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Two-dimensional nanomaterials derived from noble metals exhibit unique optoelectronic properties with
potential applications in advanced nanodevices, catalysis, imaging, biomedicine, and sensing. Over the
years, atomically precise noble metal nanoclusters have emerged as promising building blocks for self-
assembled discrete and hierarchical colloidal superstructures. Various approaches, including templated
growth, air—water interfaces, and non-covalent interactions between surface ligand functional groups,
have been utilized to promote the self-assembly of nanoclusters. However, until recently, the self-assem-
bly of nanoclusters into ultrathin, free-standing, two-dimensional materials across length scales has
remained challenging. In this perspective article, approaches for the fabrication of self-assembled gold
and silver nanocluster-based films, 2D nanosheets, colloidal crystals and macroscopic membranes are
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discussed. We present the self-assembly principles and insights into how such assemblies enable altered
optoelectronic properties, mechanical performance, catalytic activities, enhanced sensing, and device
performance. Finally, we highlight how nanocluster-based two-dimensional assemblies offer the emer-

rsc.li/dalton gence of new optoelectronic properties, still retaining the intrinsic properties of individual building blocks.
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Introduction

Ultrathin two-dimensional (2D) nanomaterials display high
specific surface area, exceptional mechanical performance and
optoelectronic properties." The demonstration of mechanical
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exfoliation of atomically thin graphene layers has triggered a
revolution in the discovery and characterization of a wide
range of 2D nanomaterials.”> Graphene is a lightweight and
flexible material with high mechanical strength, optical trans-
parency and intrinsic carrier mobility, making it a versatile
material in electronics,’> photonics,’ energy storage,” and
thermal management applications.® 2D nanomaterials, includ-
ing hexagonal boron nitride (hBN),” transition metal dichalco-
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genides (TMDs),® layered double hydroxides,” graphitic carbon
nitrides,'® silicene,'' and MxXenes,'> 2D polymers,** metal
organic frameworks (MOFs),'* covalent organic frameworks
(COFs),” and metallic 2D nanomaterials,'® have been have
been studied extensively for applications in flexible elec-
tronics/optoelectronics,'” catalysis,'® energy storage,'® and
wearable sensors.”® The synthesis, characterization, and appli-
cation of these 2D materials have been extensively reviewed in
the literature and are beyond the scope of this review.”' In
brief, 2D nanomaterials have been prepared using either top-
down or bottom-up synthetic strategies. The top-down
approach utilizes either mechanical or liquid-phase exfoliation
from the bulk three-dimensional (3D) layered materials to
obtain atomically thin 2D layers. The success of mechanical
exfoliation is attributed to the weak interlayer van der Waals
interactions compared to the strong intralayer bonding. These
weak interlayer interactions can be readily overcome by exter-
nal mechanical forces, such as those provided by an adhesive
tape, to achieve high-quality 2D layers. However, mechanical
exfoliation suffers from low yield, limited size of the 2D layers
and contamination from residual adhesives.>® A recent
approach involves depositing a thin film of gold onto a sub-
strate, followed by pressing 3D bulk crystals against the gold
substrate and adhesive tape-assisted mechanical exfoliation to
obtain large-scale monolayers.>”> While this approach produces
millimetre-scale monolayers with high yield, it requires post-
cleaning to remove the metal layer and is substrate-dependent.
Exfoliation can also be performed in the liquid phase using
ultrasonication or shear mixing to overcome the inter-layer
interactions of layered materials in an appropriate solvent.”*?*
In the liquid phase either direct or surfactant-assisted exfolia-
tion is used. Surfactants can intercalate between the layers,
weakening the interlayer bonds and facilitating exfoliation.
Liquid-phase exfoliation is a scalable and cost-effective
process. However, the process utilizes toxic solvents, and ultra-
sonication results in structural damage, leading to nanosheets
with smaller lateral dimensions. Furthermore, limited control
over intercalation depth results in incomplete exfoliation or
structural defects.*

The bottom-up approaches to preparing 2D nanomaterials
include chemical vapor deposition (CVD),*® physical vapor
deposition (PVD),”” molecular beam epitaxy (MBE),*® and
atomic layer deposition (ALD).>® In CVD and PVD, gaseous or
solid precursors are used and involve thermal decomposition,
chemical synthesis, and chemical transport reactions to obtain
the desired products. By controlling the flow rate of the precur-
sors, the morphology, size and structure can be accurately
controlled.>®*” Molecular beam epitaxy (MBE) produces high-
quality films on crystalline substrates under ultra-high vacuum
with sub-nanometre precision.”® MBE is suitable for materials
with high thermal stability; however, it is cost-intensive and
has a slow growth rate, which presents a hurdle for the large-
scale production of 2D materials. Atomic layer deposition
enables the fabrication of thin films layer by layer on a sub-
strate through sequential, self-limiting surface reactions
between gaseous precursors, allowing for sub-nanometre pre-
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cision.>® ALD can be performed at relatively low temperatures,
but it suffers from a low deposition rate, the need for expensive
equipment, and is limited to certain precursors. Solid state
photopolymerization of monomer crystals has been utilized to
obtain 2D polymers, that were readily exfoliated into nanopor-
ous monolayer sheets.'*> However, such methods require pre-
defined monomers with specific functionalities and are not
generic. Metal organic frameworks (MOFs) and covalent
organic frameworks (COFs)-based monolayer and multilayered
2D nanostructures have been prepared on substrates.'®'
Because of their modular structures, high surface areas, and
dimension-dependent optoelectronic properties, they find
applications in energy storage, catalysis, gas separation,
sensing and thermoelectric materials.>**** Despite their prom-
ising properties, they face challenges in scalability, control
over layer thickness, mechanical and chemical stability and
processability.

Recently, considerable attention has been directed towards
noble metal-derived metallic 2D nanomaterials.’® They offer
potential applications, including catalysis, sensing, bio-
imaging, nanodevices, solar cells and therapeutics. However,
for metals, the highly symmetric crystal lattice promotes 3D
crystal growth, rendering 2D morphology thermodynamically
unfavoured. In the literature, top-down and bottom-up
approaches have been demonstrated for the synthesis of noble
metal-derived 2D nanomaterials.®® The top-down approach uti-
lizes mechanical compression, exfoliation and nanolithogra-
phy to achieve ultrathin nanosheets. The mechanical com-
pression exploits the ductile nature of noble metals to achieve
nanolayers. For example, Liu et al. have demonstrated that
repeated folding and calendaring of metal foils (Au, Ag, Cu,
Fe, and Al) results in size reduction and yields 2D metallic
nanosheets.”® In another approach, Huang et al. used plati-
num (Pt) sputtering on a silicon substrate, followed by heat
pressing to obtain nanosheets with a thickness of 5 nm.?’
Funatsu et al. reported the liquid phase exfoliation of layered
Pt precursors in the presence of sodium dodecyl sulfate
(SDS).*® Nanolithography techniques, including electron beam
lithography and focused ion beam milling, allow the construc-
tion of 2D arrays on substrates.*®

