during the self-assembly of truncated
tetrahedral quantum dots.*®

Based on the above discussion on the self-assembly of
nanoparticles and its driving force, interaction between nano-
particles is mainly regulated in two ways: (1) van der Waals
interactions between alkyl chains tethered on the surface of
nanoparticles; (2) building the ‘“donor-acceptor” relation of
nanoparticles, including electrostatic forces and hydrogen
bonding, etc. Thereby, linking the substrate materials to the
nanoparticles through the above mentioned two strategies, can
be applied to realize nanoparticle soft epitaxial growth, leading
to nanoparticle superlattices with increasing complexities that
cannot be engineered under conventional conditions.

3. SEG directed nanoparticle
superlattices by van der Waals
interactions

The self-assembled alkyl chains on nanoparticles synthesized
from nonpolar solvents provide the steric repulsion for their
stabilization in nonpolar solvent. As the nanoparticle colloidal
solution is concentrated and the volume is decreased, the
nanoparticles interact with their neighbours and the ligands
interdigitate, producing ordered structures on desired sub-
strates. When the arbitrary substrates are functionalized with
a similar alkyl chain, the alkyl chains tethered on nanoparticles
would interact with those tethered on substrates, providing
attractive van der Waals forces that direct the assembly of
nanoparticles on the substrates. For the first assumption, the
interaction energy can be estimated by two paralleled C12
chains, which are mostly studied in the literature.*® The van
der Waals attraction (Uc;,) between two nearest parallel alkyl
chains of length L from N identical basic units (L = NA) and
separated by a distance D has been given by Salem:*’

3n L

Ve = A B

where A is the Hamaker constant of methylene units. With
Salem’s conclusion that the attractive energy is correlated with
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the length of the alkyl chain, and with the attractive energy for
C12 calculated to be —9.6kgT per molecule, we can relate the
overlapping length with the interaction strength through:

Useer & (—4.8ksT) x (2L — d) 3)

where d is the distance between two surfaces. The elastic
repulsion energy between two C12 chains can be calculated
on the basis of the elastic modulus (E), which is in the order of
~0.86 GPa for dodecyl alkyl chains. Hence the elastic repulsion
energy can be estimated to be:

1 EA
U ~ 5 % TO x (2L —d)?* ~ (17.2kgT) x 2L —d)*  (4)

where 4, is the cross-sectional area of an alkyl chain (4, &
0.25 nm?). Considering the attractive and elastic repulsive
energy between two parallel C12 chains, we claim that the
overall contribution from the ligand-ligand interactions can
be less than —kgT. The interaction energy strength between
substrate and nanoparticle could be modulated by the coating
features including the alkyl chain length and orientation, and
grafting density.

Hence, it is crucial to functionalize the substrate with a
monolayer of alkyl chains, and three main strategies are
applied including: (1) self-assembled nanoparticle superlattices
as substrates; (2) inorganic materials functionalized with alkyl
chains; (3) supramolecular structures assembled from small
organic molecules bearing lateral alkyl chains.

3.1 Nanoparticle superlattices as substrates

The nanoparticle superlattices themselves are excellent candidates
for soft epitaxial growth since long range ordered nanoparticle
superlattices provide a coherent alkyl chain layer, directing the
epitaxial nanoparticle assemblies (Fig. 2a). Moreover, the property
of generated coherent alkyl chain, such as their density, thickness
and topology could be precisely modulated by the nanoparticle

Fig. 2 (a) Schematic illustration of nanoparticle epitaxial assembly on a
nanoparticle superlattice substrate. (b and c) HAADF-STEM images and
(d and e) TEM images of half-filled colloidosomes. (f) TEM, (h) cryo-TEM,
and (g and i) HADDF-STEM images of binary nanoparticle superlattices
grown in colloidosomes.*®
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diameter, their coatings and the superlattice structures, which
would enrich the epitaxial growth features.

