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As nanotechnology continues to push the boundaries across disciplines, there is an increasing need for
engineering nanomaterials with atomic-level precision for self-assembly across length scales, i.e., from
the nanoscale to the macroscale. Although molecular self-assembly allows atomic precision, extending
it beyond certain length scales presents a challenge. Therefore, the attention has turned to size and
shape-controlled metal nanoparticles as building blocks for multifunctional colloidal self-assemblies.
However, traditionally, metal nanoparticles suffer from polydispersity, uncontrolled aggregation, and
inhomogeneous ligand distribution, resulting in heterogeneous end products. In this feature article, | will
discuss how virus capsids provide clues for designing subunit-based, precise, efficient, and error-free
self-assembly of colloidal molecules. The atomically precise nanoscale proteinic subunits of capsids
display rigidity (conformational and structural) and patchy distribution of interacting sites. Recent
experimental evidence suggests that atomically precise noble metal nanoclusters display an anisotropic
distribution of ligands and patchy ligand bundles. This enables symmetry breaking, consequently offering
a facile route for two-dimensional colloidal crystals, bilayers, and elastic monolayer membranes.
Furthermore, inter-nanocluster interactions mediated via the ligand functional groups are versatile,
offering routes for discrete supracolloidal capsids, composite cages, toroids, and macroscopic
hierarchically porous frameworks. Therefore, engineered nanoparticles with atomically precise structures
have the potential to overcome the limitations of molecular self-assembly and large colloidal particles.
Self-assembly allows the emergence of new optical properties, mechanical strength, photothermal
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stability, catalytic efficiency, quantum yield, and biological properties. The self-assembled structures
allow reproducible optoelectronic properties, mechanical performance, and accurate sensing. More
DOI: 10.1039/d3cc02205¢f importantly, the intrinsic properties of individual nanoclusters are retained across length scales. The
atomically precise nanoparticles offer enormous potential for next-generation functional materials,

rsc.li/chemcomm optoelectronics, precision sensors, and photonic devices.

three-dimensional (3D) crystals can be considered atomically
precise macroscopic objects. However, crystals have limitations

1. Introduction

Achieving atomic precision across length scales is one of the
fundamental challenges in modern nanotechnology. The future
of optoelectronics, catalysis, biosensing, nanomedicine, and
solutions for environmental challenges relies heavily on the
ability to fabricate materials with highly precise structures and
reproducible properties.' ™ Such precision could offer program-
mable control over the shape, strength, conductivity, mechan-
ical properties, and optical responses with high sensitivity.>”
While the potential benefits are clear, methods that allow
atomic precision at the macroscopic scale are limited. Never-
theless, several attempts have been made to fabricate precise
structures across length scales in recent years.® Large-scale
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due to their poor mechanical properties. Notably, recent reports
have demonstrated mechanically strong and flexible crystals of
small molecules.” Furthermore, reversible two-dimensional
(2D) polymer sheets have been demonstrated using the photo-
chemical polymerization of monomer crystals."® The above
reports are limited to certain molecules or materials under
highly controlled and narrow experimental conditions. Notably,
building materials atom by atom is a laborious way to produce
structures in scalable quantities.

Molecular engineering is a well-established area of research.
It allows precise control over the structure, functional groups,
geometry, and directional interactions of molecular building
blocks for the design and fabrication of materials, and systems
with specific properties and functions."""? It focuses on manip-
ulating molecular properties, behaviour, and interactions to
improve or fabricate new materials and their applications.

This journal is © The Royal Society of Chemistry 2023
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Therefore, molecular engineering has contributed tremendously to
the success of molecular self-assembly, offering a wide range of
morphologically distinct functional architectures.”>'* Despite
huge success in molecular self-assembly, obtaining large-scale
structures with high precision is challenging.'® Furthermore,
achieving strictly monodisperse building blocks is far more
challenging for progressively larger structures.'® Moreover,
non-specific binding at larger scales results in a mixture of
different structures rather than the desired product.'” Never-
theless, at higher length scales, block-copolymers, and even
molecular polymer brushes, have been reported to achieve
structures with precise topography under controlled and
narrow experimental conditions."®*°

Beyond molecular and supramolecular scales, nanoscale
building blocks have enabled colloidal and supracolloidal
self-assembly.?® Specifically, noble metal nanoparticles (MNPs)
have emerged as attractive building blocks for self-assembly
and hierarchical structure formation.”’ The size and shape-
dependent optoelectronic properties make noble metal nano-
particles and their self-assembled structures attractive for
various applications, including catalysis, sensing, imaging,
drug delivery, hydrogen evolution reactions, and photothermal
therapy.”® Furthermore, self-assembled superstructures allow
nanoconfinement for selective encapsulation and can act as
nanoflasks for chemical reactions.>® Despite tremendous pro-
gress in plasmonic nanoparticle-based self-assembly, several
challenges exist.>* Importantly, the design of MNPs with well-
defined shapes, sizes, and surface chemistry with precision still
needs to be improved. Due to their high surface-to-volume
ratio, MNPs have high surface energy. To minimize the surface
energy, they undergo uncontrolled aggregation. Furthermore,
MNPs display polydispersity and lack directional interactions.>®
Importantly, underlying driving forces and the role of the
solvent and other environmental factors that control the nano-
particle interactions are not fully understood. The complexity
of the inter-particle interactions and the lack of mechanistic
insights are major challenges in achieving controlled self-
assembly.”® For example, van der Waals, electrostatic, and
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steric interactions play a crucial role in nanoparticle self-
assembly. However, the exact contribution of these forces and
their dependence on nanoparticle size, shape, and surface
chemistry remain to be determined.>” The high surface energy
of MNPs also destabilizes certain structures, limiting access to
self-assembled 1D or 2D layered structures in a template or
template-free manner.”® Due to their isotropic nature, the self-
assembly of spherical MNPs and other colloidal particles often
results in 3D structures. Achieving 1D or 2D structures requires
anisotropic interactions between the neighboring nanoparticles.*
The inhomogeneous distribution of surface charge allows electri-
cal dipoles. This approach can be utilized to achieve the dipole-
induced self-assembly of nanoparticles into 1D structures provided
the inter-nanoparticle interaction strength exceeds the thermal
fluctuation energy and Coulombic repulsion.*® External fields
such as magnetic and electrical fields, selective ligand
exchange, DNA functionalization, and spatial and shear con-
finement approaches have been utilized to achieve MNP-based
1D and 2D structures.>®"

Computational simulations have been used to study the self-
assembly pathway and intermediates of metal nanoparticles.*?
Specifically, molecular dynamics (MD), coarse-grained (CG),
and Monte Carlo (MC) simulations have been employed. CG
and all-atom MD simulations have been used to gain insights
into the effects of ligand density on self-assembly and inter-
molecular forces at the nanoscale.*® Recent studies using all-
atom MD simulations have revealed that for gold nanoparticles
(AuNPs) coated with dodecanethiol in a toluene-ethanol/water
interface, self-assembly is dominated by interactions between
the ligands, specifically van der Waals interactions.** Further-
more, self-assembly depends on the evaporation rate: slow
evaporation results in two-dimensional (2D) arrays. Replacing
dodecanethiol ligands with mercaptoundecanoic acid results in
a roughly ordered, close-packed array with faster aggregation
independent of the evaporation rate. This is attributed to the
strong polarizing nature of mercaptoundecanoic acid mole-
cules and the strong interactions between them.