Metals are non-layered structures, limiting the application
of methods such as mechanical exfoliation, which is typically
utilized for van der Waals layered materials. Therefore, the syn-
thesis of metallic 2D nanomaterials is primarily achieved
using bottom-up strategies under solution-phase colloidal syn-
thesis, which requires symmetry breaking and anisotropic
growth through kinetic control during the growth pathway.*°
Kinetic control can be achieved by either slowing down the
atom addition process or lowering the total free energy of the
nanostructures.*’ Due to the high surface-to-volume ratio in
2D metallic nanomaterials, the surface energy is the main con-
tributor to the total free energy. The surface energy of nano-
structures can be reduced by using organic ligands, polymers,
or biomolecules as capping agents, enhancing their stability.
In the bottom-up approach, metallic 2D nanomaterials have
been synthesized using ligand-assisted synthesis, templated
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synthesis, seeded growth, solvothermal synthesis, phase tran-
sition, and nanoparticle self-assembly.'® The ligand-assisted
synthesis utilizes the functional groups and the affinity of
organic ligands to certain metals.*” Here, the interaction
between the ligands and metal atoms plays a critical role in
directing the 2D nanostructure formation. First, ligand adsorp-
tion reduces the surface energy of specific metal facets,
thereby stabilizing the system by minimizing the total free
energy. Secondly, certain metal-ligand complexes tend to
arrange themselves into 2D layers, acting as self-templating for
2D morphologies. Third, long-chain organic ligands offer
strong steric hindrance, which prevents aggregation and pro-
motes the formation of flat 2D structures. The type, charge
and functional groups of ligands have been shown to affect the
final morphology of 2D nanostructures.”’ A variety of nano-
structures, including circular dendritic nanosheets,** nano-
disks,”® nanoplates,*® and nanobelts,”” have been successfully
synthesized using ionic, non-ionic and polymer ligands as well
as small molecules such as CO, halides, and metal cations.

a) Moleculfr level Nanoclusters

View Article Online
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Anisotropic growth of 2D nanostructures can also be achieved
by confining nucleation and directing morphology using
physical or chemical templates.*® 2D substrates such as gra-
phene, graphene oxide, TMDs, and layered hydroxides have
been used to achieve ultrathin nanosheets and crystal phase
heterostructures. In situ reduction within interlayer spaces or
at self-assembled interfaces has been shown to produce ultra-
thin, single-crystalline nanosheets with tunable thickness and
lateral dimensions.”® Seeded growth is one of the versatile
bottom-up strategies for synthesizing well-defined mono-, and
multimetallic 2D nanostructures.’® By using high-quality seeds
and selective ligand-mediated facet growth, seeded growth
offers tunable shapes and dimensions such as ultrathin Ag
nanoplates and nanosheets.>

Despite tremendous progress in preparing various metallic
2D nanostructures, achieving large-scale, macroscopic struc-
tures using the above approaches remains a major challenge
in modern nanotechnology. In this context, the self-assembly
of noble metal nanoparticles (NPs) has emerged as an attrac-
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Fig. 1 An overview of the contents discussed in this review. (a) Atomically precise nanoclusters are a bridging link between large plasmonic nano-
particles and small molecules. (b) Atomically precise nanoclusters with exactly defined molecular structure promote self-assembly via various non-
covalent interactions. (c) Schematic illustration of 2D assemblies such as colloidal crystals, nanosheets and monolayer membranes. (d) The self-
assembled structures exhibit unique optoelectronic and mechanical properties, with potential applications as substrates for enhanced sensing and
device fabrication.
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tive method for constructing metallic 2D nanostructures.>>
Noble metal nanoparticles with diverse sizes, shapes, compo-
sitions, and tunable optoelectronic properties are ideal col-
loidal building blocks for achieving multifunctional 2D nano-
materials across various length scales.”® In this review, we will
introduce the challenges in preparing 2D nanomaterials using
metal nanoparticle self-assembly and the need for atomically
precise nanoparticle building units for fabricating precision
2D nanomaterials across the length scale with reproducible
optical properties, mechanical performance and sensing capa-
bilities. We will highlight recent progress in using atomically
precise noble metal nanoclusters (NCs) as building blocks for
2D nanomaterials across various length scales. Specifically, we
will focus on approaches to generate (i) substrate-assisted
assembly, (ii) 2D nanosheets and colloidal crystals, and (iii)
free-standing 2D monolayers. We will highlight emerging pro-
perties, such as mechanical behavior, optoelectronic pro-
perties, device integration, and sensing applications (Fig. 1).

Noble metal nanoparticle self-
assembly

Due to their high surface-to-volume ratio, noble metal nano-
particles exhibit high surface energy.>* As a result, the nano-
particles undergo uncontrolled aggregation, thereby reducing
the surface energy. Due to their tendency for uncontrolled
aggregation, polydispersity, non-uniform ligand density, and
batch-to-batch variation, the self-assembly of large plasmonic
nanoparticles results in inconsistent structures and pro-
perties.”® Furthermore, the lack of directional interactions and
slow diffusion at the colloidal scale can lead to structural het-
erogeneity and non-uniform aggregates.’® Various inter-nano-
particle forces such as van der Waals forces, electrostatic, and
steric interactions, have been shown to play a central role in
nanoparticle self-assembly. However, the exact role of these
interactions and their dependence on the nanoparticle size,
shape and surface chemistry is not completely understood.>”
Furthermore, the understanding of the effect of solvent and
other environmental parameters is not fully matured.*® More
importantly, template-free assembly of 1D or 2D layered struc-
tures is a major challenge as the high surface energy of the
nanoparticles tends to destabilize such structures.’® Moreover,
the inherent isotropic nature, of the spherical nanoparticles
drives 3D assemblies instead of anisotropic 1D or 2D struc-
tures. Therefore, symmetry breaking and anisotropic inter-
actions between nanoparticles must be introduced to obtain
2D structures. The inhomogeneous surface charge in plasmo-
nic nanoparticles can induce electrical dipoles. This will
enable dipole-dipole interactions strong enough to overcome
thermal fluctuations and coulombic repulsions to obtain 1D
assemblies.®® Anisotropy can also be achieved using external
magnetic and electrical fields, selective ligand exchange, DNA
functionalization, and spatial and shear confinement to
achieve controlled 1D and 2D assemblies of nanoparticles.®!
Nanoparticle self-assemblies are driven by inter-nanoparticle
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interactions mediated by the capping organic ligand mole-
cules.®? Therefore, the ligand type, functional group, charge,
and density play a critical role in promoting the self-assembly
and controlling the dimensional characteristics of resulting
structures. Computational simulations, including molecular
dynamics (MD), coarse-grained (CG), and Monte Carlo (MC)
simulations, have been employed to understand the effects of
ligand density and intermolecular forces at the nanoscale on
nanoparticle self-assembly.®®> MD simulation of dodecanethiol-
capped AuNP self-assembly revealed that van der Waals inter-
actions between the ligands are dominated when self-assembly
was performed at the toluene-water/ethanol interface. More
importantly, the self-assembly is also influenced by the evapor-
ation rate, as 2D assemblies were obtained through slow
solvent evaporation.®® Ligand functional groups also influence
the self-assemblies. For example, fast and random aggregation
was observed when dodecanethiol was replaced with mercap-
toundecanoic acid. This is attributed to strong hydrogen
bonding and the polarization effect of mercaptoundecanoic
acid. Furthermore, the self-assembly was found to be indepen-
dent of the evaporation rate. The nanoparticle size, aspect
ratio, shape anisotropy, and surface energy have been shown
to affect the final self-assembled structures. For example, it
has been shown that under electric field directed assembly,
larger nanoparticles (d ~20-40 nm) formed uniform mono-
layer due to stronger dipolar interactions and polarizability.®*
Whereas the smaller nanoparticles (d ~5-15 nm) lead to
smaller clusters and defects due to weaker interactions.
Furthermore, lower surface energy in larger nanoparticles have
been shown to promote uniform assemblies.®> By tuning these
parameters, 2D close-packed arrays of AuNPs, binary superlat-
tices, and nanoparticle-polymer composite arrays have been
successfully fabricated using evaporation-induced assembly,
electrostatic assembly, interfacial assembly, binary solvent
approaches, antisolvent techniques, dip coating, and
Langmuir-Blodgett film formation.®® These strategies are
promising, given that self-assembled 2D materials composed
of plasmonic gold (Au) NPs and silver (Ag) NPs exhibit unique
mechanical properties, enhanced sensing, and improved
device performance.®”®