Yang et al. achieved soft epitaxial growth in a confined
space.”® In this work, oleic acid coated Fe;O, nanoparticles
were dispersed in the chloroform phase of emulsions and then
assembled by evaporating the carrier solvent. These nano-
particles firstly stabilized at the water/chloroform interface,
forming close packed monolayer hollow assemblies, named
colloidosomes. Then the extra dispersed nanoparticles were
found assembled on the formed monolayer assemblies until all the
nanoparticles were consumed, producing half-filled colloidosome
structures (as shown in Fig. 2b and c). High resolution TEM images
in Fig. 2d and e show that the lattices of the epitaxial part are well
fitted with the pre-formed nanoparticle monolayer at the interface,
which is similar to the traditional F-vdM epitaxial growth mode
(layer-by-layer). To further expand the possibility of epitaxial growth,
nanoparticles of two different sizes (Fe;O, of 6.5 nm and Au of
3.5 nm) instead of only Fe;O, nanoparticles were used for the
assembly in emulsions. The epitaxial assembly behaviour is largely
distinct from the single-component ones. As shown in Fig. 2f-,
discrete NaZn,; type binary superlattices assembled from Fe;O,
and Au nanoparticles were formed and localized inside the Fe;O,
nanoparticle pre-assembled monolayer shell. This is mainly caused
by the lattice misfit between NaZn,; type superlattices and the
Fe;0, monolayer shell. This is well fitted to the V-W epitaxy mode
(island growth). It is worth noting here that in this work, the SEG
growth takes place in a confined space, generating uniform colloids
dispersed well in water.

Two dimensional nanoparticle superlattices are also
efficient substrates for soft epitaxial growth. For example,
Talapin’s group systematically studied the influence of lattice
mismatch coefficients between the substrate superlattice and
adlayer nanoparticles on the SEG (Fig. 3).>* A PbS nanoparticle
superlattice monolayer was first prepared on a Si substrate,
which was applied as the soft substrate for the deposition of
Au nanoparticles by immersing the substrate directly into an
Au nanoparticle colloidal solution. Fast deposition of nano-
particles induced the adlayer lattice misfit due to kinetic
trapping of nanoparticles. To further decrease the lattice misfit,
the samples were subjected to annealing in solvent vapour
towards a thermodynamically favoured configuration. The more
ordered structures were obtained by efficient strain relaxation.
When the substrate of PbS nanoparticle superlattices was replaced
by binary nanoparticle superlattices (assembled from Fe;O, and
Au nanoparticles), the Au nanoparticles were assembled in the
interstitial sites between the Fe;O, nanoparticles.

3.2 Alkyl chain functionalized materials as a substrate

Functionalizing a substrate with a layer of alkyl chains (Fig. 4a),
is well-known as a self-assembled monolayer (SAM) created by
the chemisorption of head groups of surfactant molecules onto a
substrate followed by the slow organization of tail groups.
Selecting the type of head group depends on the chemical
composition of the underlying substrate. Typically, alkanethiols
are applied as noble metal substrates, exemplified as gold and
silver in seminal reviews in this field. Other than thiol groups,
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Fig. 3 (a—d) SEM images and bond angle plots of Au nanoparticles
assembled on PbS nanoparticle monolayers before (a and b) and after
(c and d) solvent annealing at different lattice misfits. (e) SEM image of the
AlB, structure assembled from 15.5 nm FezO4 and 8.3 nm Au nano-
particles. (f) SEM image of the epitaxial assembly formed by the deposition
of 8.3 nm Au nanoparticles on the structure in (e). (g) SEM image of the 111
projection of the CaBg structure assembled from 155 nm FezO4 and
6.0 nm Au nanoparticles. (h) SEM image of the epitaxial assembly formed
by the deposition of 8.3 nm Au nanoparticles on the structure in (g). Upper
insets in (e and g) are fast Fourier transform (FFT) patterns of the images.
Lower insets in (e and g) are models of the lattice projections. All scale bars
are 100 nm.>*