Importantly, over the past two decades, size and shape-
controlled syntheses have allowed a range of stable noble metal
nanoparticles,® providing routes for 3D crystals,*® 2D layered
structures,®” and elastic membranes.*® More detailed theoreti-
cal insights and experimental approaches for MNP-based 1D,
2D, and 3D assemblies are beyond the scope of this article and
have been discussed in several recent reviews.>®*' Moreover,
MNP-based structures have been considered inorganic protein
mimics.>® Metallic helical structures,*® chiral superlattices,**
and isomeric clusters,’ have also been developed. However,
even with narrow size dispersed metal nanoparticles, the batch-
to-batch variations, and inhomogeneous ligand density lead
to irreproducible mechanical properties, poor device perfor-
mance, and inaccurate sensing.****

The progress in molecular engineering, nanomaterials, fab-
rication methods, and tools for atomic-level manipulation have
contributed to the development of atomically precise manu-
facturing (APM) approaches.”> The potential applications of
APM towards molecular electronics devices, single electron
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transistors, quantum computing, and nanoresonators have
been demonstrated.*® A sophisticated positional control
approach produces complex 3D objects but with precision for
only a few atoms.”” Furthermore, super-resolution nanolitho-
graphy and combinatorial patterning have been reported for
precision assemblies.*® Despite numerous efforts, large-scale
structure formation with atomic-level precision has remained
challenging.

In colloidal science, polymer microparticles with controlled
size, shape, and surface functionalities have been viewed as
“big atoms” as an analogy to atoms.*® Furthermore, it has been
shown that discrete clusters of colloidal microparticles can be
achieved with a wide range of geometries.>® The resulting finite
clusters of colloidal particles are referred to as ‘colloidal
molecules” as they mimic the symmetry of molecular
structures.”® The colloidal clusters sustain Brownian motion
and allow real-time imaging. Therefore, they act as model
systems to investigate the structure, dynamics, and self-
assembly properties at the mesoscale. Block-co-polymers, such
as triblock co-polymers, offer microparticles with rich surface
chemistry, anisotropy, and patchiness.”® Recent experimental
studies and computational simulations have shown that patchy
colloidal particles offer routes for designing new assemblies
with emerging optical properties.>*™°

Despite rapid increases in experimental studies and compu-
tational simulation in colloidal clusters and plasmonic nano-
particles, identifying the exact number of interacting units at
atomic-level precision remains a major challenge. Resolving
this issue by using “strictly monodisperse” nanoscale building
blocks with engineered properties would represent a significant
advance in nanoengineering. This would enable new assembly
methods for low-cost, large-area, and flexible devices using
solution processing methods to meet the ever-growing demand
to integrate next-generation functional devices. In this context,
precision nanoengineering, i.e., engineering atomically precise
nanoscale building blocks and developing methods for
their fabrication into large-scale structures can overcome the
challenges faced in manufacturing precision across length
scale. Furthermore, the approach will bridge the gap between
molecular and colloidal self-assemblies.

Precision nanoengineering has no formalized definition.
However, in the context of this feature article, it encompasses
the design, synthesis, and characterization of atomically pre-
cise nanoscale building blocks for the fabrication of materials,
devices, and systems across length scales. The approach will
provide routes for self-assembled discrete structures, compo-
sites, and large-scale defect-free structures. Due to the atomic-
level precision of the building blocks, the position, orientation,
and interaction of each unit can be specified. The fabrication
may involve one, two, or more than two types of building blocks
or components. When two or more building blocks are
involved, at least one of the components is atomically precise,
while the other is narrowly size dispersed (<5% dispersity).
The components can be either synthetic (e.g., atomically precise
metal nanoparticles, organic nanoparticles, or organic-inorganic
hybrids), biological nanoparticles (e.g:, proteins, virus particles,
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or DNA origamis), or narrowly size dispersed synthetic nano-
particles. Unlike APM, here, the focus is to utilize the atomically
precise nanoparticle building blocks for higher-order structure
formation. Since the building blocks are atomically precise and
at the colloidal level, self-assembly will result in atomically precise
higher-order structures. In this context, recent progress in the size
and shape-controlled synthesis of monolayer thiol-protected atom-
ically precise noble nanoclusters (NCs) provide new routes to
realize precision nanoengineering-enabled self-assemblies across
length scales.>**”

In the next section of this feature article, I will discuss the
following: (i) the state-of-the-art challenges in the self-assembly
of atomically precise NCs; (ii) how to obtain clues from biolo-
gical colloidal molecules to achieve efficient and error-free self-
assembly across length scales, i.e., structures that span multi-
ple size regimes, from the nanoscale to the macroscale;
(iii) how to exploit the patchy and anisotropic distribution
of ligands on the NC surface for self-assembled 2D colloidal
crystals, macroscopic membranes, capsids, and composite
cages; (iv) new methods for NC-based reversible frameworks
using dynamic covalent chemistry; and (v) in situ synthesis and
site-selective doping of photothermally stable NCs on colloidal
templates. Specifically, the focus is on atomically precise gold
(Au) and silver (Ag) NC-based self-assembled structures. Beyond
structure formation, the goal is to design systems with specific
properties and functions. Therefore, these self-assembled
structures are referred to as functional self-assemblies. Accord-
ingly, the self-assembly-induced amplification or emergence of
photophysical properties, catalytic efficiency, and mechanical
properties are discussed. The need for building blocks with
atomic precision in controlled structure formation, reproduci-
ble optomechanical properties, and sensing is highlighted. The
importance of self-assembly in the amplification of photolumi-
nescence quantum yield, catalytic efficiency, bioimaging, sen-
sing, and photothermal stability is also presented.

2. Atomically precise nanoclusters

To utilize any building block for controlled structure formation,
well-defined structures, functional groups, directional inter-
actions, and stability are needed. Atomically precise monolayer
thiol-protected noble metal NCs with a few to hundreds of
atoms have emerged as an important class of nanomaterials.®
Despite more than six decades of history,>”®° their extensive
structural characterization, understanding of their optoelectro-
nic properties, and applications of atomically precise nanoclus-
ters have emerged only in the past two decades.®'"®* Because of
their well-defined structure, various characterization tools are
routinely used to determine the molecular structure, composi-
tion, and optical and electronic properties of NCs.** The
molecular structure at atomic-level resolution is crucial for
understanding the packing of metal atoms, the position and
orientation of ligands, and molecular packing in macroscopic
crystals. Single-crystal X-ray diffraction (SCXRD) is the most
powerful method for complete structure determination.