Mueggenburg et al. have studied the evaporation-induced
assembly of dodecane thiol ligand-capped gold NPs (9.4 nm)
to achieve monolayer membranes. The membranes exhibited a
highly scattered elastic modulus, ranging from 3 to 39 GPa.?”’
The study suggests that the batch-to-batch variation in nano-
particles leads to uncertainty and compositional differences in
membranes. Deoxyribonucleic acid ligands offer complemen-
tary hydrogen bonding and tunable inter-nanoparticle dis-
tance for nanoparticle assemblies. Cheng et al. used DNA-
capped nanoparticles with tunable inter-nanoparticle dis-
tances to fabricate membranes using a microhole drying
method, resulting in Young’s moduli within a narrow range of
6.49 + 1.57 GPa.”” However, the observed average moduli
values are much less than those of other NP membranes. This
is attributed to the non-specific interactions of DNA bases of
neighbouring nanoparticles. In ligand-protected metal NP-
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based assemblies, the core-core interactions account for less
than 10% of the overall strength of the self-assembled
material, suggesting the significance of surface ligands.”®
However, achieving reproducible nanostructures using plas-
monic NP is still a major challenge. The size and compo-
sition uniformity of the building blocks are key determining
factors in the formation of uniform structures, opto-
electronic properties, and reproducible mechanical perform-
ance of self-assembled materials. More importantly, it has
been hypothesized that in NP-based 2D structures, the
mechanical property depends on ligand interdigitation and
packing efficiency of NPs. Therefore, surface ligands are
crucial in stabilizing the NP self-assembled structures.
Preparing uniform structures with reproducible structure
and optomechanical properties is crucial for the fabrication
of advanced nanodevices, where nanoparticle size and ligand
density play a significant role. Therefore, identifying build-
ing blocks with uniform size, composition, ligand density
and methods for fabricating 2D nanomaterials is one of the
most important challenges in modern nanotechnology,
which forms the basis of precision and functionality for real-
world applications.”

Atomically precise noble metal
nanoclusters

Atomically precise gold (Au) and silver (Ag) nanoclusters (NCs)
are attractive nanoscale units because of their unique opto-
electronic properties, with readily tunable structure, size,
shape, composition and surface ligand functional groups.”
With a history of more than six decades, the fundamental
understanding of the structure, composition and opto-
electronic properties of NCs has been significantly refined.”
The combination of advanced characterization and analytical
techniques such as mass spectrometry, single crystal X-ray
diffraction, small angle X-ray scattering, small angle neutron
scattering, electron microscopy, and computational simu-
lations has shaped the understanding of the structure and
origin of their unique optoelectronic properties.”* New
insights on the importance of size, metal atom composition
and ligand chemical structure in modulating the physico-
chemical properties of NCs and their stability are in a state of
rapid development. First-principles-based computational mod-
eling has also been employed to probe the structural and elec-
tronic properties of nanoclusters. Notably, the ‘divide-and-
protect’ and ‘superatom’ theories have been proposed to
explain the structural characteristics of AuNCs and magic-
number NC stability, respectively.”> The molecular structure of
NCs allows reaction between clusters, selective doping, and
controlled ligand exchange with high specificity and
accuracy.”®”® Several research groups have extensively reviewed
the synthesis, characterization, optoelectronic properties and
structure-property relationships of NCs.”*®! Because of their
atomically precise structure with an exact number of metal
atoms and covalently linked ligands, NCs have emerged as
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excellent candidates for self-assembled multifunctional
materials through precision nanoengineering.® The ligand
shells offer improved stability and prevent the coalescence or
random aggregation of NCs. Furthermore, the inter-NC inter-
action mediated by the ligand functional groups offers routes
for a highly ordered arrangement of NCs. Notably, the inter-
NC interactions and distances can be readily tuned by modify-
ing the functionalities of ligands. Therefore, the limitations
observed in plasmonic NPs, such as batch-to-batch variation
and uncertainty in size and ligand density, can be addressed
through the use of NCs. It is well established that in their solid
state, the inter-NC interactions are mainly driven by surface
ligands through non-covalent interactions, including hydrogen
bonding, electrostatic, dipolar, n-stacking, metal coordination,
and van der Waals interactions.?! It has been demonstrated
that cluster-assembled crystals show unique photo-
luminescence and mechanical properties in their solid state.®?
Their molecular structure allows a wide range of cluster-
assembled materials, including co-crystals,*** polymorphs,®®
hybrid materials,®® and bimetallic structures.’” Due to its
supramolecular nature, these interactions can be readily
manipulated using a range of stimuli such as solvent polarity,
pH, temperature, light irradiation, and metal coordination.
Therefore, structures other than 3D crystals can be obtained,
provided appropriate methods are identified. Self-assembly of
NCs offers routes for multifunctional structures with tunable
size, shape, stability, catalytic activity, optical properties and
mechanical performance.*>”°®"% One of the emerging
approaches is to utilize nanoclusters to generate ultrathin two-
dimensional (2D) materials.

Two-dimensional assemblies of NCs
on substrates

Among AuNCs, triphenylphosphine (PPh;) ligand-protected
Auss(PPh;);,Clg is one of the most extensively studied NCs.*
The Auss NC has a metal core size of 1.4 nm with a ligand
shell thickness of 0.35 nm, resulting in an overall size of the
NC~2.1 nm. The early experiments based on current-voltage
(I-U) studies of individual Auss NCs revealed their potential to
act as single-electron transistors (SETs) at room temperature.”
Therefore, it was hypothesized that highly ordered two-dimen-
sional assemblies of such NCs may allow correlated single elec-
tron tunneling (SET) for next-generation nanoelectronics.
Peschel and Schmid made one of the early attempts to prepare
monolayer assemblies of Auss{PPh,(m-C¢H,SO3H);,}Clg on
mica substrates (Fig. 2).°* The immersion of a mica substrate
coated with polyethyleneimine (PEI) into an aqueous solution
of NC resulted in a monolayer assembly of NCs on the mica
substrate (Fig. 2a). The electrostatic interaction between the
negatively charged sulfonic acid groups on NCs and positively
charged PEI on the mica substrate allows strong adhesion of
NCs on the substrate. Atomic force microscopy (AFM) images
of the NC assemblies on the mica surface revealed regularly
arranged NCs with an inter-NC distance of 2.4 + 0.2 nm

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Self-assembled monolayer arrays of NCs on substrates. (a) Schematic illustration of Auss{PPh,(m-CgH4SOzH)1,}Clg NC on PEl-coated mica
substrate. (b and ¢) AFM image of monolayer film and corresponding height profile. Reproduced with permission from ref. 91 Copyright © 1995
Wiley-VCH. (d) TEM image showing a hexagonally close-packed array of [Auss(Ph,PCgH4SO3H)1,Clg] NC on carbon substrate. (e) Schematic illus-
tration of hcp arrays of NCs. (f) TEM image showing a cubic close packed array of [Auss(Ph,PCgH4SO3H)1,Clg] NC on carbon substrate. (g) Schematic
illustration of ccp arrays of NCs. Reproduced with permission from ref. 92 Copyright © 2000 Wiley-VCH.

(Fig. 2b and c). This study suggests that polyelectrolytes, such
as cationic PEI with a uniform coating over a substrate, can be
utilized for the uniform assembly of monolayers of negatively
charged NCs. In another study, Schmid et al. reported the fab-
rication of close-packed 2D arrays of
[Auss(Ph,PCeH,SO3H);,Clg] NCs on a carbon substrate.”> The
2D monolayer assembly was achieved using dip coating-
assisted assembly on a TEM grid with a carbon support film.
The TEM grid was coated with low molecular weight (60,000 g
mol™") polyethylene imine (PEI) polymer and was immersed in
NC solution to obtain a monolayer of clusters through electro-
static assembly. The resulting 2D assembly displayed two types
of NC packings, viz., hexagonal close packing and cubic close
packing (Fig. 2d-g). The hexagonal form showed the distance
between neighboring NC rows of 1.83 nm along the {111}
direction (Fig. 2e). On the other hand, the cubic orientation
revealed the inter-NC distance of 2.05 nm between adjacent
rows (Fig. 2g).