other polar head groups, such as amine, hydroxyl, and carboxylic
acid, are applied for SAM generation.*>*° In comparison with
nanoparticle superlattice substrates, SAM functionalized sub-
strates are more generalized and molecularly uniform. Assembly
of nanoparticles onto a flat substrate functionalized with SAM
could be predictable with an hexagonal close-packed structure,
which would be much more interesting when the substrate is
curved. For instance, Dong et al. reported an epitaxial assembly
of metal oxide nanoparticles onto anodized aluminum oxide
(AAO) nanotubes (Fig. 4b-d).”" These AAO nanotubes were
tethered with a layer of oleic acid, where covalent bonding
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Fig. 4 (a) Schematic illustration of alkyl chain functionalized materials as
substrates. (b) Schematic illustration of tubular monolayer superlattices of
MnzO4 nanocrystals. (c and d) SEM images and (e) TEM images of tubular
nanocrystal superlattices. (f) Illustration of the assembly process of CdSe
1D/2D MDHs. (g) TEM images and 3D illustrations and (h) cross-section
illustrations, HAADF-STEM, and EDS-mapping images of MDHs-AR4.°152

between aluminum ions and carboxylic acid of oleic acid
takes place. This surface coating enables the assembly of MnO
nanoparticles onto the inner wall of AAO nanotubes, resulting in
hexagonal close-packed structures. Furthermore, these MnO
nanoparticle arrays can be transformed into Mn;0, nanoparticle
superlattices after a post-assembly oxidation-etching treatment.
Furthermore, this assembly strategy could be applied for the
assembly of CdSe nanorods within the CdSe nanotubular
structure, as illustrated in Fig. 4f.°> As a consequence, 1D-2D
CdSe mixed dimensional heterostructures from the same
materials could be fabricated.

The development of nanolithography enables the selective
functionalization of a substrate with SAM as desired. For example,
when the patterned substrates are selectively functionalized with
alkyl chains, epitaxial assembly of nanoparticles would selectively
take place at the site of interest, leading to nanoparticle super-
lattices with desired morphologies, such as one-dimensional
chains, two-dimensional rings as well as three-dimensional
clusters with well-defined geometry. We note that the surface
functionalized strategy usually results in a layered assembly of
nanoparticles onto the desired substrate, analogous to the F-vdM
SEG mode. Because the surface of the substrate is flat, there are
larger van der Waals interactions than those between two
nanoparticles.

3.3 Self-assembled supramolecular structures as a substrate

A common feature of the above two strategies is that these
substrates are premade prior to the epitaxial assembly of
nanoparticles, hence the tenability of the substrate is very
limited, which constrains the further development of the SEG
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of nanoparticles into diverse nanoparticle superlattices, including
dynamic and reconfigurable ones. Besides, the substrates in the
above two strategies are merely the substrate. In other words, the
synergistic properties between the substrates and the as-formed
nanoparticle superlattices are very poor and limited, which fall
behind the increasing demand of the functional materials. In this
regard, self-assembled supramolecular structures from small
organic molecules could be an alternative strategy to achieve
hybrid functional materials with a combination of both inorganic
and organic elements.