This journal is © The Royal Society of Chemistry 2023
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However, X-ray diffraction requires pure and high-quality
crystals of NCs. Due to their large size, obtaining single
crystals suitable for diffraction is challenging. Despite these
challenges, several reports have presented high-resolution
single-crystal X-ray structures of NCs. Notably, in 2007,
Jadzinsky et al. reported the first crystal structure of mono-
layer thiol-protected water-soluble Au NC, Au;0,-pMBA,4.°% In
2008, Zhu et al. reported the crystal structure of phenylethane
thiol-capped, 25-atom gold cluster, Au,;PET;5.°° Since then,
more than 100 single-crystal X-ray structures of AuNCs, Ag
NCs, and alloy NCs have been reported in the literature.®”
However, most of the crystal structures reported in the litera-
ture are for NCs soluble in organic solvents. The crystal-
lization of water-soluble NCs is still a major challenge.
Recently, cryogenic transmission electron microscopy (cryo-
TEM) and single-particle reconstruction methods have been
employed for atomic-level structure determination of water-
soluble m-mercaptobenzoic acid (mMBA)-capped Augg NC and
PpMBA-capped Au, 4, NC.°® However, under cryo-TEM, only the
metal core was unambiguously assigned, and identifying
ligands is a challenging task. Therefore, other analytical tools
with computational modeling were used to predict the num-
ber of ligands. In another approach, microcrystal electron
diffraction (microED) has been used to determine the struc-
ture of Au,46-pPMBA;, beyond 1.0 A resolution.® Electrospray
ionization mass spectrometry (ESI-MS), matrix-assisted laser
desorption ionization (MALDI-MS), ion mobility coupled to
mass spectrometry (IM-MS), and collision-induced dissocia-
tion (CID) MS techniques are extensively used to determine
the molecular composition, to monitor the reaction kinetics,
ligand exchange and ion exchange in NC synthesis.”® One-
dimensional (1D) and two-dimensional nuclear magnetic
resonance (2D NMR) spectroscopy have been used to study
the solution state stability of NCs, ligand composition, charge
state, magnetic properties, and their dynamics.”® X-ray
absorption spectroscopy (XAS) has been used to determine
the local structure and electronic state of a specific element
within the NC, in both amorphous and crystalline solids.”>*
One of the important characterizations is their oxidation state,
which can be determined by calculating the binding energy
using X-ray photoelectron spectroscopy.”?” Unlike plasmonic
nanoparticles, due to the quantum confinement effect, NCs
display molecule-like optical transitions in the absorption
spectra. Based on the number of metal atoms, the UV-Vis
absorption spectra of NCs show distinct absorption bands
irrespective of the type of ligands.”® Another important prop-
erty of NCs is their photoluminescence (PL); therefore, photo-
luminescence spectroscopies, including steady-state, time-
resolved, and temperature-dependent PL spectroscopies, have
been used to study these properties,”** and to understand the
correlations of the ultrafast electron dynamics and structures
of NCs, such as femtosecond time-resolved fluorescence
up-conversion, and transient absorption.”*

Because of their atomically precise structure and strictly
defined number of ligands, NCs are considered ‘colloidal
molecules” with hierarchical structural complexity.”* It is
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important to clarify that the term ‘“colloidal molecules” used
in the literature for colloidal clusters is an analogy to molecular
structure, and colloidal clusters do not have the properties of
molecules. On the other hand, atomically precise NCs have
strictly defined molecular structure, molecular mass, and opti-
cal properties despite their colloidal-level size. Therefore, NCs
act as a link between organometallic complexes and large
plasmonic nanoparticles (Fig. 1a and b). Beyond the atomically
precise structure, NCs offer unique optical properties, tunable
photoluminescence, photothermal stability, mechanical prop-
erties, biocompatibility, and low cytotoxicity (Fig. 1c-e).”®
Therefore, NCs offer numerous advanced applications, includ-
ing catalysis, CO, reduction, bioimaging, solar concentrators,
energy harvesting, photodynamic therapy, high harmonic gen-
eration, and dopants for field-effect transistors.”®®® Precision
nanoclusters are highly sensitive as compared to plasmonic
nanoparticles for the addition or removal of metal atoms. This
offers selective doping with amplified luminescence.”® There-
fore, a large library of molecularly precise nanoparticle-
based building blocks can be prepared with unprecedented
properties.

Atomically precise NCs have already played a significant role
in biological imaging, providing high-resolution information
on the location and orientation of subunits in oligomeric
enzymes, virus capsids, crystalline sheets of membrane pro-
teins, and thin filaments of muscle.®" NCs are small and stable,
making them ideal for labeling biological specimens for elec-
tron microscopy imaging. They are also highly versatile and can
be used to label a wide variety of targets. For example, unde-
cagold, the first commercial AuNC and the smallest immuno-
gold, was first reported in 1969.5% Since then, undecagold
and other NCs have been extensively used for immunolabeling
and high-resolution imaging of biological structures.®* Excel-
lent accounts of the historical perspectives, synthesis, charac-
terization, optical properties, and applications can be found in
several recent reviews.”’”®%> As the field of NCs continues to
develop, we can expect to see even more applications of these
versatile NCs for new-generation functional materials. However, to
achieve such targets, there is a need for focused research on
developing approaches for the fabrication of NC-based structures
and their integration into devices. Furthermore, NCs alone may
not provide all the desired properties. Therefore, it is important to
identify various combinations of materials and methods for NC-
based composites and hybrid systems. In this context, self-
assembly is one of the methods that can be used to achieve this,
as it allows readily tunable morphologies.

2.1 State-of-the-art challenges in the self-assembly of
atomically precise nanoclusters

Despite the exponentially increasing number of literature
reports, the use of atomically precise NCs as a building block
for self-assembly has been a recent trend.®® Notably, Schmid
et al. made early attempts to assemble phosphine-capped Au
NCs on polymer-coated substrates.®” Because of their small size
and well-defined surface ligands, NCs have dispersion proper-
ties similar to supramolecular complexes.®® Therefore, they are

Chem. Commun., 2023, 59, 13800-13819 | 13803
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Fig. 1 The structure and properties of atomically precise gold and silver NCs. (a) Atomically precise NCs are bridging links between molecules,
organometallic complexes, and large plasmonic nanoparticles. (b) Space-filling model showing the structure of Aujg,-pMBA44 based on the crystal
structure reported in ref. 60a. Reproduced with permission from ref. 110 Copyright © 2016 Wiley-VCH. (c) ESI-mass spectra of NasAg44-pMBAz. (d) UV-
Vis absorption spectra of NasAg44-pMBA3o showing molecule-like electronic peaks. Reproduced with permission from ref. 114 Copyright © 2022 Wiley-
VCH. (e) Photographs of Au-BSA NCs showing luminescence. Reproduced with permission from ref. 145 Copyright © 2016 American Chemical Society.
(f) Carboxylic acid groups on surface ligands allow hydrogen bonding, electrostatic repulsion, and metal chelation-induced assembly. (g) and (h) Dipole—
dipole interactions of a thiolated azobenzene ligand using light-triggered isomerization. Reproduced with permission from ref. 141 Copyright © 2020
American Chemical Society. (i) Thiolated coumarin ligands allow dynamic covalent chemistry-assisted assembly via [2+2] photocycloaddition reactions.

Reproduced with permission from ref. 143 Copyright © 2023 Wiley-VCH.

ideal building blocks for self-assemblies. Recent computational
studies on experimentally determined gold nanoclusters have
shed some light on their unique solubility properties.** How-
ever, their small size also poses significant challenges to
achieving stable self-assembled structures in the solution. This
is attributed to the fact that the inter-NC interactions are close
to the thermal fluctuation energy of the surrounding media.”®
Therefore, access to large-scale structures using self-assembly
in solution remained a challenge until recently.

According to the classical Derjaguin, Landau, Verwey and
Overbeek (DLVO) theory, the stability of colloidal particles in a
dispersion medium depends on the sum of attractive van der
Waals interactions and electrostatic or steric repulsions.”* The
DLVO theory was initially formulated for two identical particles.
It is based on the assumptions that (i) van der Waals attraction
forces and electrostatic double layer forces are independent of
each other, (ii) the two forces can be superimposed or added at
each interacting distance for two particles, (iii) changes in the
ionic strength control the range of the double layer interaction,
and (iv) van der Waals forces are independent of ionic
strength.”” Therefore, the initial assumptions seriously limit
the application of the classical DLVO theory for accurately
studying colloidal stability. Several non-DLVO forces, including
solvation, solvophobic, and charge correlation forces, were not
considered in the original DLVO theory.”® Therefore, several

13804 | Chem. Commun., 2023, 59, 13800-13819

modified or extended DLVO theories have been proposed
to study a wide range of colloidal forces.”® Modified DLVO
theories have been extended to metal nanoparticles, rod-like
particles, and 2D nanomaterials.”> This has contributed tre-
mendously to understanding the self-assembly of polymer-
based colloidal particles, metal nanoparticles, and hybrid col-
However, more attempts are needed to
develop concepts for self-assemblies for atomically precise NCs.

loidal assemblies.