However, the exact reason that drives the formation of both
hexagonal and cubic close packing is not known. It may arise
from the interplay of thermodynamic, kinetic, and nano-
particle-specific parameters, such as size, shape, and inter-
actions. Furthermore, hcp and cep structures have nearly iden-
tical packing efficiencies and free energies.”®> The minimal
energy difference between these structures suggests that a
slight variation in assembly conditions can favor one form
over the other. Niesen and Rand reported the NC thin films
for light emitting diodes (LED) using solution processing of
glutathione-capped AuNCs and AgNCs by phase transferring to
toluene (Fig. 3a).”*

The spin casted film furnished a few-layer thick film of 5.3
+ 0.8 nm corresponding to 3-4 layers of NCs. The film was uti-

This journal is © The Royal Society of Chemistry 2025

lized to fabricate light-emitting diodes (LEDs) by sandwiching
the AuNC layers between an indium tin oxide (ITO) cathode on
a glass substrate with zinc oxide (ZnO) as an electron injecting
layer and an organic hole transport layer. The electrolumines-
cent (EL) spectrum of the AuNC LED at 1.74 V displayed an
emission band centered at 750 nm, identical to the photolumi-
nescent spectrum measured from the AuNC dispersion in
toluene (Fig. 3b and c). This indicates that the emission orig-
inates from the AuNCs in the LED device. Similar results were
also obtained when Ag NCs were used instead of AuNCs, with
an EL band centered at 4 = 697 nm from the AgNC device.
This work suggests that the NC-based LED devices can be
readily tuned by altering the composition of NCs. Qin et al.
reported the methanol sensing using silver nanoclusters,
{[Ag12(L)5(CO,CF3)14(H,0)4(AgCO,CF3),](HNEt;),}, L = 13-
mercaptoprop-1-en-2-yl)-2-methoxypyridin-1-ium.°® The sensor
fabrication was performed by casting a film of AgNC in
aqueous hydroxypropyl methylcellulose over the PET sub-
strate and attaching copper wires to the thin films. Here, the
AgNC-based film acted as an insulator under dry conditions
and upon exposure to protic organic solvents such as metha-
nol and ethanol, the film turned conductive. Importantly,
when exposed to aprotic solvents, the film remained as an
insulator. Furthermore, the electric current turned to zero
again with the removal of methanol or ethanol from the thin
films, indicating that the protic organic solvents should inter-
act with the AgNCs to make them conductive. The relative
capacitance change of the AgNC sensor for methanol can
reach up to 5000 for the mixture of 3 : 7 (v/v) methanol : water.
The observed change in capacitance was ~33 times higher
than that reported in the literature for cellulose/graphene
nanocomposites. Ligand and metal composition engineering
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Fig. 3 NC incorporated devices. (a) Schematic illustration of an LED device incorporating AuNCs. (b) TEM image showing the cross-sectional view of
the ZnO/Au NC layer (top) and individual NCs in the Au NC layer (bottom). (c) Normalized electroluminescence (EL) and photoluminescence (PL) spectra
of NC incorporated LEDs and NCs dispersed in toluene. (c) Voltage dependence of the EL spectra of Au NC-LED at biases between 1.74 V-2.45 V.
Reproduced with permission from ref. 94 Copyright © 2014 Wiley-VCH. (d) Third harmonic generation (THG) emissions from the thin film of Au()s NCs
when excited at 1300, 1400, 1500, and 1550 nm. Inset shows a schematic illustration of THG process in Au()s NCs. (e) Schematic illustration (top) and
optical microscope image of the back gated WSe, field effect transistor. The inset shows the optical micrograph of the device after AUNC deposition.
Reproduced from ref. 77 Copyright © 2023 Wiley-VCH. (g) A schematic of the LED device using Au,Cug NC. (h) Electroluminescence spectra of the
device at 5, 7, and 10 V. (i) EQE vs. luminance curve. Reproduced with permission from ref. 95 Copyright © 2025 Wiley-VCH.

allows a combination of high harmonic generation and
strong photoluminescence in NCs. Chandra et al. reported
one of the first examples of ultrasmall AuNC displaying third
harmonic generation and high photoluminescence (Fig. 3d-
£).” The ultrasmall AugNC was stabilized with a rigid 6-(di-
butylamino)-1,3,5-triazine-2,4-dithiol (TRZ) ligand, where all
gold atoms are in the Au(i) state. The Au NC films showed
intense third harmonic generation due to the centro-
symmetric Au core. Due to the electron-accepting ground
state properties, the NCs were utilized as p-type dopants in
2D WSe, field effect transistors (FETs). In a recent study,
Rival et al. demonstrated the fabrication of bimetallic gold-
copper nanocrystal (NC)-based light-emitting diodes
(NC-LED) using a solution-processed technique (Fig. 3g-i).°>

N776 | Dalton Trans., 2025, 54, 1770-11789

The bimetallic NC [Au,Cug(Sadm)s(DPPEO),], displayed
superior photophysical and electroluminescent properties.
The NCs are stabilized by 1-adamantanethiol (HSadm) and
1,2-bis(diphenylphosphino)ethane (DPPE). The partially oxi-
dized bis(diphenylphosphino)ethane oxide (DPPEO) ligands
promoted crystallization through strong C-H---O, and C-H---n
interactions. The NC displayed a high photoluminescence
quantum yield (PLQY) of 62% in its solid state. The NCs-LED
fabricated without a host matrix showed a maximum bright-
ness of 1246 cd m~> and an external quantum yield (EQE) of
12.60%. The reported values are highest among solution-pro-
cessed, non-doped NC-LEDs. This work highlights the impor-
tance of ligand engineering in developing high-performance,
photothermally stable luminescent NC and NC-based devices.

This journal is © The Royal Society of Chemistry 2025
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Two-dimensional nanosheets

Schmid and Beyer reported the two-dimensional assembly of
Auss(PPhy);,Clg NC in a biphasic system (Fig. 4a—c).”® A solu-
tion of NC in dichloromethane was used to achieve a thin layer
of NC-trapped dichloromethane at the water surface in the
presence of water-soluble phase boundary modifying agents
such as per-6-deoxy-6-thio-a-cyclodextrin or poly(vinylpyrroli-
done) with careful consideration of the concentration. The per-
6-deoxy-6-thio-a-cyclodextrin, due to the presence of multiple
hydroxyl groups, allowed an amphiphilic nature with thiol
moieties facing dichloromethane, interacting strongly with the
NCs. The interactions observed in poly(vinylpyrrolidone) were
mainly due to the hydrophobic nature of the polymer back-
bone and PPh; ligands. This resulted in a highly ordered
assembly of Au;sNCs with hexagonally packed structures and
cubic close-packed assemblies with inter-NC distances of 2.3 +
0.1 nm (Fig. 4b and c). The monolayer was readily transferred
to the substrates. The observed structures were similar irre-
spective of the nature and molecular weight of the modifying
agents. However, this approach is delicate and depends on the
stability of the dichloromethane layer. Due to the higher
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density of dichloromethane compared to water, achieving a
large area layer was challenging. In a slightly modified
approach, the formation of quasi-one-dimensional stripes of
Auss(PPh;);,Clg was achieved (Fig. 4d).”° In this approach, the
dispersion of NCs in dichloromethane was allowed to form a
monolayer at the air-water interface. The monolayer was trans-
ferred to the substrate by immersing it in water at a controlled
withdrawal rate with an inclination angle of 20°. This modified
Langmuir-Blodgett (LB) technique induced the formation of
stripes (3-4 clusters) with a separation distance of 8 nm
between the stripes and an inter-NC distance of 2.2-2.3 nm
(Fig. 4e and f). Other approaches, including the use of isooc-
tyl-substituted poly-(paraphenylenethinylen) (PPE-i-octyl) in
CH,Cl,,'*® and nanolithographically patterned templates, have
been used to achieve one-dimensional assemblies of
Auss(PPh;);,Clg NCs. '