The delicate design of functional organic molecules enables
the specific supramolecular interaction between molecular
building blocks, including the hydrogen bonding, coordinating
bonding, n-n interactions and steric repulsions, which leads to
nanostructures with desired dimensions and/or morphologies
(Fig. 52).>*° The simplest model of supramolecular assembly
is the assembly of amphiphilic surfactants in water, resulting
in supramolecular structures dispersed in water. For example,
Lin et al co-assembled cetyltrimethylammonium bromide
(CTA'Br™) coated gold nanoparticles with two-dimensional
supramolecular materials with a similar structure to CTA',
and found that the gold nanoparticles epitaxially assembled
on the surface of the two-dimensional supramolecular
materials, forming two-dimensional nanoparticle superlattice
materials with densely packed structures.’® This method can be
applied to diverse nanoparticles coated with CTAB surfactants,
leading to two-dimensional nanoparticle superlattices with either
spherical or non-spherical nanoparticle building blocks. Never-
theless, the surface coatings also restrict the application scope of
this method, because most of the nanoparticles are synthesized in
non-polar solvent and covalently coated with a layer of alkyl
chains that are difficult to replace with a weaker ligand, i.e. CTAB.
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Fig. 5 (a) Schematic illustration of nanoparticle epitaxial growth on
supramolecular structures. (b and c) Scheme of a soft epitaxial self-
assembly system based on TATA supramolecular assembly. TEM images
of the directed assembly of Au nanocrystals by TATA-C7-4 (d and e) and
TATA-C7-1' (f and g) supramolecular structures. SEM (h) and TEM images
(i-m) of binary nanocrystal superlattices constructed with supramolecular
assemblies as the substrate; () SAXS profile and (n) CD spectra of binary
nanocrystal superlattices.®”
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Considering the surface coating feature of nanoparticles,
our group proposed that supramolecular materials can be
modified by alkylation and then interact with nanoparticles
to initiate soft epitaxy assembly of nanoparticles.’” In this way,
the additional surface ligand exchange and recodification are
not necessary. Fig. 5b shows the molecular structure of
tris-amide triarylamines derivatives (TATA) with three alkyl
chains at the peripheral side. The n-n interactions coupled
with the hydrogen bonding interactions give rise to one-
dimensional supramolecular fibrils. Furthermore, an important
feature of supramolecular fibrils is that they are functionalized
with alkyl chains. Hence, these TATA supramolecular fibrils can
be regarded as nanowires functionalized with a layer of alkyl
chains. First, bundling between fibrils takes place, leading to
supramolecular nanorods. Second, these supramolecular nano-
rods could be used as a substrate for the SEG of nanoparticles,
producing one-dimensional nanoparticle chains or ribbons,
depending on the amount of supplying nanoparticles.
Furthermore, by changing the alkyl chain structure of TATA
molecules, the assembled supramolecular structures varied from
one dimensional nanorods to nanospheres. The nanoparticles
assembled along the coherent alkyl chain outside the supra-
molecular assemblies, as shown in Fig. 5d-g. Here, the interactions
between TATA supramolecular structures and nanoparticles are
much stronger than those between two nanoparticles, thereby
giving rise to the epitaxial self-assembly of nanoparticles over
TATA assemblies. When the alkyl chain of TATA molecules is a
straight chain or branched chain with o-substitutions, the
TATA molecules form H-type aggregates. When the alkyl chain
is a y-substituted branched chain, TATA molecules assemble
into J-type aggregates. When these H-type aggregates are used
as substrates, the nanoparticles form a one-dimensional
structure. When J-type aggregates are used as substrates, the
nanoparticles are assembled on the surface of supramolecular
aggregates in a planar epitaxial mode (F-vdM mode) to form a
two-dimensional superlattice structure of nanoparticles with a
hexagonal close-packed arrangement.

These TATA supramolecular structures could also be applied
for the assembly of nanoparticles with two distinct sizes. When
Au and Fe;0, nanoparticles with two distinct sizes were applied
for the SEG on TATA supramolecular structures, NaZn,s
type binary nanoparticle superlattices were formed and
exhibited left-handed or right-handed helicity from batch to
batch (Fig. 5h-n). Different from the nanoparticle superlattice
substrate, these supramolecular structures show strong lattice
misfit tolerance, giving rise to nanoparticle superlattices with
registered morphology from the substrate.

When the substituted alkyl chain is homochiral, it could be
expected that chiral nanoparticle superlattices can be
produced. Very recently, our group reported the assembly of
Au nanoparticles into chiral nanoparticle superlattices in the
presence of chiral porphyrin molecules. Chiral porphyrin
molecules are self-assembled into diverse supramolecular
structures, depending on the specific metalation and metal-
coordination reactions (Fig. 6).® Then Au nanoparticles are
able to deposit on the as-formed porphyrin supramolecular

This journal is © the Owner Societies 2021

View Article Online

PCCP

Waeiongsh (ren Wavelengh (o)