3. Biological particles provide clues for
the assembly of colloidal molecules

Traditional DLVO theory cannot be applied to biological sys-
tems such as virus capsid assembly. Short-range interactions
and specific ion effects play a major role in biological
systems.’® Therefore, understanding how biological colloidal-
level molecules such as virus capsids undergo assembly will
provide crucial insight into the self-assembly of synthetic
colloidal molecules. Because of their unique structure, virus
capsids have been an intense topic of research and mathema-
tical puzzle in the mid-20th century.®”'°° In 1950 H. R. Crane
proposed a subassembly concept to describe the assembly
process of the virus capsid.”® This term subassembly was used
as an analogy to the automobile factory assembly process at

This journal is © The Royal Society of Chemistry 2023
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that time. Subsequently, the concept of self-assembly has
gained momentum. In 1956 Watson and Crick proposed that
plant virus can be considered a molecule because of its high
degree of order at atomic level resolution.’® In 1969 an
extended essay by Kushner detailed the sub-unit-based self-
assembly of virus capsids.'®” Each subunit is atomically precise
with a well-defined structure. In proteins, the partial double-
bond character of peptide bonds imparts conformational rigid-
ity to their primary structure. In their secondary structure, well-
defined intramolecular interactions provide structural rigidity
to the proteinic subunits.

The secondary structure of folded units displays patchy
interacting sites, facilitating error-free tertiary structure for-
mation. The patchy interactions are guided by hydrogen bond-
ing, electrostatic repulsion, the hydrophobic effect, and specific
interactions between Caspar pairs.'®® Each subunit has an
interacting distance that is much smaller than a nanometre.
Therefore, the self-assembly of nanoparticles below 3 nm can
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be achieved, provided there are structural and conformational
rigidity, patchy interacting sites, and directional supramolecu-
lar interactions. Fig. 2a shows the protein subunits and hier-
archical assembly of the cowpea chlorotic mottle virus (CCMV)
based on the X-ray crystal structure.'® It is important to note
that the virus capsid self-assembly is highly complex due to
numerous interactions, including nucleic acid (RNA or DNA)-
protein interactions and metal chelation that stabilize the
protein envelope.'**

In molecular-level building blocks, conformationally rigid
surfactants have been shown to display similar self-assembly
patterns to that of peptides.'® Importantly, the rigid surfac-
tants and peptides are chemically dissimilar, still producing
similar structures. Similarly, identifying the structural features
in nanoparticle building blocks that mimic virus capsid pro-
teins and capsids may offer routes for precision structures
other than routinely observed 3D crystals. Furthermore, tuning
the experimental conditions may result in a diverse set of

3D crystals

3D crystals 2D crystals

2

Flexible membranes

& SeaE e

Fig. 2 Atomically precise colloidal molecules. (a) Subunit-based self-assembly of the cowpea chlorotic mosaic virus (CCMV) with increasing complexity
driven by patchy interactions of subunits based on the crystal structure (PDB ID: ICWP) reported in ref. 104. (b) Metal nanoclusters display rigid core and
monolayer ligand shells, patchy ligand bundles and allow hierarchical self-assembly and structural diversity. Reproduced with permission from ref. 86

Copyright © 2018 Wiley-VCH.
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morphologically distinct structures (Fig. 2b). Therefore, utiliz-
ing atomically precise metal nanoparticle-based self-assembly
concepts offers precision nanoengineering under a broad range
of experimental conditions, including temperature, pH, light,
and solvent parameters. Importantly, virus capsid proteins and
designer DNA-origamis have been used to hybrid superlattices
with plasmonic nanoparticles with unique packing patterns,
morphology, and optical properties.’® However, such struc-
tures are delicate and are obtained only under very narrow or
specific experimental conditions.

4. Patchy ligand distribution and
symmetry breaking

X-ray crystal structures of monolayer thiol-protected Au and Ag
NCs revealed some of the salient features of the NCs (Fig. 2b and 3).
Importantly, (i) the metal atoms form the intrinsically rigid core,
(ii) ligands are covalently linked to the metal atoms and often
present in bundles, (iii) ligands (specifically aromatic ligands)
display conformational rigidity due to inter-ligand interactions
and orientation, and (iv) ligand bundles result in patchy and
anisotropic distribution of interacting sites (Fig. 3b-d). Therefore,
NCs have some similarity to the virus capsid subunits in their size,
structural features, and patchy interacting sites. These properties
can therefore be exploited to fabricate higher-order structures by
tuning the experimental conditions and promoting selective inter-
action between the patchy interacting sites.

a)

PMBA

O-+--H—Q
O—He---

Hydrogen bonding

Ag,,-PMBA L3-bundles
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Jadzinsky et al. reported the single-crystal X-ray structure of
p-mercaptobenzoic acid (pMBA)-capped AUNC, Au;,-pMBA44.%>
The NCs undergo crystallization in acetic acid/methanol sol-
vent mixture.’®” More importantly, when the carboxylic acid
groups of all ligands are in the protonated form, Au,,, pMBA,,
is dispersible in methanol but insoluble in water. However, for
partial deprotonation, i.e., when ~50% of the carboxylic acid
groups are deprotonated, the NC is water-dispersible but inso-
luble in methanol. An extensive nuclear magnetic resonance
spectroscopy study has revealed that the pMBA ligands in NC
are chemically and magnetically non-equivalent.'”® Conse-
quently, the deprotonation is not random but results in patchy
negative charges due to slight differences in the pK, values of
the carboxylic acid groups.’® The patchy and negatively
charged surface also imparts amphiphilic properties to the NC.

4.1 2D colloidal crystals and monolayer membranes

Nonappa et al. demonstrated the self-assembly of Au; o, pMBA,,
NC in aqueous media (Fig. 4a—c)."'® A systematic investigation
of the solid-state structure using a spherical coordinate system
revealed the patchy distribution of the ligands on the nanopar-
ticle surface (Fig. 3b and c). The ligands were anisotropically
distributed with a preferential arrangement around the equa-
torial plane (Fig. 3d). The anisotropic and patchy distribution
allows symmetry breaking, offering routes for lower dimen-
sional structures. This was achieved using a dispersion of
Au,o, pMBA,, in aqueous NaOH, which led to a highly stable
dispersion with a zeta potential of —69 mV. When the aqueous
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Fig. 3 Anisotropic and patchy ligand distribution. (a) Chemical structure of the p-mercaptobenzoic acid (pMBA) ligand and hydrogen bonding
dimerization. (b) Crystal structure of Aujgoo-pMBA,4; yellow (Au), blue (S), black (C), red (O), and white (H). (c) and (d) The ligands are indicated with
arrows to determine their position, orientation, and location using a spherical coordinate system. (d) The ligands are anisotropically and preferentially
distributed around the equatorial plane of an imaginary axis. Reproduced with permission from ref. 110 Copyright © 2016 Wiley-VCH. (e) The crystal
structure of NasAgs4-pMBA3p. (f) Hydrogen bonding ligand bundles in NajAgs4-pMBAzo. (g) Schematic representation showing the distribution of L2
bundles around the equatorial plane and (h) by preventing interlayer interaction and promoting intralayer hydrogen bonding, 2D structures can be
realized. Reproduced with permission from ref. 114 Copyright © 2022 Wiley-VCH.
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Fig. 4 NC-based 2D colloidal crystals. (a) TEM image of Auyp2-pMBA44 NCs. (b) TEM image of a self-assembled 2D colloidal crystal. (c) TEM image from
a selected monolayer showing hexagonally close-packed NCs. Reproduced with permission from ref. 110 Copyright © 2016 Wiley-VCH. (d) SEM image
of self-assembled 2D colloidal crystals of NasAg44-pMBA3o NC in methanol. (e) and (f) TEM images of self-assembled 2D colloidal crystals suggest that
the thickness of each layer is close to the diameter of individual NCs. Reproduced with permission from ref. 114 Copyright © 2022 Wiley-VCH.

solution was sequentially solvent exchanged to methanol via
controlled dialysis, 2D crystals were formed (Fig. 4a—c).