Selvam et al. reported the synthesis of AuNCs by decom-
posing CH3;AuPPh; precursor in o-xylene in the presence
of mercapto acids such as 16-mercaptohexadecanoic acid
(16-MHDA), 11-mercaptoundecanoic acid (11-MUDA), and
3-mercaptopropionic acid (3-MPA) as the capping agents.'*?
The amphiphilic nature of mercaptoacids allowed the ready

Fig. 4 NC-based 2D nanosheets. (a) Schematic illustration of Auss(PPhz);,Clg NC interaction at the phase boundary between water and dichloro-
methane and structure of per-6-deoxy-6-thio-a-cyclodextrin. (b) TEM image showing hcp arrays of Auss(PPhz)1,Clg NCs with per-6-deoxy-6-thio-
a-cyclodextrin. (c) TEM image showing hcp arrays of Auss(PPhz);,Clg NCs on PVP support. Reproduced with permission from ref. 98 Copyright ©
2000 Wiley-VCH. (d) Schematic illustration showing monolayer and stripe formation of Auss(PPhs);:,Clg NCs. (€) TEM image showing stripes and (f)
Shows magnified TEM images of NC stripes with 3—4 rows of NCs. Reproduced from ref. 99 Copyright © 2001 Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2025
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dispersion of clusters in aqueous and organic media. This bipha-
sic solubility enabled both enhanced compatibility and stability
in the solvent. Furthermore, the carboxylic acid dimerization led
to inter-NC interaction, leading to nanosheets. The observed
nanosheets showed aligned NCs with the size of individual NPs
of 1.8 + 0.2 nm. By tuning the ratio of the Au precursor to
16-MHDA, it was shown that the self-assembled sheets were pre-
dominantly observed when at 1: 4 molar ratio of CH;AuPPh; : 16-
MHDA. The addition of amines to the reaction mixture perturbed
the hydrogen bonding between the self-assembled -clusters,
resulting in smaller nanobelts. Furthermore, the ordered assem-
bly of NCs were observed for ligands with longer alkyl chains
(C16, C11) compared to the shorter chains (C3). The observed
effect was attributed to the slightly higher hydrophilic nature and
possible steric hindrance of shorter chain mercapto acids, which
impede the ordered arrangement of NCs.

Temperature plays a significant role in influencing thermo-
dynamic and kinetic aspects of nanocluster self-assembly,
impacting the formation of mono- or multilayered 2D
structures.”*”> By altering the temperature, the enthalpic and
entropic contributions within the system can be manipulated.
At lower temperatures, the system favors minimizing free
energy by enhancing cluster—cluster and cluster-solvent inter-
actions, often leading to the formation of well-ordered, close-
packed monolayers. Computational studies suggest that temp-
erature can drive transitions between different structural
motifs of gold nanoclusters.”” Higher temperatures provide
nanoclusters with increased thermal energy, enhancing their
diffusion and mobility, which can promote assembly.
However, if reorganization is incomplete before complete
solvent evaporation, this can lead to multilayered or defective
structures. Temperature also influences solvent evaporation
kinetics, as rapid evaporation at elevated temperatures may
trap clusters in disordered or stacked configurations. In con-
trast, slower evaporation at lower temperatures enables more
controlled, defect-free monolayer formation. Furthermore,
Brownian motion increases at higher temperatures, enhancing
nanocluster rearrangement and alignment at interfaces.
However, excessive mobility without sufficient equilibration
time may lead to random aggregation. Since supramolecular
interactions among ligands largely govern self-assembly, temp-
erature can modulate van der Waals, dipolar, and solvophobic
interactions between clusters and at interfaces.

Wu et al. reported the assembly of dodecanethiol (DT)
capped Au;;DTy5 NC into mono., few-, and multilayered
nanosheets by utilizing inter-NC dipolar interactions. The NCs
are prepared in dibenzyl ether (BE), which acts as a reducing
agent as well as a capping agent (Fig. 5a-g)."°*"°> The 2D
nanostructures were produced by first producing 1D-oriented
assemblies of NCs by annealing the BE solution at room temp-
erature, followed by heating at 90 °C. The 2D structure dis-
played center-to-center inter-NC distances of 2.2 and 3.6 nm,
respectively, in the x and y directions. Small angle XRD
revealed a diffraction peak at 2.44° corresponding to d spacing
of 3.6 nm that matched the y-direction. However, the peaks
corresponding to 2.2 nm were not observed, indicating hetero-
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geneity in NC along the x-direction. Brownian Dynamics (BD)
simulations indicated that during self-assembly, DTs attain a
new conformation and are redistributed preferentially along
the y direction compared to the x direction. This results in an-
isotropic grafting density with 0.8 DTs per nm? in the x direc-
tion compared to 2.2 per nm” in the y direction, inducing an-
isotropic vdW attraction. Heating the BE solution at 140 °C
resulted in the formation of multilayered 2D structures with
150 + 20 nm width and 500-2000 nm in length due to the
coalescence of small 2D structures. To produce monolayer
assemblies, Au,s solution in BE was mixed with liquid Paraffin
(LP) at a BE/LP v/v ratio of 1: 7.5 followed by heating at 140 °C.
Adding LP lowered the surface tension of BE, which acts as
liquid exfoliation by limiting inter-layer interaction. This
resulted in assembled structures of 200-300 nm in lateral
width and up to 1000 nm in length. The sheet-like assemblies
consisting of nanoclusters showed an inter-NC distance of 3.0
+ 0.3 nm, presumably due to the intercalation of dodecane
thiol chains. Further, the AFM studies revealed that the thick-
ness of sheet-like assemblies was 1.68 nm, which is less than
the inter-nanocluster distance but slightly larger than the Au;;
core size. This indicates a preferential distribution of DT
chains at the interface of two immiscible liquids. These results
were further supported using small angle X-ray diffraction
(SAXRD) studies, which showed two d spacings of 3.6 nm and
3.2 nm, corresponding to intra-layer and inter-layer distances,
respectively. This dual spacing pattern indicates a highly
ordered arrangement. Yao et al. reported a phase transfer-
driven ion-pairing approach to introduce amphiphilicity in
AuNCs and their assembly into nanosheets (Fig. 5h-m)."*® The
amphiphilicity was achieved by interacting 6-mercaptohexade-
canoic acid (MHA) capped Au,s(MHA);3 NC with cetyltri-
methylammonium (CTA). The ion-pairing reaction between
anionic Au,5(MHA);3 NC and cationic CTA drives the phase
transfer from the aqueous phase to the organic phase by mod-
ulating the polarity of the organic medium. This also offered
control over the resulting complex Au,s(MHA);3s@,CTA. The
amphiphilicity results in the formation of micelles or vesicles
at the air-liquid interface, eventually leading to film for-
mation. These results state that nanoclusters and surfactants
at interfaces can be arranged in a controlled manner to
develop materials with specific functionality. Hou et al
reported the metal coordination-induced assembly of
Agg(mna)s(NH,)s (mna = 2-mercapto nicotinic acid).’®” The
single crystal X-ray structure of AgNCs revealed an octahedral
silver core linked via argentophilic interactions protected by
six mna®" entities. The carboxylic acid groups, when interacted
with divalent metal ions such as Ca** and Ba®' resulted in
nanosheets with enhanced luminescence. In the aqueous
media, the aggregates would expose carboxylate moieties to
water, facilitating the formation of 2D sheets within a lamellar
structure. The individual AgNCs displayed yellow emission
upon illumination at 365 nm with an absolute quantum yield
of 2.26%. Upon self-assembly, the nanosheets and thin films
showed orange emission with an enhanced quantum yield of
20.37%.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Directed self-assembly of NCs. Schematic illustration showing the directed self-assembly of Au;sNCs into monolayer nanosheets at the
LP-BE interface. Reproduced with permission from ref. 105 Copyright © 2019 American Chemical Society. (b) Photographs showing optical (left) and
PL (right) images of a dispersion of Au;s NC nanosheets in chloroform. (c and d) TEM images of nanosheets at different magnifications showing
ordered and disordered domains. Reproduced with permission from ref. 103. Copyright © 2013 Wiley-VCH. (e) Schematic illustration showing the
heating induced secondary assembly of small, isolated structures into multilayered nanosheets. (f) TEM images of time dependent evolution of sec-
ondary structures at 140 °C and 144 °C (scale bar: 200 nm). (g) Phase diagram showing dependence of self-assembled structure formation by chan-
ging the concentration of AUNCs, reaction temperature and heating rate and selected TEM images of different morphologies. Reproduced with per-
mission from ref. 104. Copyright © 2015 American Chemical Society. (h) Schematic illustration showing the structure of Au,s(MHA);5@,CTA NCs (x =
6-9). (i) Schematic representation of phase transfer driven assembly of Au,s5(MHA);5@,CTA NCs. (j and k) FE-SEM images and (l-m) TEM images of
self-assembled Au,5(MHA);3@,CTA NCs at the air-liquid interface. Reproduced with permission from ref. 106. Copyright © 2015 American Chemical
Society.