Fig. 6 (a) Molecular structures of three porphyrin derivatives. (b—d) TEM
images of (R)-PP-Au assemblies. (e) Model of the 3D nanoparticle
assemblies grown on (R)-PP structures. (f—h) TEM images of (R)-ZnPP-Au
assemblies. (i) Model of the 3D nanoparticle assemblies grown on (R)-ZnPP
structures. (g and k) TEM images of (5)-ZnPP-OAm-Au assemblies. () Model
of the 3D nanoparticle assemblies grown on (S)-ZnPP-OAm structures. The
circular dichroism spectra and g factor spectra of supramolecular structure
colloidal suspensions of (S/R)-PP-Au assemblies (m and o), (S/R)-ZnPP-Au
assemblies (n and p), and (S/R)-ZnPP-OAm-Au assemblies (q and r).>®

structures through hetero chain-chain van der Waals interactions.
We note that these chiral nanoparticle assemblies are the first
example on the basis of chirality transfer through weak van der
Waals forces across three orders of magnitude. Although the
chiral nanoparticle assemblies have been engineered, the affinity
between chiral moieties and nanoparticles is built through
specific ionic pairs, hydrogen bonding pairs, metal coordination
pairs or covalent bonding, with interaction energies much larger
than the present chiral nanoparticle assemblies from SEG
processes.>

4. SEG based on complementary
interactions

The construction of complementary interactions is ubiquitous in
biology, exemplified as base pairs in double stranded nucleic
acids consisting of two nucleobases bound to each other by
hydrogen bonds, and lock-key configurations in enzyme cataly-
sis. In artificial systems, host-guest complementary interactions
lead to complexes comprised of two or more molecules that are
held together in specific conformation.®® Hence, it is possible to
build nanoparticle superlattices on the basis of complementary
interactions between nanoparticles and the arbitrary substrate.
In this part, we will discuss two main complementary pairs that
have been applied to build nanoparticle superlattices, including
host-guest complexation and DNA base pairing interactions.

4.1 Construction of host-guest interactions for epitaxial growth

Host guest complexation has shown its potential for applica-
tions in supramolecular catalysis, sensing, conformational
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switching and environmental remediation. Here, we show that
this host-guest complexation can be implanted into nano-
particle assemblies, which consequently regulates their assembly
behaviour. An earlier report showed that a host-guest pair
between B-cyclodextrin (B-CD) and an adamantly functionalized
molecule could be applied for the assembly of B-CD function-
alized silica nanoparticles onto the B-CD functionalized
substrate through adamantly functionalized dendrimers.®" This
method could result in the layered assembly of silica nano-
particles onto the substrate. Another example showed that the
host-guest pair could be a cucurbit{n]uril (CB) based system.®?
First, the CB molecule interacted with a substrate grafted with a
layer of viologendecanethiol, which could further interact
with naphthalene-functionalized nanoparticles, leading to the
assembly of nanoparticles onto the substrate. In the end, neither
of the two strategies produced nanoparticle assemblies with
periodic ordering, which is probably due to the strong attractive
forces between the host-guest pairs.

Recently, we showed that porous organic cage (POC) molecules
with open windows could be applied as molecular hosts.*
A significant feature of POCs is that they possess a rigid cavity
and can interact with other molecules through their windows.** ¢
Therefore, the POCs are used as hosts for the construction of
host-guest interactions with other molecules for assembly. In this
work, we found that POCs synthesized from a [4+6] amine-
aldehyde condensation reaction is able to interact with a long
alkyl chain through hydrophobic interactions, akin to the host-
guest complexation. When the nanoparticles are tethered with
alkyl chains, they are able to interact with POCs crystals through
the inclusion of alkyl chains into the cavity of POCs.
Consequently, nanoparticles are able to self-assemble at the
surface of POCs crystals. Furthermore, the results show that
spherical nanoparticles assembled on a POC crystal adopt the
F-vdM mode, sitting on eight (111) crystal facets with a closed
packing structure (Fig. 7c-h). However, cubic or octahedral nano-
particles assembled onto the POC crystal following the V-W
mode. All the nanocubes or nano-octahedron assembled on one
crystal facet of the POC crystal (Fig. 7). This is due to the
competition of forces between nanoparticles and those between
nanoparticle and substrate. When the interaction between nano-
particles is stronger than that of the nanoparticle and POC crystal,
the V-W epitaxial growth mode is dominant, otherwise the F-vdM
mode is dominent.