The partial deprotonation of the carboxylic acid groups
allows a delicate balance between electrostatic repulsion and
attractive hydrogen bonding interactions. The electrostatic
repulsion prevents uncontrolled aggregation and random struc-
ture formation. The carboxylic acid dimerization promotes
inter-NC interaction. The 2D colloidal crystals were comprised
of a few layers with hexagonal close packing of NCs. Notably,
the thickness of each layer corresponds to the diameter of one
NC (Fig. 4b and c). This study provided the first evidence that
low-dimensional structures can be achieved using solution-
state self-assembly of atomically precise gold NCs. However,
there are certain limitations to this approach. For example,
continued dialysis resulted in further aggregates. Additionally,
some heterogeneous populations were observed. Therefore, to

This journal is © The Royal Society of Chemistry 2023

achieve large-scale structures, improved methods and concepts
are needed.

Desireddy et al. reported the synthesis and characterization
of pMBA-capped AgNC, Na,Ag,,-pMBA;, (Fig. 3e).""* The ultra-
stable nature and unique packing patterns in its solids
state make this NC an attractive building block for self-
assemblies.’** Na,Ag,-pMBA;, forms rhombohedral crystals
with the R3C space group. The NCs are hexagonally arranged
via inter-NC hydrogen bonding. Unlike Au,q,-pMBA,, NC, pat-
chy ligand bundles are distinct in NayAg,4-pMBA;,. The crystal
structure has layered structures with two types of ligand bun-
dles, viz., bundles of two, L2, and bundles of three, L3 (Fig. 3f).
There are six L2 bundles and six L3 bundles. The L2 bundles
promote intra-layer hydrogen bonding (Fig. 3f). In contrast, the
L3 bundles promote interlayer hydrogen bonding. More impor-
tantly, all six L2 bundles are positioned in the equatorial plane.

Chem. Commun., 2023, 59, 13800-13819 | 13807
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Therefore, each nanocluster forms 24 intralayer H-bonds using
L2 bundles (Fig. 3g and h). On the other hand, L3 bundles
are distributed in two patches, three at the top and three at
the bottom of an imaginary axis. Therefore, they contribute 18
hydrogen bonds each. This leads to a greater number of
hydrogen bonds in the equatorial plane. Som et al utilized
Na,yAgy4-pMBA;, to prepare crossed-bilayer structures of tell-
urium nanowires by exploiting the preferential interaction
between L3 bundles.'"?

Recently, Som et al. demonstrated the preparation of strong
and elastic large-area monolayer membranes of Na,Ag,,-pMBA;,
NC.'™ Due to the unstable nature of the NasAg,,-pMBA;,
in aqueous media, the self-assembly approach used for Au,,p-
MBA,, NC was not feasible. Therefore, the dispersion of
NayAg,,-pMBA;, in N,N-dimethyl formamide (DMF) was first
tested for self-assembly in alcohols. In all tested lower alcohols
(methanol, n-propanol, and n-butanol), a few layered 2D colloi-
dal crystals were formed (Fig. 4d-f). The thickness of each layer
corresponds to the size of one nanoparticle. In the next
approach, the unique ability of 1-pentanol to form a transient
layer when added to an aqueous surface was exploited. For this
approach, the NCs were sequentially exchanged by precipita-
tion and redispersion from DMF to 1-pentanol. The dispersion
of Na,Ag,,-pMBA;, in 1-pentanol was added dropwise onto the
surface of water in a container. This resulted in a transient layer
of 1-pentanol in which Na,Ag,4-pMBA;, NCs were trapped. Due
to the predominant intra-layer hydrogen bonding, the NCs
encapsulated in the transient layer furnished a stable film
(Fig. 5a). This allowed a macroscopic monolayer membrane
that could be readily transferred to different substrates without any
surface pre-treatment (Fig. 5b). Using UV-vis and Raman spectro-
scopy, it was shown that the monolayer membranes retained the
characteristics peaks of individual Na,Ag,,-pMBAz, NCs.

However, due to possible electronic coupling between the
NCs in membranes, the absorption peaks were slightly broader
as compared to that of individual NCs. The TEM imaging of the
monolayer film displayed regular hexagonal packing of NCs
with a periodicity of 2.01 nm and inter-NC distance of 2.23 nm
(Fig. 5c—f). The self-standing nature of the membranes was
supported using TEM and atomic force microscopy (AFM)
imaging of the membranes placed over a TEM grid with a holey
carbon support film (Fig. 5g-i). The AFM-based force spectro-
scopy revealed that the membranes are strong and elastic with
Young’s modulus values between 10 and 30 GPa with Gaussian
distribution centred at 14.5 + 0.2 GPa (Fig. 5j-1). Importantly,
Young’s modulus values of NC membranes displayed a narrow
distribution. Notably, the observed Young’s modulus values
were much higher than plasmonic nanoparticle-based membranes
prepared using highly sophisticated DNA nanotechnology.>*® Plas-
monic gold nanoparticle membranes reported in the literature
showed highly scattered Young’s modulus values.*®” This suggests
the importance of atomically precise building blocks with well-
defined inter-particle interactions for high mechanical strength
and reproducible mechanical properties.

Precision NC-based monolayer membranes offer ultrasmall
nanogaps. Such systems can generate very strong and tunable

13808 | Chem. Commun., 2023, 59, 13800-13819
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electromagnetic fields for obtaining strong surface-enhanced
Raman scattering (SERS) signals from Raman dyes.""” It was
shown that Na,Ag,,-pMBA;, membranes could detect Raman-
active antibiotic molecules such as amphotericin B at a concen-
tration as low as 2.5 pg mL™". However, when identical experi-
ments were performed using polydisperse Ag nanoparticles, the
characteristic peak of amphotericin B was not observed at low
concentrations. More importantly, the NC membranes showed
highly reproducible SERS signals suggesting the importance of
atomic precision in reliable and reproducible sensing.

4.2 Supracolloidal capsids and frameworks

Spherical superstructures using plasmonic nanoparticles are
well documented in the literature.*>*'® Unlike plasmonic nano-
particles, the presence of directionality in NCs allows high
control over their size, shape, and shell thickness. Nonappa
et al. demonstrated the self-assembly of Auyp,-pMBA,, into
spherical colloidal capsids with monolayer shells (Fig. 6a-g).""°
This was achieved by adding the aqueous dispersion of partially
deprotonated Auy,-pMBA,, NCs to methanol instead of con-
trolled dialysis. In dialysis, hydrogen bonding dimerization
between the protonated carboxylic acid groups provides attractive
interactions. The partially deprotonated negatively charged car-
boxylates facilitate electrostatic repulsion. Therefore, the presence
of both attractive and repulsive interactions can overcome the
irreversible aggregation, leading to hexagonally packed 2D crys-
tals. On the other hand, methanol is a non-solvent for partially
deprotonated Au;,-pMBA,, NCs. Therefore, the rapid addition
of aqueous dispersions to methanol may result in aggregation
and defect-induced curvature formation furnishing spherical
superstructures.’>''® Apart from spherical superstructures, ellip-
soidal capsids were also observed (Fig. 6e). Importantly, the inter-
capsid hydrogen bonding facilitated by an ensemble of nanoclus-
ters led to dimeric, trimeric or higher order structures (Fig. 6f and
2). This suggests that the capsids with rich surface functionalities
offer hierarchical structure formation with well-defined inter-
capsid distance and order. More importantly, atomically precise
NCs and narrowly size dispersed nanoparticles behave differently
in their structure formation. For example, p-aminobenzoic acid-
capped cobalt nanoparticles also formed capsids but with multi-
layered shells.""”"*® Due to the polydisperse nature of the nano-
particles, there was no regular order or arrangement of nano-
particles in the shell.