The 2D nanosheets were sensitive to changes in the pH. The
carboxylates undergo protonation at lower pH, breaking the
metal coordination bonds. When nitric acid was added, it
resulted in non-luminescent precipitates. Furthermore, neutraliz-
ation at high pH using sodium hydroxide yielded well-defined
hexagonal crystals with lateral lengths of up to tens of
micrometers, exhibiting strong emission upon laser excitation
(420 nm). Nakatani et al. synthesized AgNC-based 2D framework
materials utilizing benzene-1,3,5-tricarboxylic acid tris-pyridin-4-
ylamide (TPBTC) as a tridentate ligand.’°® Accordingly, the
[Agy5(StBu)s(CF3CO0)s(TPBTC)g,, NC resulted in a luminescent
porous framework structure with two-dimensional layers. The 2D

This journal is © The Royal Society of Chemistry 2025

layers are non-covalently linked to form a three-dimensional (3D)
framework, generating uniaxial open channels. The porous
network acts as a catalyst for the reduction of [Fe(CN)e]*~ using
NaBH, in an aqueous medium. Paul et al reported the self-
assembly of 1-phenylalanine and mercaptopropionic acid stabil-
ized AuNCs using Zn coordination.'® The self-assembly resulted
in 2D nanosheets with a thickness varying from 3.8 + 1.65 nm,
featuring hexagonally arranged NCs, as confirmed by selected
area electron diffraction (SAED) analysis. The resulting
nanosheets exhibited luminescence with an emission maximum
at 590 nm upon excitation at a wavelength of 330 nm. The
nanosheets were investigated for their oxygen storage ability and
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were found to have a capacity of 0.266 + 0.004 mM g~ of NCs at
20 °C and 20 bar. Furthermore, the nanosheets showed a
decrease in luminescence intensity in the presence of oxygen and
upon reducing the oxygen pressure, the luminescence was par-
tially recovered. Therefore, such materials have the potential for
oxygen storage and sensing applications.

There is growing interest in forming a NC-based framework
materials that provides structural order and new possibilities
in material design. Such systems enable the construction of
3D porous structures and 2D layers, offering enormous poten-
tial in catalysis, sensing, and energy storage applications. Dar
et al. reported AgNC-based 2D and 3D metal organic frame-
works of [Ag;,(TBT),(TFA),(CH;CN),]" NC (TBT = tertiarybutyl-
thiolate, TFA = trifluoroacetate).'’® The metal coordination in
the presence of bidentate heterocyclic ligands resulted in
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AgNC-MOF {[Ag1,(TBT)s(TFA)s(pyz)s] 2CH;CN},, (pyz = pyra-
zine). The bidentate ligand coordinates with metal-rich silver
chalcogenide (Ag;,Se) clusters, resulting in a hexagonal planar
structure that leads to infinite 2D frameworks with bright
green luminescence. The 2D frameworks displayed an inter-
layer distance ~7.53 A. Furthermore, due to weak van der
Waals interactions and H:--F hydrogen bonding between the
layers, 2D nanosheets with lateral dimensions in the range of
0.156 pm were obtained using exfoliation.

Two-dimensional colloidal crystals

Nonappa et al. demonstrated the self-assembly of water-dis-
persible Au;p,-pMBA,, (pMBA = para-mercaptobenzoic acid)
NC in aqueous methanol to 2D colloidal crystals (Fig. 6)."**
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Fig. 6 Au NC-based 2D colloidal crystals. (a) Hydrogen bonding dimerization of the p-mercaptobenzoic acid (pMBA) ligands. (b) X-ray single crystal
structure of Aujp-pMBA44 NC; gold (yellow), sulfur (blue), carbon (black), oxygen, and hydrogen (white). (c) and (d) The pMBA ligands are illustrated
with arrows to determine their position, orientation, and location using a spherical coordinate system. (d) Shows the anisotropic distribution of
ligands with a preference at the equatorial plane of an imaginary axis. (e) TEM image of individual Aujg>-pMBA44 NCs dispersed in water. (f) TEM
image of a self-assembled 2D colloidal crystal showing 3 layers of NCs. (g) TEM image showing the hexagonally close-packed NCs. Reproduced

with permission from ref. 111 Copyright © 2016 Wiley-VCH.
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By applying 3D spherical coordinate system to the single
crystal X-ray structure, it was shown that in Au;o,-pMBA,, NC,
PMBA ligands are preferentially oriented in the equatorial
plane of an imaginary axis, suggesting the patchy and aniso-
tropic distribution of ligands (Fig. 6b-d). The patchy and an-
isotropic distribution of ligands suggests the possibility of
symmetry breaking in NCs, which can be exploited to fabri-
cate lower-dimensional structures. The hydrogen-bonding
dimerization of pMBA ligands was exploited to achieve
2D colloidal crystals. When all carboxylic acid groups are
in the protonated form, the NC is dispersible in methanol.
However, the NCs can be readily dispersed in water by par-
tially deprotonating the carboxylic acid groups. More interest-
ingly, the deprotonation of carboxylic acids results in a
patchy distribution of negative charges due to the slight
difference in the pKa values of the carboxylic acid groups.
When an aqueous solution of partially deprotonated NCs was
dialyzed against methanol, 2D colloidal crystals were formed
with hexagonal close-packed arrays (Fig. 6f and g). The partial
deprotonations prevent uncontrolled aggregation or random
structures due to the electrostatic repulsion of negatively
charged surfaces. Partially protonated carboxylic acid groups
promote inter-nanocluster interaction through hydrogen
bonding dimerization. Therefore, a fine equilibrium between
electrostatic repulsion and attractive hydrogen bonding
interactions is established, furnishing 2D colloidal crystals.
Furthermore, adjusting the experimental conditions enabled
the formation of defect-induced spherical and ellipsoidal
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capsids. Moreover, it has been further demonstrated that
atomically precise NCs and narrow-size dispersed particles
exhibit remarkably different self-assembly behaviors.''?
While this work provided crucial insights into patchy ligand
distribution and symmetry breaking in NCs, certain limit-
ations exist. For example, dialysis time should be carefully
controlled to achieve 2D crystals, thereby avoiding a hetero-
geneous population of structures. Furthermore, the choice of
solvents and self-assembly process may depend on the stabi-
lity and ligand functional groups in NCs. Nevertheless, it pro-
vided the first evidence of solution state and template-free
self-assembly of atomically precise NCs in aqueous conditions.
Therefore, for large-scale structures, improved approaches and
concepts are needed to achieve scalable structuring.