4.2 Base pair complementation of nucleic acid molecules

DNA hybridization has been applied to assemble nanoparticles
into superlattices with crystalline structures that are
surprisingly rich.*®* It was found that DNA’s three-
dimensional double helix structure (fixed pitch, fixed diameter)
has more advantages than other materials in guiding nano-
particles to three-dimensional ordered assembly. The specific
recognition between base pairs and the ability to control of
DNA chain length and base sequence make it a powerful
weapon for assembly at the nanoscale. The programmability
of DNA makes it an extremely attractive structure-oriented
ligand.
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Fig. 7 (a) Schematic illustration of host—guest interaction pairs between
nanoparticles and POCs. (b) The chemical reaction of POC synthesis.
Schematic illustration of spherical (c) and cubic (i) nanoparticle assembly
onto the POC assembled crystals. SEM images (d and e) and TEM images
(f and g) of spherical nanoparticle-POC assemblies. (h) The carton image
of the top and bottom layer of nanoparticles on two facets of POC crystal.
() TEM image of nanocube-POC assemblies. (k) TEM images of one
octahedral nanoparticle. (I and m) TEM images of octahedral
nanoparticle-POC assemblies.®®

This strategy can also be applied to study the SEG assembly
of nanoparticle superlattices. Macfarlane and co-workers used
this technique and a combination of DNA functionalized
nanoparticles and a substrate functionalized by DNA strands
to engineer an epitaxial assembly process.®”” They found that
single-crystal Winterbottom shapes of nanoparticle crystals

Monofunctionalized Bifunctionalized

<100> orientation <110> orientation

Fig. 8 (a) Scheme of DNA-functionalized nanoparticles assembled
onto a DNA-functionalized substrate. (b and c) SEM images of (100)
or (110) oriented crystals depending on the substrate functionalization.
Scale bars, 1 pm.%”
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Fig. 9 (a) Schematic illustration of epitaxial assembly directed by DNA strains.
Nanoparticle assembled thin films maintain coherency with the patterned
crystallography up to +7.7% lattice mismatch. (b) The 2D transmission SAXS
data centered on the (110) reciprocal spot, (c) order parameter, calculated by
comparing the integrated intensity of the (110) spot to the intensity of the
amorphous ring, as a function of lattice mismatch, and (d) the maximum guio)
value from the measured SAXS data compared to the templated guiq) position.%®

are formed by controlling the interfacial energies between the
crystals and fluid, the substrate and the crystal, and the substrate
and the fluid (Fig. 8). Other examples show that DNA-grafted
nanoparticles self-assembled into two-dimensional colloidal films
can be applied as a substrate for soft epitaxial assembly.*®*° For
instance, Mirkin and coworkers used DNA-coated nanoparticles
as more elastic and malleable building elements to better adapt to
the lattice misfit, as shown in Fig. 9.°° Subsequent studies showed
that superlattice thin films assembled by DNA-functionalized
nanoparticles can store elastic strains by deforming and rearran-
ging, with lattice mismatches up to £7.7%, significantly exceed-
ing the +1% lattice mismatches allowed by atomic thin films.
Importantly, these DNA-coated nanoparticles undergo a progres-
sive and coherent relaxation, dissipating the strain elastically and
irretrievably through the formation of dislocations or vacancies. It
is therefore possible to grow heteroepitaxial colloidal films by
controlling “soft” programmable atomic equivalents of nan-
ometers and microstructures using rigid nanocrystals coated with
soft compressible polymeric materials.