Bioimaging is one of the important applications of lumines-
cent nanomaterials.**® They offer rapid, low-cost, and sensitive
imaging of cells with high spatial resolution. Routinely used
fluorescent dyes such as rhodamine 6G show ultrabright
fluorescence and high quantum yield. However, they undergo
photobleaching, have the tendency to drop out of the cyto-
plasm, and are cytotoxic."?® Photothermal stability, high quan-
tum yield, bright photoluminescence, and large Stokes shifts
are some of the key properties of nanomaterials for bioimaging.
Despite the high quantum yield and photothermal stability,
semiconductor quantum dots are intrinsically cytotoxic and
undergo oxidation, preventing them from extensive use in biolo-
gical applications."*" Importantly, it has been demonstrated that

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Free-standing macroscopic monolayer NC membranes. (a) Schematics showing the transient solvent layer-mediated NajAg44-pMBAzo NC.
(b) Photograph of a large area of self-assembled NasAg44-pMBA3ss NC membrane on a cover slip. (c) TEM image of the NajAgs4-pMBAzo membrane
stretched over a TEM grid with lacey carbon support film. (d) TEM image suggesting the hexagonal packing of NasAgs4-pMBAzg NCs (inset
shows the FFT). (e) IFFT image from the marked area in image c. (f) Profile showing the inter-nanoparticle distance and periodicity. (g) TEM images of
the monolayer membrane stretched over a TEM grid with holey carbon support film. (h) and (i) AFM images of the membrane. (j) A typical force-
displacement curve suggesting the elastic nature of the membrane. (k) Overlap of F(d) curves recorded on three different holes covered with membranes.
(1) Histogram showing the Young's modulus (E) values extracted by fitting the F(J) curves. Reproduced with permission from ref. 114 Copyright © 2016

Wiley-VCH.
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Fig. 6 Self-assembled capsids and frameworks. (a) TEM image of a TEM image of self-assembled Au;g-pMBA,44 capsid. (b)—(d) TEM tomography, a

cross-sectional view and schematic representation of a capsid with monolayer shell. (e)-(g) TEM images of ellipsoidal capsid, dimeric and trimeric
structures showing inter-capsid bonding. Reproduced with permission from ref. 110 Copyright © 2016 Wiley-VCH. (h) Structure of glutathione capped
gold NC. (i) TEM images of metal chelation-induced NC framework. (j) Electron tomographic reconstruction showing a cross-sectional view of NC
frameworks. (k) and (l) The PL spectra and photographs of NC frameworks as a function of Sn(i) concentration. (m) and (n) Confocal microscopy images
of NIH3T3 cells treated with NC frameworks. Bright-field image (left), confocal fluorescence image (middle), and overlapped image (right). Reproduced

with permission from ref. 130 Copyright © 2019 Wiley-VCH.

the size and shape of nanoparticles have a significant effect on
cell viability and cytotoxicity."” In this context, luminescent
AuNCs have emerged as attractive nanomaterials for biomedical
applications and multimodal imaging. The luminescence proper-
ties of Au(1) complexes containing phosphine and thiolate ligands
are well documented in the literature."” The origin of such
luminescence is due to strong ligand-to-metal charge transfer

13810 | Chem. Commun., 2023, 59, 13800-13819

(LMCT) and ligand-to-metal-to-metal charge transfer (LMMCT)."**
In thiolate complexes, the origin of LMCT is attributed to S-Au(i)
interactions, whereas the LMMCT is attributed to the attractive
Au(1)---Au(1) interactions.'”® The attractive Au(i)---Au(i) interac-
tions are referred to as aurophilic interactions, typically observed
when the distance between adjacent Au atoms is below 3.6 A. An
extensive study by Cha et al. revealed that the Au(1)-alkanethiolate

This journal is © The Royal Society of Chemistry 2023
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complexes form highly ordered structures, and the luminescence
properties depend on the electron-donating ability of thiolate
ligands."*® Furthermore, when the Au(i)-alkanethiolate complexes
were used as precursors for nanoparticles in the presence of
surfactants, the resulting nanoparticles showed no luminescence
either in the solid or solution state. This raises the question of
whether the luminescence observed in NCs is due to thiolate
complexes or the NCs. Unlike plasmonic nanoparticles, in AuNCs,
the presence of Au(0) core and Au(1)-S staple units on the surface
contribute to the short bonding distances that affects their
photoluminescent properties.'”” Extensive studies have been per-
formed to understand the size-dependent luminescence proper-
ties, the effect of ligands, and aggregation-induced emissions."*®
However, the NCs suffer from low efficiency and quantum yield,
and the luminescence is restricted to a certain type of NCs with
specific ligands and composition. Importantly, the self-assembly
of NCs can improve luminescence, stability, and quantum
yield."*® For example, metal coordination of functional groups
on NC surfaces can rigidify the ligands and restrict their con-
formational freedom or mobility. This, in turn, amplifies the
luminescence and photoluminescent quantum yield of lumines-
cent NCs.

Chandra et al. demonstrated that water-soluble glutathione-
capped AuNCs could be assembled into highly luminescent 3D
spherical frameworks using metal coordination (Fig. 6h—j)."*°
Specifically, the 3D frameworks were formed when the NCs
interacted with SnCl,. The metal chelation results in the
reduction in non-emissive relaxation pathways. The quantum
yield was increased from 3.5% for NCs to 25% in NC frame-
works. By controlling the metal salt concentration, the size of
the framework was tuned from 50 to 200 nm and consequently,
the luminescence (Fig. 6k and 1). UV-Vis and photolumines-
cence excitation spectra revealed that the frameworks retained
the intrinsic properties of individual NCs. This suggests that
the metal chelation-induced assembly is not a random aggrega-
tion. The results indicate that the framework formation is
predominantly through metallosupramolecular interactions
between the surface ligands and metal ions.

When the cell viabilities of NCs and NC frameworks were
investigated in NIH3T3 and A549 cell lines, no significant
cytotoxicity was observed (Fig. 6m and n). Importantly, in some
cases, the viability was higher for frameworks and was pro-
nounced when higher concentrations were used. This was
attributed to the fact that NCs result in the generation of
reactive oxygen species and the possible aggregation of NCs
in the cellular medium before uptake leading to cell death. The
bioimaging experiment revealed that the particles were in the
cytoplasm and emitted brilliant fluorescent light when excited
at 458 nm. Frameworks showed brighter emission than that
of the NCs and thus the cells were easier to image. Beyond
the amplification of PL, the NC frameworks also displayed
improved photocatalytic activity under UV and visible light.
The NC frameworks showed a 20-to-25-fold increase in their
photocatalytic activity compared to that of NCs when a dye
degradation experiment of methylene blue was performed
under UV irradiation at 350 nm. Because of their well-defined

This journal is © The Royal Society of Chemistry 2023
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3D structures, the NC frameworks demonstrated enhanced
adsorption of the dye molecules on their surface and interior,
thereby, efficient catalytic activity. Therefore, the self-assembly
of NCs not only offers tunable structures but also controllable
optical properties, catalysis, biological activity, and imaging.