Among AgNCs, NayAg,,-pMBA;, is one of the most exten-
sively studied molecules.""® The X-ray single crystal structure
of Na,Ag,-pMBA;, shows pMBA ligands are arranged in
bundles (Fig. 7a and b).

There are two types of ligand bundles, viz., bundles of two
(L2) and bundles of three (L3). There are six L2 bundles that
promote intra-layer hydrogen bonding. In contrast, the six L3
bundles promote inter-layer hydrogen bonding. More impor-
tantly, all six L2 bundles are positioned in the equatorial
plane, resulting in 24 intralayer H-bonds. On the other hand,
three of the L3 bundles are distributed at the top and three at
the bottom of an imaginary axis. Each of the L3 bundle
patches contributes 18 hydrogen bonds. This leads to an an-
isotropic distribution of the ligands (Fig. 7c and d). Due to the

10 nm 20

Fig. 7 Ag NC-based 2D colloidal crystals. (a) X-ray single crystal structure of NajAgs4-pMBAzo NC. (b) L2 and L3 ligand bundles in NajAga4-pMBA3zg
NC showing hydrogen bonding dimerization. (c) Schematic illustration of L2 bundles around the equatorial plane and (d) Selectively promoting intra-
layer hydrogen bonding and preventing interlayer hydrogen bonding allows 2D structures. (e) SEM image of 2D colloidal crystals of NajAg44-pMBAzo
NCs produced in methanol. (f) and (g) TEM images of 2D colloidal crystals suggest that the thickness of each layer corresponds to the diameter of
one NC. Reproduced with permission from ref. 114 Copyright © 2022 Wiley-VCH.
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well-defined ligand bundles and patchy hydrogen bonding
interactions, Na,Ag,,;-pMBA;3, has been utilized to prepare
nanoparticle-NC composite structures.'*> However, Na Ag,,-
PMBA;, NC is not stable under aqueous conditions. Therefore,
the self-assembly procedure utilized for Au,g, pMBA,, NC is
incompatible with AgNCs. Som et al. utilized Na,Ag,,-pMBA3,
NCs to prepare 2D colloidal crystals in alcoholic solvents."**
This was achieved by adding a dispersion of the NC in N,N-
dimethyl formamide to alcohols. A few layered 2D colloidal
crystals were obtained for all tested lower alcohols (methanol,
ethanol, n-propanol, and n-butanol). The resulting 2D crystals
showed varying numbers of layers (1-8), with the thickness of
each layer corresponding to the size of one nanoparticle
(Fig. 7e-g). The 2D crystal formation in lower alcoholic sol-
vents is attributed to their low viscosity, which accelerates
assembly kinetics, resulting in phase separation and colloidal
crystal formation.
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Large-area membranes

Because of its patchy ligand bundles with directional hydrogen
bonding, Na,Ag,,-pMBA;3, NC has been utilized for composite
film fabrication with anisotropic nanoparticles. Som et al.
reported the Na,Ag,,-pMBA3,-mediated assembly of tellurium
nanowires (TeNW) into crossed bilayer structures at the air-—
water interface.''> A mixture of Ag,,@TeNW in 1-butanol was
placed on the surface of water in a petri dish and the evapor-
ation of 1-butanol induced the assembly of NWs, resulting in a
free-standing film with a crossed bilayer structure.
Interestingly, the NWs aligned parallel to each other within a
layer. The NWs displayed an unusual 81° angle between two
layers, generating a woodpile-like structure and a woven fabric-
like structure. The structure formation was driven by the
anchoring of Ag,4NCs onto the TeNW surfaces through some
of the carboxylate (-COO-) groups of ligands. Upon the evapor-

w
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o
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e
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Fig. 8 Ultrathin films of NCs. (a) AFM height profile (left) image (right) of Auzg(SC,H4Ph),4 NC films on mica substrate without compression. The
height profiles and corresponding images after reaching a target pressure of (b) 9 mN m™ and (c and d) 18 mN m™. (e, f and g) AFM images of
Auszg(SC2H,4Ph),4 NC films on mica substrate after keeping at a target pressure of 18 mN m™ for 3, 6 and 12 h, respectively. Reproduced with per-

mission from ref. 116 Copyright © 2021 Wiley-VCH.
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ation of 1-butanaol, the carboxylates not bound to TeNWs
promote the hydrogen bonding between the clusters attached
to neighboring TeNWs. The resulting film was transferred onto
a PET (polyethylene terephthalate) substrate to fabricate the
sensor. When subjected to bending, the device exhibited a
change in electrical conductivity, suggesting potential use as
an electronic skin for strain sensing. Swerczewski et al. utilized
the Langmuir-Blodgett (LB) technique to fabricate ultrathin
films of Ausg(SC,H,Ph),, NCs at an air-water interface
(Fig. 8)."'° The film formation was achieved by placing a dis-
persion of AuNCs in dichloromethane/n-hexane (30 : 70) on the
water surface in the LB trough. The film was transferred to a
silicon or mica substrate. Using the LB isotherm and AFM
studies, the evolution of the ultrathin films was studied. Film
deposition on mica resulted in circular-shaped islands due to
minimizing the Gibbs free energy of the system. The structure
revealed heights of 2.75 nm (for fully interdigitated) and
4.12 nm (for AB stacks) for bilayers, and 3.63 and 6.18 nm for
trilayers (Fig. 8a-d). Films without compression resulted in a
bilayer of height 2.8 nm. Compression affects the structure
and order (Fig. 8e-g). The Fast AFM results showed that the
NCs were arranged in hexagonally close-packed arrays.

Despite recent progress in fabricating various 2D nano-
structures, developing a highly precise monolayer membrane
with reproducible structures, properties and mechanical pro-
perties remained a fundamental challenge. A majority of the
2D layered structures are heterogeneous, or multilayered mem-
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branes. In a recent study, Som et al. utilized Na,Ag,,-pMBA;,
NC to demonstrate the fabrication of large-area monolayer
membranes (Fig. 9).""* As discussed, Na,Ag,;-pMBA;, NC
resulted in 2D colloidal crystals when dispersed in lower alco-
hols such as methanol, ethanol, n-propanol and n-butanol.
However, a clear dispersion was obtained when 1-pentanol was
used. Furthermore, due to a longer alkyl chain, 1-pentanol is
known to have low water solubility and form a transient solvent
layer when placed on the water surface. These properties of
1-pentanol were exploited to fabricate large-area monolayer
membranes. The membrane was formed at the air-water inter-
face by introducing a dispersion of NCs in 1-pentanol onto the
water surface, which was placed in a Petri dish (Fig. 9a).

The resulting transient layer trapped NCs, driving intra-
layer hydrogen bonding through carboxylic acid dimerization
of L2 bundles. Eventually, the 1-pentanol was dissolved in
water, leaving the NC membrane intact on the surface. The
monolayer membrane was readily transferred to different sub-
strates without any pre-treatment or functionalization of the
substrate (Fig. 9b and c). Alcohols, being protic polar solvents,
mediate interactions between nanoclusters and ligands via
their polar functional groups, stabilizing intermediate struc-
tures during self-assembly.”*”>¢ By selecting alcohols with
appropriate carbon chain lengths, their evaporation rates can
be finely tuned, enabling sufficient time for nanoclusters to
diffuse and reorganize into ordered structures before complete
solvent evaporation. During evaporation, nanoclusters accumulate

periodicity d=2.01 nm

Fig. 9 NC-based large-area free-standing monolayer membranes. (a) Schematic illustration of NC-based large-area membrane fabrication using
NCs trapped in a transient solvent layer. (b) Photograph of a Na4Ag44-pMBA30 NC membrane on a cover slip. (c) TEM image of the NC membrane
stretched over a TEM grid with lacey carbon support film. (d) The TEM image shows the hexagonal close packing of NCs (the inset shows the FFT).
(e) IFFT image of the selected area indicated in image c. (f) Profile shows inter-NC distance of 2.33 nm and periodicity of 2.01 nm. Reproduced with

permission from ref. 114 Copyright © 2016 Wiley-VCH.
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near the air-water interface, where close packing and ordered
aggregation are promoted. Slower evaporation allows diffusion-
driven rearrangement, favoring the formation of defect-free 2D
crystals. In contrast, rapid evaporation may trap disordered
aggregates, necessitating post-assembly treatment such as
annealing to resolve defects. Due to their polar nature, alco-
hols can interact directly with the surface metal atoms of
nanoclusters, thereby stabilizing exposed surfaces. This inter-

d) Na,Ag,,-pMBA, monolayer membrane
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action may lead to metal core contraction and enhanced
ligand bundling. Additionally, capillary forces act between
clusters via meniscus formation during solvent loss, promot-
ing cluster cohesion. Alcohols also help reduce interfacial
energy, enabling the formation of close-packed monolayers at
the interface.