5. Interaction energy in SEG processes

The attractive interaction energy between nanoparticles and
a substrate is the main driving force for SEG processes.
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Table 1 The complementary interactions used for the SEG process

Energy
Type of interaction Interaction energy strength
Covalent, metallic Short range, complicated  ~100kpT
Electrostatic 010> Variable
4dme
Hydrogen bonding Short range, complicated ~ ~5-10kgT
van der Waals (alkyl chains) 4 3n L ~1kgT

8)2D%
CB based host-guest system  Hydrophobic, complicated ~20-40kpT
CD based host-guest system Hydrophobic, complicated ~ 1-10kpgT
POC based host-guest system Hydrophobic, complicated ~2kpT

Generally, when the attractive interaction between nanoparticles
and the substrates is stronger than that between two nano-
particles, the layered assembly F-vdM mode dominates. In fact,
the layered assembly of nanoparticles onto the substrate is the
most probable case, even when the interaction between nano-
particles and the substrates is not directional, because a
repulsive interaction is present when the nanoparticles are
dispersed in solvents. However, it would be of particular interest
when the substrates are also dispersed in the same solvent,
which consequently induces the competitive self-assembly upon
triggering the self-assembly. Here, we summarized the attractive
forces in the cases we discussed above (Table 1), including the
hydrogen bonding, van der Waals, and diverse host guest
systems. It can be seen that the attractive van der Waals energy
between unit alkyl chains is ~ 1kT, which is much weaker than
the hydrogen bonding, CB-based host-guest pairs or CD-based
host-guest pairs. This clearly indicates that the hydrogen
bonding or host-guest complexation is more directional. On
the other hand, strong attractive interactions could also lead to
irreversible attachment of nanoparticles onto the substrate,
resulting in disordered nanoparticle assemblies. In fact, this
layered assembly of nanoparticles onto the substrate with
disordered structures could also be observed in conventional
layer-by-layer self-assembly, triggered by the attractive electro-
static energy.”® Since the energy strength in the electrostatics
could be regulated through tuning the density of charges and
ionic strength, it is possible that the SEG process with ordered
nanoparticle assemblies could be achieved through building the
electrostatic pairs.”*

6. Summary and outlook

Traditional atomic epitaxy on substrates has pushed the
development of theories of crystallization on a substrate. When
translating these ideas to epitaxial assembly of nanoparticles
on a substrate, the traditional epitaxy theories work well in
most cases. However, epitaxial assembly of nanoparticles can
tolerate much larger lattice misfit between the nanoparticle
superlattice and the substrate. The soft organic shell coated on
nanoparticles which undergoes deformation during the
assembly process may account for this difference. Importantly,
organic ligands impart the multiple supramolecular interactions
between nanoparticles into the nanopatrticles, which in turn regulate
the competitive interactions between nanoparticle-nanoparticle
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and nanoparticle-substrate, giving rise to varied structures of
nanoparticle superlattices. Additionally, the interactions
between nanoparticle and substrate enable the construction
of a phase boundary, which allow for the design and fabrication
of hybrid materials with tailor-made properties. Uncovering the
charge carrier transport, photoelectron transfer and/or energy
transport between the nanoparticle superlattice and the under-
lying substrate will provide a productive avenue to design new
photoelectric devices, including photocatalysis systems and
photodetectors. For example, when quantum dots are self-
assembled on 2D quantum sheets, it is possible to engineer
0D/2D mixed-dimensional heterojunctions. Such mixed dimen-
sional heterojunctions combine the merits from the large
optical absorbance coefficients of 0D quantum dots and the
high charge carrier mobility of 2D materials, which leads
to nanostructured photocatalysts with mixed-dimensional
heterojunctions.

Although several studies have shown that epitaxial assembly
of nanoparticles can be achieved through spherical nano-
particles, it is still challenging to engineer the epitaxial
assembly of non-spherical nanoparticles.””””* Considering that
shape anisotropy at the nanoscale would provide exotic
anisotropic physical properties, it would be interesting to
explore the synergistic physical properties of anisotropic nano-
particle superlattices and the substrate of interest.”>”®
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