4.3 Nanoparticle-nanocluster composites

Anisotropic gold nanoparticles such as gold nanorods (AuNRs)
display unique surface plasmon resonance peaks and high
sensitivity to surrounding chemical environments.’*’ AuNRs
are known for their strong absorption and scattering in the
near-infrared (NIR) region. Most human tissues, intrinsic chro-
mophores, haemoglobin, and water have poor absorbance in
the NIR region. Therefore, gold nanorods are efficient nanop-
robes for in vivo imaging, targeted delivery, and photodynamic
therapy."*> Multimodal probes with synergistic properties can
be achieved by integrating AuNRs with NCs in a single nanos-
tructure. For example, interacting the AuNRs with organic dye
molecules or quantum dots allows unique plasmon-exciton
coupling.”®® Such interactions can be used to alter optical
properties and signal amplification in plasmonic devices."**

Because of their molecule-like multiband electronic spectra
and surface functionalities, NCs offer a unique opportunity to
achieve plasmonic nanoparticle-NC interaction via supramole-
cular interactions between surface ligands.

Chakraborty et al. demonstrated the hydrogen bonding-
directed encapsulation of plasmonic nanorods inside a
nanocluster cage."*®> The gold nanorods (d ~ 10 nm, [ ~
30 nm) capped with pMBA ligands were treated with Na,Ag,,-
PMBA;, in DMF (Fig. 7). The presence of pMBA on the AuNR
surface allows nanoparticle-NC interaction via hydrogen bond-
ing. It was shown that the resulting nanorod-NC composite
displayed peaks arising from the nanorod and NCs in their UV-
vis spectra. This suggests that the intrinsic properties of both
components were retained. However, due to possible electronic
interactions between AuNR and NCs in the composites, sig-
nificant broadening was observed in the NIR region of the
spectrum. Using transmission and scanning transmission elec-
tron tomographic reconstruction, it was shown that the AuNR-
NC co-assembly resulted in an octahedral cage (Fig. 7f and g).
Notably, each cage encapsulated a single nanorod, offering a
rapid and robust approach to composite supracolloidal cages.
The selective encapsulation of nanoparticles was reported
using highly sophisticated DNA nanotechnology with prede-
fined size-specific structures with complementary base-pairing.
Moreover, DNA nanotechnology has limitations as it requires
cages and nanoparticles of precisely defined sizes. However, the
self-assembly approach presented using NCs is independent of
the nanorod or type of nanoparticles. The structures demon-
strate the interaction of precision NCs with plasmonic nanor-
ods with distinct optoelectronic properties. One would expect
an amplification of certain properties or the evolution of new
behaviour depending on the ligand length, core size, and inter-
nanoparticle distance. The interactions can be controlled by
modifying the functional groups of the ligands. For example,
PMBA-capped AuNCs Au,,-pMBA,, and Au,s5,-pMBA,, interacted

Chem. Commun., 2023, 59, 13800-13819 | 13811
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Fig. 7 Gold nanorod-NC composite cages. (a) and (b) Electron tomography of gold nanorods before and after ligand exchange. (c) Schematics showing
the composite cage structure and nanorod-NC interaction via hydrogen bonding. (d) TEM image of pMBA-capped gold nanorods. (e) TEM image of
composite cages (inset shows a DF-STEM image of a single composite cage). (f) and (g) Electron tomogram showing the isosurface and coloured views of
a cage with nanorod orientation. (h) Gold nanorods, when interacting with water-soluble Au;p2-pMBA44 showed monolayer shells around the nanorod.
(i) The profile indicating the thickness of the shell. (j) A schematic representation of a composite cage with a monolayer shell. Reproduced with

permission from ref. 135 Copyright © 2018 Wiley-VCH.

with pMBA-capped AuNRs in aqueous media. Unlike NajAg,,-
PMBA;,, the AuNCs produced a monolayer shell around the
AuNRs (Fig. 7h-j). This is due to the negatively charged carbox-
ylates on the NC surface, which provided sufficient electrostatic
repulsion to stabilize the composite structures. Therefore, by
controlling the ligand functional groups and reaction media,
the shell thickness and the morphological features of the compo-
sites can be tuned.

In a recent study, Chakraborty et al. demonstrated the
structural, morphological, and compositional diversity of
nanoparticle-NC composites.'*® Specifically, gold nanotriangles
(AuNTs) interacted with AgNCs with different ligand function-
alities such as hexadecyltrimethylammonium chloride (CTAC),
dimethyl benzenethiol (DMBT), and 1,2-bis(diphenylphos-
phino)ethane (DPPE). It was shown that depending on the type
of ligand on the NCs, distinct composite structures and com-
positions were obtained when the NCs were reacted with CTAC-
capped AuNTs. For example, the reaction between Ag,s(DMBT);g
resulted in the etching of gold atoms from the tips of triangles

13812 | Chem. Commun., 2023, 59, 13800-13819

and Ag-doped AuNTs. On the other hand, when the reaction was
performed with Ag,sH,,(DPPE)g, irregular dendritic shells of
Ag were formed around the nanotriangle. Interestingly, faster
gold etching was observed when Na,Ag,,-pMBA;, was reacted
with CTAC-capped AuNTs. Notably, when the AuNT surface was
ligand exchanged with pMBA and interacted with Na,Ag,,-pMBA;,
NCs, a core-shell composite structure was formed (Fig. 8a and b).
This suggests that directional hydrogen bonding prevents atom
exchange or etching, resulting in a stable composite core-shell
structure.

Plasmonic nanoparticles and nanoclusters are intrinsically
sensitive to high-energy electron beams. Furthermore, when
directional interactions are not possible, mixing two types of
nanoparticles may lead to atom exchange or alloy formation.**”*3%
Atom transfer and unwanted side reactions can be prevented by
growing a protective layer around nanorods with substrates such
as silica. The silica coating over nanoparticles provides anchoring
for NCs and improves the photothermal stability of nanoparticles.
Furthermore, the coating layer between nanorods and NCs also

This journal is © The Royal Society of Chemistry 2023
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American Chemical Society.

prevents photoluminescence quenching."*® By controlling the
thickness of silica layers, the interaction between plasmonic
nanoparticles and NCs can be tuned.

Chakraborty et al. developed AuNR-luminescent NC multi-
modal imaging probes (Fig. 8c—j)."*® To fabricate the multi-
modal probe, a mesoporous silica shell was grown over AuNRs.
The silica shell was functionalized using (3-aminopropyl)
triethoxysilane (APTES). The lipoic acid (LA)-coated AgNCs
(AgaoLA;,) were mixed with functionalized silica-coated AuNRs
to obtain composite structures (Fig. 8c and h). The resulting
composite displayed a nearly two-fold increase in photolumi-
nescence compared to that of NC alone. The approach was not
limited to Ag,9LA;, NCs, and similar observations were made
when bovine serum albumin (BSA)-stabilized AuNCs, Auz,BSA
was used. In both cases, the PL intensity of the NC was
enhanced due to plasmonic coupling, demonstrating the gen-
eric nature of the strategy.

4.4 Dynamic covalent chemistry: toroids and supertoroidal
frameworks

Most of the reports on nanoparticle-based self-assemblies offer
static and equilibrium structures. Importantly, for plasmonic
nanoparticles, stimuli-responsive reversible assemblies and
dynamic self-assemblies have been studied. However, examples

This journal is © The Royal Society of Chemistry 2023

of reversible NC-based assemblies are rare in the literature.
Rival et al developed thiolated azobenzene-capped gold
NCs showing light-triggered reversible assemblies.'*! In this
approach, facile cis-trans isomerization and attractive dipole-
dipole interactions between azobenzene molecules in the cis
form were exploited to achieve inter-NC interaction. The thio-
lated azobenzene-functionalized Au,sNCs self-assembled into
disc-like superstructures (d ~ 100-1000 nm) when irradiated
with UV light at 345 nm. The superstructures disassembled into
individual NCs upon irradiation with 435 nm wavelength.