The formation of a monolayer membrane was supported by
high-resolution transmission electron microscopy imaging,
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Fig. 10 Mechanical properties of monolayer membranes. (a) TEM images of the monolayer membrane stretched over a TEM grid with a holey
carbon support film. (b) and (c) AFM images of the membrane. (d) A cartoon representation of the membrane deposited on top of the TEM grid and
related AFM experimental setup. (e) AFM image of the membrane after many indentation cycles at different close spots. (f) A typical force-displace-
ment curve suggests the elastic nature of the membrane. (g) Overlap of F(8) curves recorded on three different holes covered with membranes. (h)
Histogram showing the Young's modulus (E) values extracted by fitting the F(5) curves. Reproduced with permission from ref. 114 Copyright © 2016

Wiley-VCH.
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which revealed an inter-nanocluster interaction of 2.33 nm.
Notably, the membrane retained the intrinsic properties of
NCs, as supported using UV-vis spectroscopy. The membranes
showed the characteristic absorption peaks observed for NCs
dispersed in solution. More importantly, well-resolved Raman
peaks were observed for monolayer membranes compared to
those of a drop casted film of NCs. AFM images of membranes
suspended on TEM grids with holy carbon support films also
supported the monolayer nature (Fig. 10a—c)

Force-displacement curves recorded at the center of the
membranes displayed consistent behavior under increasing
loads from 10 nN up to ~16-18 nN, the maximum force the
membranes could withstand before rupture (Fig. 10d-g). At
small indentations, force varied linearly with displacement,
while at larger indentations, a cubic relationship (F = &°)
emerged, enabling accurate extraction of Young’s modulus (E).
The membranes displayed a Young’s modulus of 14.5 + 0.2
GPa (Fig. 10h). This suggests that the atomic precision of the
building blocks allows for reproducible mechanical properties
with a narrow distribution. The narrow distribution of Young’s
modulus is attributed to a well-defined size, interacting
patches and atomic-level precision of NCs. However, due to
non-covalent interactions, these membranes display mechani-
cal properties that are significantly lower than those of
covalent 2D materials, such as graphene. Notably, the average
Youngs modulus values are higher than those reported for
alkanethiol and DNA-capped plasmonic nanoparticle mem-
branes. This is attributed to the well-defined ligand bundles
and hydrogen bonding interactions between the nanoclusters,
which allow for better structural integrity. Unlike alkanethiol
ligands, pMBA molecules are short and rigid with directional
hydrogen bonding interactions. Furthermore, pMBA ligands
do not induce ligand entanglement, unlike polymer mem-
branes. Due to their atomically precise structure and small
size, NCs create ultrasmall nanogaps, which can be utilized to
generate strong and tunable electromagnetic fields for surface-
enhanced Raman spectroscopy (SERS) signals in dye mole-
cules. The Na,Ag,,-pMBA;, membrane was tested for SERS
detection of Amphotericin B, an antibiotic molecule dissolved
in water. NC monolayer films showed the ability to detect as
low as 2.5 pg mL ™" of Amp B. Whereas, at this concentration,
the characteristic Raman peak was not observed in the case of
a similar film containing polydispersed AgNPs or drop-casted
films of AgNCs. In addition to its high sensitivity, the NC
membrane also showed high reproducibility.

Conclusions

Noble metal nanoparticle-based self-assembled 2D nano-
structures offer unique optoelectronic properties and mechani-
cal performances. Therefore, they have emerged as one of the
most promising candidates for application in nanodevices,
sensors, catalysis, energy storage and flexible wearable devices.
Despite the promise held by plasmonic nanoparticles, they
suffer from limitations such as batch-to-batch variation,

This journal is © The Royal Society of Chemistry 2025
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uncontrolled ligand density, aggregation tendencies, and a
lack of directional interactions, leading to inconsistent and
inhomogeneous structures. In contrast, due to their defined
structure, composition, and stability, atomically precise noble
metal nanoclusters have emerged as robust and modular
building blocks for fabricating 2D materials. Their precision
allows uniform and reproducible structures, addressing the
challenges associated with larger plasmonic nanoparticles.
While early approaches, such as electrostatic or evaporation-
induced assembly, offered initial insights, they were often
limited to quasi-2D structures within nanoscale domains.
More recent advances, like multilayered nanosheets via
directed assembly or solution-phase assembly exploiting aniso-
tropic ligand patterns, demonstrate greater control, yet they
demand fine-tuned experimental conditions and solvent com-
patibility. The choice of substrate and assembly method
depends on the thermodynamics, kinetics, and nature of inter-
nanocluster and nanocluster-substrate interactions. The sub-
strate or method must provide an environment that facilitates
the assembly and stabilization of nanoclusters. This involves
matching the surface energy of the substrate with that of the
nanoclusters and their ligands to reduce interfacial free energy
and promote ordered packing. Solid substrates, especially
those with tailored surface functional groups, can influence
spatial arrangement by guiding cluster positioning. The rate of
deposition and nanocluster mobility on the substrate surface
impact the quality of the final assembly. For instance, slow
evaporation on a solid substrate allows nanoclusters sufficient
time to diffuse and self-assemble into defect-free monolayers,
whereas rapid deposition may lead to disordered trapping. At
air-liquid or liquid-liquid interfaces, nanoclusters retain
mobility until solvent evaporation or interfacial trapping
occurs, allowing for dynamic reorganization. Solvent-based
methods promote assembly of nanoclusters through capillary
action, evaporation dynamics, and ligand-ligand or ligand-
solvent interactions. The presence of a liquid phase allows
clusters to rearrange and even enable the reorganization of
defects. Solid-supported assemblies tend to offer higher stabi-
lity as the immobilized nanoclusters are less prone to further
aggregation or redissolution. In contrast, solvent-based or
interfacial assemblies may be more sensitive to environmental
changes, such as evaporation or interface disturbance.
However, they also allow for flexibility in reorganization and
post-assembly defect correction before final structure for-
mation. A careful and systematic optimization of self-assembly
parameters can yield macroscopic, elastic monolayer mem-
branes that not only preserve the intrinsic functionalities of
individual nanoclusters but also display superior mechanical
integrity and optical responses. The nanocluster-based 2D
materials have shown promising results in sensing gas mole-
cules, volatile organic compounds, and antibiotics, with high
sensitivity and reproducibility, and they even displayed
enhanced photoluminescence. While the nanocluster-based
2D nanomaterials have shown enormous potential, achieving
scalable and systematic fabrication of such 2D nanostructures
remains a critical challenge. However, the growing library of
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nanocluster solid-state structures offers a valuable platform for
predictive design of next-generation functional 2D materials.
Therefore, in the future, the integration of computational
simulations, machine learning, and artificial intelligence-
driven design holds the promise to revolutionize how we con-
ceptualize, engineer, and apply nanocluster-based 2D
materials for emerging applications.
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