In biological systems, amphiphilic water-soluble cytoplas-
mic f-barrel proteins and transmembrane pore-forming
proteins have important functions.**** Their amphiphilic prop-
erties have been mimicked using peptide amphiphiles to con-
struct nanorings and microtoroidal structures.'*?””¢ However,
toroidal assemblies using metal nanoparticle self-assemblies
have not been reported in the literature. Lakshmi et al. reported
the dynamic covalent chemistry-driven reversible self-assembly
of Au,5 NCs into toroids and supertoroidal macroscopic frame-
works (Fig. 9a-g)."** The NCs capped with thiolated umbellifer-
one (7-hydroxycoumarin) ligands allowed a [2+2] cycloaddition
reaction when irradiated with UV light at 365 nm (Fig. 9a). This
resulted in inter-NC bonding via covalently linked cyclobutene
adducts furnishing toroids (Fig. 9b and c). Using extensive

Chem. Commun., 2023, 59, 13800-13819 | 13813
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Reproduced with permission from ref. 148 Copyright © 2023 Wiley-VCH.

electron microscopy imaging and tomographic reconstruction,
the growth mechanism of toroid formation was investigated
(Fig. 9d). The photocycloaddition initially resulted in spherical
aggregates that underwent further rearrangement into toroids.
Continued irradiation led to the fusion of the toroids into
hexagonally packed macroscopic supertoroidal frameworks
(Fig. 9e-g). Due to the dynamic nature of the [2+2] cycloaddi-
tion reaction, irradiation of the toroids at 254 nm resulted in
their disassembly into individual NCs. The reversible nature of
the cycloaddition reaction was exploited for the conjugation of
5-fluorouracil, and controlled release. Overall, this work repre-
sents reversible covalent nanocluster-based frameworks across
length scales. Furthermore, it offers routes for hierarchically
porous macroscopic frameworks.

4.5 Colloidal templates and in situ synthesis of luminescent
nanoclusters

Noble metal nanoparticles have been studied for hybrid struc-
ture formation by mixing a variety of anisotropic colloidal

13814 | Chem. Commun., 2023, 59, 13800-13819

particles. For example, negatively charged cellulose nanocrys-
tals (CNCs) prepared using sulfuric acid hydrolysis have been
used for anchoring cationic gold nanoparticles via electrostatic
assembly for chiral plasmonics.'**'*® CNCs also provide
mechanical reinforcement for optomechanically tunable func-
tional gels.'*® The rod-like structures with negatively charged
sulfate half-ester groups offer a route for the in situ synthesis of
NCs. Hynninen et al. demonstrated that glutathione-capped
gold NCs can be prepared by interacting the metal precursor
(HAuCl,-3H,0) with CNCs.'”” The addition of glutathione
ligands to the metal ion-deposited templates resulted in highly
luminescent NCs. TEM and STEM imaging showed that the
NCs were placed along the CNC surface with an inter-NC
distance of ~5 nm. The inter-NC distance corresponds to the
relative distance between sulfate groups. The templated NCs
were used for mechanically strong luminescent bio-based opti-
cal fibers.

Selectively replacing the Au atoms with Ag atoms offers a
facile route for amplified luminescence in NCs. For example, in

This journal is © The Royal Society of Chemistry 2023
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Au,;5NC, the possible doping sites are the central core, outer
core and staple motifs. The doping of Ni, Pd and Pt takes place
at the central core of AuNC, whereas doping of Ag, Cd, Hg and
Mn results in the replacement of Au atoms from the outer core.
Wang et al. demonstrated that replacing up to 12 Au atoms in
Au,s NCs with Ag atoms resulted in identical optical properties
to that of the undoped Au,sNC.”®® This is due to the exclusive
doping of Ag at the outer core. However, when the 13th atom
was replaced with Ag, a 200-fold increase in PL was observed
due to the replacement of the core including the central Au
atom. Substitution at the central core is energetically unfavour-
able as compared to the outer core. More importantly, NCs with
excessive Ag atoms may be cytotoxic due to the leaching of Ag”
ions when used for biological applications. Therefore, there is a
need to identify new routes for the selective incorporation of a
minimum number of Ag atoms to amplify optical properties.
Chandra et al. reported a CNC-templated approach for the
core-selective doping of Au,;NCs (Fig. 9h and i)."*® This work
demonstrated the selective replacement of the central Au atom
with a Ag atom without affecting the outer core of Au,sNC
for the first time. This was achieved by adding Ag and Au
precursors to an aqueous solution containing CNCs. The
-0S0;- groups on the CNC surface allowed the preferential
complexation of Ag(1) ions before accumulating Au(m) com-
plexes, furnishing NCs with the central atom doped with Ag.
The resulting core-selective doped NCs displayed an absolute
quantum yield of x~23%. The absolute quantum yield of the
templated doped NCs was 6.5 times higher than that of the
undoped NCs. The TEM images revealed that the NCs were
aligned along the template with an average inter-NC distance of
5.0 nm. Apart from selective doping and amplified optical
properties, the NCs displayed resistance from beam damage
upon continuous irradiation under STEM imaging conditions
(Fig. 91-n) The MTT assay suggested that the resulting core-
doped NCs are non-toxic and non-reactive when studied against
Human Dermal Fibroblasts. The role of the -OSO;~ group was
further studied using DFT calculations. The generic nature of
the approach was supported by a similar doping experiment
using polystyrene particles. Overall, this study demonstrates,
the role of colloidal templates, and the -OSOj; group in selective
doping to achieve optically and biologically important NCs.

5. Conclusions

Atomically precise nanoclusters are unique nanoscale building
blocks due to their precise structure, composition, optical
properties, and stability. Their physical properties can be tuned
by adding or removing a single metal atom. While extensive
studies on their structure, properties, and characterization are
documented in the literature, utilizing them for self-assembled
structures with long-range order is still emergent. In this
feature article, the author’s early attempts to exploit patchy
ligand distribution, anisotropic interacting sites, and their
potential use for a range of self-assembly are presented along
with several examples.

This journal is © The Royal Society of Chemistry 2023
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It is important to note that plasmonic nanoparticle self-
assembly is well established. However, they do not allow the
modularity achieved using NCs. Furthermore, large nano-
particles are limited to one assembly type under narrow experi-
mental conditions. However, using one kind of NC, multiple
morphologies offering routes for diverse functional structures
can be achieved. It is evident that the examples discussed in
this manuscript show some of the important properties. For
example, understanding the structure and chemical properties
of NCs and ligands allows the design of experimental condi-
tions to achieve desired end products. The experimental con-
ditions can be tuned to attain discrete colloidal superstructures
with a high degree of control over their size, shape, and optical
properties. Since the inter-NC interactions are predominantly
guided using the supramolecular interactions through ligands,
the intrinsic properties of individual NCs are retained across
length scales. At the same time, emergent properties were
observed, such as increased quantum yield, improved biologi-
cal activity, reduced toxicity, and enhanced catalytic properties.

New approaches to utilizing colloidal templates allow the
synthesis of NCs that are not possible using conventional
methods, paving the way for multifunctional colloidal hybrids.
Overall, the self-assembly of NCs is yet to fulfil its potential for
further applications such as device fabrication. With the wealth
of structural data and increasing self-assembled structures,
further efforts are needed to meet the goal of precision
nanoengineering. For example, various computational simula-
tion studies have been used to understand nanoclusters’ struc-
ture and optical properties. However, more effort must be made
to use computational simulations to understand or predict the
self-assembly of NCs. Computational simulations will play a
significant role in predictive structure formation together with
rapidly evolving machine learning algorithms and artificial
intelligence tools. Combining experimental data and simula-
tions will lead to a breakthrough in precision nanoengineering
and provide new avenues for atomically precise manufacturing
of macroscopic materials.
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